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 Preface to the  s ixth  e dition     

  Haematology continues to advance and change more rapidly 
than most areas of medicine. This sixth edition of  Postgraduate 
Haematology  includes much knowledge that has been gained in 
the fi ve years since the previous edition. Professor Tony Green 
of the Department of Haematology, University of Cambridge 
has joined the editors of the last edition to help cover malignant 
diseases, where major changes have occurred in their classifi ca-
tion (WHO, 2008) and in diagnostic procedures and treatment 
protocols. Haematological oncology now forms the major 
workload for many consultant haematologists. Nevertheless, 
benign conditions are a major source of work for the general 
haematologist and chapters concerning all these conditions 
have been extensively updated, often by new authors. 

 Despite increased understanding of the molecular basis of 
haematological diseases and advances in their investigation and 
management, we have kept the size of the book unchanged by 
omitting ten chapters from the fi fth edition and incorporating 
their essential information into the remaining chapters. 

 As for previous editions, this book is aimed at providing 
haematologists in training and consultants with up - to - date 
knowledge of the aetiology of blood diseases combined with a 
practical guide to their investigation and treatment. The views 
expressed are those of the individual authors but relevant litera-
ture is listed at the end of each chapter to provide additional 
reference material. 

 Many of our authors are based outside the UK, particularly 
in Europe and the USA, and we hope this book will be used by 
haematologists practising in the UK, Europe and internation-
ally. We are grateful to our publishers Wiley - Blackwell for their 
unstinting help during the publishing process and particularly 
to Rebecca Huxley and Jennifer Seward. We also thank Jane 
Fallows who, as previously, has with great expertise drawn all 
the scientifi c diagrams. 

   London and Cambridge, 2011 
 AVH, DC, EGDT, ARG        
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 Preface to the  fi  rst  e dition     

  In this book the authors combine an account of the physiologi-
cal and biochemical basis of haematological processes with 
descriptions of the clinical and laboratory features and manage-
ment of blood disorders. Within this framework, each author 
has dealt with the individual subjects as he or she thought 
appropriate. Because this book is intended to provide a founda-
tion for the study of haematology and is not intended to be a 
reference book, it refl ects, to some extent, the views of the 
individual authors rather than providing comprehensive detail 
and a full bibliography. For these the reader is referred to the 
selected reading given at the end of each chapter. It is hoped 
that the book will prove of particular value to students taking 
either the Primary or the Final Part of the examination for 
Membership of the Royal College of Pathologists and the 
Diplomas of Clinical Pathology. It should also prove useful to 
physicians wishing to gain special knowledge of haematology 
and to technicians taking the Advanced Diploma in Haematology 
of the Institute of Medical Laboratory Technology, or the 
Higher National Certifi cate in Medical Laboratory subjects. 

 We wish to acknowledge kind permission from the editors 
and publishers of the  British Journal of Haematology , the  Journal 

of the Royal College of Physicians of London  and the  Quarterly 
Journal of Medicine  for permission to reproduce fi gures 4.1, 4.5, 
4.10, 4.11, 4.12, 9.4 and 9.10, also the publishers of  Progress in 
Haematology  for fi gure 7.2, and many other publishers who, 
together with the authors, have been acknowledged in the text. 
We are particularly grateful to Professor J.V. Dacie for provid-
ing material which formed the basis of many of the original 
illustrations in Chapters  4  –  8 . We are greatly indebted to Mrs T. 
Charalambos, Mrs J. Cope and Mrs D. Haysome for secretarial 
assistance and to Mrs P. Schilling and the Department of 
Medical Illustration for photomicrography, art work and 
general photography. 

 Finally, we are grateful for the invaluable help and forbear-
ance we have received from Mr R. Emery and William 
Heinemann Medical Books. 

   London, 1972 
 AVH 
 SML        
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  CHAPTER 1 

Stem  c ells and  h aemopoiesis  
  Elaine    Dzierzak  
  Erasmus Stem Cell Institute, Erasmus Medical Centre, Rotterdam, The Netherlands       

1

                           Introduction , 1  
   Hierarchical organization and lineage 

relationships in the adult haemopoietic 
system , 1  

   Sites of adult haemopoiesis , 3  
   Development of HSCs , 3  
  Waves of haemopoietic generation in embryonic 

development, 3  

  Embryonic haemopoietic sites and haemopoietic 
migration, 5  

  HSC quiescence, proliferation and ageing, 6    
   Haemopoietic supportive 

microenvironments , 6 
   Adult bone marrow microenvironment, 6  
  Microenvironments important for haemopoietic 

development in the conceptus, 7    

   Haemopoietic regenerative and replacement 
therapies , 8 

   Stem cell transplantation, 8  
  New sources of HSCs for transplantation, 8    
   Selected bibliography , 10           

  Introduction 

 Haemopoietic stem cells (HSCs) are the foundation of the adult 
blood system and sustain the lifelong production of all blood 
lineages. These rare cells are generally defi ned by their ability to 
self - renew through a process of asymmetric cell division, the 
outcome of which is an identical HSC and a differentiating cell. 
Through a series of proliferation and differentiation events, 
mature blood cells are produced. In health, HSCs provide 
homeostatic maintenance of the system through their ability to 
generate the hundreds of millions of erythrocytes and leuco-
cytes needed each day. In trauma and physiological stress, HSCs 
are triggered to replace the lost or damaged blood cells. The 
tight regulation of HSC self - renewal ensures the appropriate 
balance of blood cell production. Perturbation of this regula-
tion and unchecked growth of HSCs and/or immature blood 
cells results in leukaemia. Over the last 50 years, bone marrow 
transplantation, and more recently cord blood transplantation, 
have underscored the medical value of stem cell regenerative 
therapy. However, insuffi cient numbers of HSCs are still a 
major constraint in clinical applications. As the pivotal cells in 
this essential tissue, HSCs are the focus of intense research to 
further our understanding of their normal behaviour and the 
basis of their dysfunction in haemopoietic disease and leukae-
mia, and to provide insights and new strategies into improved 
clinical transplantation therapies. This chapter provides current 
and historical information on the organization of the adult 
haemopoietic cell differentiation hierarchy, the ontogeny of 
HSCs, the stromal microenvironment supporting these cells, 

and the molecular mechanisms involved in the regulation 
of HSCs.  

  Hierarchical  o rganization and  l ineage 
 r elationships in the  a dult  h aemopoietic 
 s ystem 

 The haemopoietic system is the best - characterized cell lineage 
differentiation hierarchy and, as such, has set the paradigm for 
the growth and differentiation of tissue - specifi c stem cells 
(Table  1.1 ). HSCs are defi ned by their high proliferative poten-
tial, ability to self - renew and potential to give rise to all haemo-
poietic lineages. HSCs produce immature progenitors that 
gradually and progressively, through a series of proliferation 
and differentiation events, become restricted in lineage differ-
entiation potential. Such restricted progenitors produce the 
terminally differentiated functional blood cells.   

 The lineage relationships of the variety of cells within the 
adult haemopoietic hierarchy (Figure  1.1 ) are based on results 
of  in vivo  transplantation assays in radiation chimeric mice 
and many  in vitro  differentiation assays that became available 
following the identifi cation of haemopoietic growth factors. 
These assays facilitated measurement of the maturational pro-
gression of stem cells and progenitors, at or near the branch 
points of lineage commitment. Clonal analyses, in the form of 
colony - forming unit (CFU) assays, were developed to defi ne the 
lineage differentiation potential of the stem cell or progenitor, 
and to quantitate the number/frequency of such cells in the 
population as a whole. In general, the rarer a progenitor is and 
the greater its lineage differentiation potential, the closer it is in 
the hierarchy to the HSC.  In vitro  clonogenic assays measure 
the most immature progenitor CFU - GEMM/Mix (granulocyte, 
erythroid, macrophage, megakaryocyte), bipotent progenitors 
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  Table 1.1  

    Transcription factors involved in haemopoietic and 
progenitor cell formation, survival and differentiation   

    Cell       Transcription factors   

  Stem cells from mesoderm    SCL/TAL - 1; LMO2/RBTN - 2  

  Generate and/or maintain stem 

cells  

  RUNX - 1  a  /AML - 1; TEL - 1  

  Myelopoiesis    MLL; GATA2  a    

  PU.1; C/EBP α , C/EBP ε   

  GFI - 1, EGR - 1, NAB2  

  Erythroid/megakaryocyte/mast 

cells  

  GATA2  

  Erythropoiesis, 

megakaryopoeisis  

  GATA2; GATA1; FOG1  

  Lymphopoiesis    SCL; EKLF; p45NF - E2  

  IKAROS1  

  B    E2A; EBF; PAX5  

  Plasma cell    BLIMP1  

  T    CSL; GATA3, T - BET, NFATc  

    Immunophenotype of haemopoietic stem cells   

    Positive       Negative   

  CD34    CD33  

  Thy1    CD38  

  AC133    Lineage markers  

  cKIT    HLA DR  

    a Based on mouse studies.   

CFU - GM (granulocyte, macrophage) and restricted progeni-
tors CFU - M (macrophage), CFU - G (granulocyte), CFU - E 
(erythroid) and BFU - E (burst forming unit - erythroid). While 
such  in vitro  clonogenic assays measure myeloid and erythroid 
potential, lymphoid potential is revealed only in fetal thymic 
organ cultures and stromal cell co - cultures in which the 
appropriate microenvironment and growth factors are present. 
Long - term culture assays (6 – 8 week duration), such as the 
cobblestone - area forming cell (CAFC) and the long - term cul-
ture - initiating cell (LTC - IC) assays, reveal the most immature 
of haemopoietic progenitors.   

  In vivo , the heterogeneity of the bone marrow population of 
immature progenitors and HSCs is refl ected in the time periods 
at which different clones contribute to haemopoiesis. Short -
 term  in vivo  repopulating haemopoietic progenitor cells such as 
CFU - S (spleen) give rise to macroscopic erythromyeloid colo-
nies on the spleen within 14 days of injection. Bona fi de HSCs 
give rise to the long - term high - level engraftment of all haemo-
poietic lineages. Serial transplantations reveal the ability of the 
long - term repopulating HSCs to self - renew. The clonal nature 

of engraftment and the multilineage potential of HSCs has been 
demonstrated through radiation and retroviral marking of bone 
marrow cells. Moreover, such studies suggest that, at steady 
state, only a few HSC clones contribute to the haemopoietic 
system at any one time. Further analyses of bone marrow HSCs 
show that this compartment consists of a limited number 
of distinct HSC subsets, each with predictable behaviours as 
described by their repopulation kinetics in irradiated adult 
recipients. In general, the bone marrow haemopoietic cell com-
partment as measured by  in vitro  clonogenic assays and  in vivo  
transplantation assays shows a progression along the adult dif-
ferentiation hierarchy from HSCs to progenitors and fully func-
tional blood cells with decreased multipotency and proliferative 
potential, and an increased cell turnover rate. 

 The use of fl ow cytometry to enrich for HSCs and the various 
progenitors in adult bone marrow has been instrumental in 
refi ning precursor – progeny relationships in the adult haemo-
poietic hierarchy. HSCs are characteristically small  ‘ blast ’  cells, 
with a relatively low forward and side light scatter and low 
metabolic activity. Both mouse and human HSCs are negative 
for expression of mature haemopoietic lineage cell - surface 
markers, such as those found on B lymphoid cells (CD19, 
B220), T lymphoid cells (CD4, CD8, CD3), macrophages 
(CD15, Mac - 1) and granulocytes (Gr - 1). Positive selection for 
mouse HSCs relies on expression of Sca - 1, c - kit, endoglin and 
CD150 markers and for human HSCs on expression of CD34, 
c - kit, IL - 6R, Thy - 1 and CD45RA markers. Similarly, cell types 
at lineage branch points have been identifi ed, including the 
CMP (common myeloid progenitor), CLP (common lymphoid 
progenitor) and GMP (granulocyte macrophage progenitor). 
Recently, using the fl t3 receptor tyrosine kinase surface marker 
along with many other well - studied markers, the LMPP (lym-
phoid primed multipotent progenitor) has been identifi ed 
within the lineage negative, Sca - 1 positive, c - kit positive (LSK) 
enriched fraction of HSCs. These cells have granulocyte/mac-
rophage, B lymphoid and T lymphoid potential, but little or no 
megakaryocyte/erythroid potential. This suggests that the fi rst 
lineage differentiation event is not a strict separation into 
common lymphoid and myeloid pathways. While these cell -
 surface marker changes and functional restriction events are 
represented by discrete cells in the working model of the hae-
mopoietic hierarchy as depicted in textbooks and Figure  1.1 , 
it is most likely that there is a continuum of cells between these 
landmarks. The currently identifi ed progenitor cells in the hier-
archy represent the cells present at stable and detectable fre-
quencies and for which we currently have markers and 
functional assays. As more cell - surface markers are identifi ed 
and sensitivity of detection is increased, more intermediate 
cell subsets are likely to be identifi ed and it may be possible 
to determine, throughout the continuum, all the molecular 
events needed for the differentiation of the haemopoietic system 
and the transit times necessary for differentiation to the next 
subset.  
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HSCs are also found in the mouse spleen at approximately a 
10 - fold lower frequency and in the circulating blood at a 100 -
 fold lower frequency. The capacity for HSCs to migrate and also 
be retained in the bone marrow is of relevance to clinical trans-
plantation therapies. HSCs injected intravenously in such ther-
apies must fi nd their way to the bone marrow for survival and 
effective haemopoietic engraftment. For example, stromal -
 derived factor (SDF) - 1 and its receptor CXCR4 (expressed on 
HSCs) are implicated in the movement of HSCs and the reten-
tion of HSCs in the bone marrow. Indeed, HSC mobilization 
can be induced through AMD3100, an antagonist of SDF - 1, and 
by the administration of G - CSF. Mobilization strategies with 
G - CSF are used routinely to stimulate bone marrow HSCs to 
enter the circulation, allowing ease of collection in the blood 
rather than through bone marrow biopsy.  

  Development of HSCs 

  Waves of  h aemopoietic  g eneration in 
 e mbryonic  d evelopment 

 Until the mid 1960s it was thought that blood cells were intrin-
sically generated in tissues such as the liver, spleen, bone marrow 

  Sites of  a dult  h aemopoiesis 

 Bone marrow, spleen, thymus and lymph nodes are the haemo-
poietic sites in the adult, and each tissue plays a special role in 
supporting the growth and differentiation of particular haemo-
poietic cell lineages and subsets. Equally important is the blood 
itself, which is a mobile haemopoietic tissue, with mature blood 
cells travelling through the circulation to function in all parts 
of the body. Not only do the terminally differentiated cells, such 
as erythrocytes and lymphocytes, move by means of the circula-
tion, but HSCs (at low frequency) also migrate through the 
circulation from the bone marrow to other haemopoietic 
tissues. HSCs are mostly concentrated in the bone marrow and 
are found in the endosteal and vascular niches (Figure  1.2 ). 
HSCs can be induced to circulate by administration of granu-
locyte colony - stimulating factor (G - CSF) and it is of great inter-
est to determine whether these cells retain all the characteristics 
of stem cells. Recent improvements in confocal microscopy 
have allowed the visualization of the migration of circulating 
HSCs to the bone marrow endosteal niche by time - lapse 
imaging in the mouse.   

 The estimated frequency of HSCs is 1 per 10 4  – 10 5  mouse 
bone marrow cells and 1 per 20    ×    10 6  human bone marrow cells. 
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     Figure 1.1     The adult haemopoietic 

hierarchy. Haemopoietic stem cells are 

at the foundation of the hierarchy. 

Through a series of progressive 

proliferation and differentiation steps 

the mature blood cell lineages are 

produced. Haemopoietic stem cells 

have the greatest proliferative and 

multilineage differentiation potential, 

while the mature blood cells are not 

proliferative and are lineage restricted. 

While large numbers of mature cells 

are found in the blood and turn over 

rapidly, the bone marrow contains 

long - lived quiescent haemopoietic stem 

cells at a very low frequency.  
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both haemopoietic and endothelial cells are simultaneously 
generated from a common mesodermal precursor cell, the hae-
mangioblast (Figure  1.3 ). Thereafter, many haemopoietic pro-
genitor and differentiated cell types are generated in both the 
yolk sac and the intraembryonic region of the dorsal aorta to 
create an intermediate haemopoietic system. It is likely that 
these cells also are derived from a haemangioblast - type pre-
cursor or from haemogenic endothelial cells, a specialized pop-
ulation of endothelial cells that have haemogenic potential. At 
both these early times in ontogeny, the mouse embryo contains 
no HSCs. Hence, in the absence of HSCs, the embryo generates 
a haemopoietic system that is short - lived and lacks the impor-
tant qualitative characteristics (longevity and self - renewability) 
of the adult haemopoietic system. Independent and distinct 
waves of haemopoiesis supply the embryo and adult and do not 
arise from the same cohorts of mesodermal precursor cells 
(Figure  1.4 ).   

 The adult system has its foundation in a cohort of initiating 
HSCs. The fi rst HSCs are  de novo  generated in the AGM region, 
only after embryonic haemopoietic cells are differentiated 
directly from mesodermal precursors. The fi rst adult HSCs are 
autonomously generated in the mouse AGM at E10.5 and in the 
human AGM beginning at week 4 of gestation. Recently, the 
process of HSC generation has been visualized in real time in 
the mouse embryo (Boisset  et al .,  2010 ). This remarkable obser-
vation demonstrating that HSCs are derived via a transdiffer-
entiation event in which specialized endothelial cells lining the 
aorta bud into the lumen to form round cells with HSC fate, 
confi rm the marking and static microscopic studies performed 
in avian embryos (Figure  1.5 ). The emerging mouse aortic 
HSCs are characterized by the loss of cell - surface markers for 
endothelium, such as Flk - 1 and VE - cadherin, and the gain of 
expression of the haemopoietic markers c - kit, CD41 and CD45 
and the HSC markers Sca1, c - kit and endoglin (Boisset  et al ., 
 2010 ). Expression of HSC markers confi rms that the emerging 

and thymus. Survival studies in which cells from unirradiated 
tissues were injected into lethally irradiated mice showed that 
it was the bone marrow that contains the potent cells responsi-
ble for rescue from haemopoietic failure. Later, through clonal 
marking studies, it was demonstrated that bone marrow har-
bours HSCs during the adult stages of life. But where, when and 
how are HSCs generated during ontogeny? In the 1970s, exami-
nation of mouse embryo tissues suggested that adult haemopoi-
etic cells are generated in the yolk sac, migrate and colonize 
initially the fetal liver and subsequently the bone marrow, where 
they reside throughout adult life. However, studies in non -
 mammalian vertebrate models (avian and amphibian) demon-
strated that the aorta region in the body of the embryo generates 
the long - lived adult blood system, while the yolk sac (or equiva-
lent tissue) produces the transient embryonic haemopoietic 
system. In agreement with these studies, the aorta – gonad – 
mesonephros (AGM) region of the mouse embryo was later 
found to generate the fi rst adult HSCs. 

 The development of the mammalian adult haemopoietic 
system is complex and begins its development in the mouse 
embryo during mid - gestation. As a growing organism, the 
embryo itself needs rapid haemopoiesis to thrive before the 
adult system is generated. Thus, a simple transient haemopoi-
etic system is generated during early development and rapidly 
produces primitive erythroid and myeloid cells. In the yolk sac 

Haemangioblast

Haemopoietic Endothelial Haemopoietic

Haemogenic 
endothelium

     Figure 1.3     Precursors to haemopoietic cells in embryonic stages. 

The mesodermal precursor to haemopoietic and endothelial 

lineages at early stages of development is the haemangioblast. 

Later, haemogenic endothelial cells are the precursors to 

haemopoietic stem cells and progenitor cells. These cells appear 

to exist during a short window of developmental time.  

HSCSelf-renew

Apoptosis

Endothelial
niche

Endosteal niche

Differentiate
Migrate

Expand

     Figure 1.2     The bone marrow haemopoietic niches. Haemopoietic 

stem cells are found in the endosteal and endothelial niches of 

the bone marrow. These niches support the maintenance, 

self - renewal, expansion, differentiation, migration and survival of 

haemopoietic stem cells through local growth factor production, 

cell – cell interactions and more distance signals.  
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recombination (temporally and cell lineage controlled) to mark 
VE - cadherin expressing endothelial cells in the mid - gestation 
embryo, it was found that almost all the blood cells in the cir-
culation and haemopoietic tissues of the adult mice contained 
the recombination marker, unequivocally demonstrating that 
adult HSCs are the progeny of embryonic endothelial cells. 
Moreover, these cells require the Runx1 transcription factor as 
demonstrated by  Runx1  conditional deletion in this mouse 
model. Other lineage tracing experiments were also performed 
using Cre - lox technology so as to mark the earliest cells express-
ing the Runx1 and SCL transcription factors, both of which are 
known to be important for haemopoietic cell development. The 
progeny of marked SCL - expressing (endothelial and haemopoi-
etic) cells and Runx1 - expressing (defi nitive haemopoietic and 
haemogenic endothelial) cells also contributed to the bone 
marrow cells in the adult. Thus, the progeny of haemopoietic 
cells generated from haemogenic endothelium in the embryo 
contribute to a cohort of adult bone marrow HSCs that form 
the foundation of haemopoiesis throughout adult life.  

  Embryonic  h aemopoietic  s ites and 
 h aemopoietic  m igration 

 The AGM and yolk sac are not the only sites where haemopoi-
etic cells are found in the early conceptus. The placenta is a 
highly haemopoietic tissue and has recently been shown to gen-
erate haemopoietic cells  de novo . Much like the early - stage yolk 
sac, the mouse placenta can produce erythromyeloid progeni-
tors. Embryos defi cient for the  Ncx1  gene, lacking a heartbeat 
and circulation, have such progenitors in the yolk sac and pla-
centa at early stages, suggesting that haemopoietic progenitors 
are generated in these tissues. Unfortunately, the embryos die 
before the onset of HSC generation at mid - gestation, preclud-
ing analysis of HSC production in the yolk sac and placenta. In 
normal embryos where the circulation is established between 
the embryo body and the extraembryonic tissues at E8.25, HSCs 
are detected in the placenta and yolk sac only beginning at E11, 
subsequent to the fi rst HSC generation in the AGM at E10.5. 
Thus it is uncertain whether the placenta (or the yolk sac) can 
generate HSCs  de novo . At present, there is no method by which 
cells can be uniquely marked in the specifi c developing tissues 
to examine this. Nonetheless, quantitative studies in which HSC 
numbers in each of these tissues was determined suggest that 
the AGM cannot generate all the HSCs that are eventually found 
in the fetal liver (a tissue that harbours haemopoietic cells but 
does not generate them) and later in the adult bone marrow 
(Figure  1.4 ). In particular, the placenta at mid - gestation con-
tains an abundance of HSCs, suggesting that this highly vascu-
larized tissue may generate HSCs from haemogenic endothelium 
and/or that the placenta is a highly supportive and expansive 
microenvironment for AGM - derived HSCs. 

 Like the mouse placenta, the developing human placenta 
contains HSCs. Already at week 6 in gestation HSCs can be 

AGM cells are HSCs as functionally potent as bone marrow 
HSCs, since these sorted cells can form a complete long - term 
haemopoietic system in irradiated adult recipient mice.   

 Lineage tracing experiments in the mouse embryo have indi-
cated that the adult haemopoietic system is generated during a 
short window of development, spanning E9 – E11. Using Cre - lox 
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     Figure 1.4     Waves of haemopoietic cell emergence during 

embryonic stages. The earliest haemopoietic cells are produced 

during the fi rst wave of haemopoietic fate determination. The 

onset of this wave occurs in the yolk sac blood islands and 

produces transient primitive erythroid cells. This wave continues 

with the production of transient haemopoietic progenitors in the 

absence of bona fi de haemopoietic stem cells. True long - lived 

defi nitive haemopoietic stem cells (adult repopulating stem cells) 

are generated in the second wave of haemopoietic cell emergence 

in the AGM region. In this wave, haemogenic endothelial cells 

bud into the aortic lumen as these cells take on haemopoietic 

stem cell fate.  

Haemopoietic
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Inductive
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Aorta

MesonephrosGonad

     Figure 1.5     Schematic diagram of the aorta – gonad – mesonephros 

(AGM) region and haemopoietic cell clusters emerging from the 

dorsal aorta. The haemopoietic stem cell inductive 

microenvironment is localized in the ventral aspect of the 

aorta.  
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  Haemopoietic  s upportive 
 m icroenvironments 

  Adult  b one  m arrow  m icroenvironment 

 Most tissue - specifi c stem cells are maintained in a special 
microenvironment to support their long - term growth and self -
 renewal. To provide the continuous production of human 
blood over many decades, HSCs are also maintained in a spe-
cialized microenvironment, the haemopoietic supportive niches 
of the adult bone marrow (see Figure  1.2 ). The importance the 
bone marrow haemopoietic niche and the interactions between 
supportive cells and HSCs was fi rst demonstrated in mice. In 
transplantation studies of anaemic mouse strains naturally defi -
cient in the c - kit receptor tyrosine kinase (W mice) or kit - ligand 
(KL; Steel mice) it was revealed that bone marrow from W 
mutant mice could not repopulate the haemopoietic system of 
wild - type irradiated recipient mice, while bone marrow from 
Steel mutant mice could. In contrast, W mutant mice could be 
repopulated by wild - type donor bone marrow cells, whereas 
Steel recipients were defective for repopulation by wild - type 
donor cells. Thus, it was proposed that a receptor – ligand inter-
action was involved in the support of HSCs within the bone 
marrow microenvironment and it was subsequently shown that 
HSCs express c - kit and bone marrow stromal cells express KL. 
The development of  ex vivo  culture systems to study this 
complex microenvironment allowed further dissection of the 
cellular and molecular aspects of the bone marrow microenvi-
ronment. These studies were aided by the isolation of mesen-
chymal stromal cells. 

 Stromal cell lines have been derived from the adult mouse 
bone marrow and fetal liver tissues. These are generally of mes-
enchymal lineage as determined by cell - surface marker expres-
sion and their osteogenic and adipogenic potentials. Although 
widely heterogeneous in their ability to support haemopoiesis, 
some stromal lines (MS5 and AFT024, for example) have been 
shown to support the growth and/or maintenance of HSCs in 
co - cultures for long periods. Moreover, they have been instru-
mental in further characterization of these haemopoietic 
supportive niches. Comparative transcriptional profi ling and 
database analysis of HSC supportive and non - supportive 
stromal cell lines has revealed a complex genetic programme 
involving a wide variety of known molecules and molecules 
whose function in haemopoiesis is unknown. 

 The  in vivo  bone marrow microenvironment is very complex, 
containing osteoblastic niches and vascular niches localized 
within the trabecular regions of the long bones. HSCs are main-
tained in close association with the so - called  ‘ stromal cells ’  of 
the niches. Some of the key molecular regulators within the 
bone marrow niches include N - cadherin, CD150 and the SDF1/
CXCR4, Notch, Wnt, Hedgehog, Tie2/angiopoietin, transform-
ing growth factor (TGF), bone morphogenetic protein (BMP) 

detected, as analysed by  in vivo  xenotransplantation into immu-
nodefi cient mice. Also, haemopoietic progenitors are found 
at these early stages. Phenotypic characterization shows that 
HSCs and progenitors are in both the CD34 - positive and 
CD34 - negative fractions at week 6 of gestation and are exclu-
sively in the CD34 - positive fraction by week 19. These cells are 
in close association with the placental vasculature. Taken 
together, the development of the haemopoietic system in the 
human conceptus closely parallels that in the mouse conceptus. 
Interestingly, together with the umbilical cord blood harvested 
at birth, the placenta may provide additional haemopoietic pro-
genitors and HSCs for preclinical studies and potential clinical 
therapies.  

  HSC  q uiescence,  p roliferation and  a geing 

 Somatic stem cells undergo lifelong self - renewal and possess the 
potential to produce the differentiated cells of the tissue. HSCs 
are considered to be relatively dormant stem cells, dividing 
rather infrequently. They are enriched in the quiescent fraction 
of adult bone marrow and are resistant to antiproliferative 
drugs such as 5 - fl uorouracil. Recent studies using a label - retain-
ing method for analysis of cycling versus non - cycling cells 
shows that dormant HSCs in homeostatic conditions cycle only 
once every 21 weeks. The adult mouse possesses approximately 
600 of these dormant LSK CD150 + CD48  −  CD34  −   HSCs. 
Interestingly, 38% of HSCs in G 0 , considered to be the dormant 
HSCs, can be activated by injury, 5 - fl uorouracil or G - CSF. 
These cells can return to the dormant state after the re - 
establishment of homeostasis. 

 The maintenance of HSC dormancy is thought to be an 
important strategy for preventing stem cell exhaustion during 
adult life. It has been demonstrated by serial transplantation in 
the mouse that HSC self - renewal is limited to about six rounds 
of transplantation and that the ability of the transplanted stem 
cells to repopulate progressively decreases. Studies of chromo-
some shortening in human HSCs suggest that self - replication is 
limited to about 50 cell divisions. It has been suggested that 
accumulating DNA mutations and loss of telomere repeats 
affect HSC function. Recently, a set of experiments have dem-
onstrated that HSCs are markedly reduced in number and/or 
function in ageing mice. Comparison of various inbred mouse 
strains has shown that the rate of haemopoietic cell cycling is 
inversely correlated with their mean lifespan. The decrease in 
HSC quantity or quality was due to cell - intrinsic genetic or 
epigenetic factors. Causative genes were identifi ed by transcrip-
tional profi ling comparisons between the HSCs of the different 
strains. Of particular interest are chromatin modifi ers involved 
in prevention of HSC exhaustion through maintenance of a 
stem cell - specifi c transcriptional programme. Changes in 
chromatin structure associated with high HSC turnover would 
result in stem cell senescence (which is thought to protect stem 
cells from malignant transformation by oncogenic events).   
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the mouse AGM region, cells more typical of mesenchymal 
stem/progenitor cells have been found. Interestingly, mapping 
and frequency analysis of mesenchymal progenitors in the 
mouse conceptus show that mesenchymal progenitors, with the 
potential to differentiate into cells of the osteogenic, adipogenic 
and/or chondrogenic lineages, reside in most of the sites har-
bouring haemopoietic cells, suggesting that both the HSC and 
mesenchymal stromal cell microenvironment develop in paral-
lel in the AGM region.   

 Many stromal cell lines have been established from the AGM 
region, placenta and fetal liver. Stromal cell lines isolated from 
both the mid - gestation AGM and placenta can support imma-
ture haemopoietic progenitors.  In vivo  assays show that some 
of the AGM stromal clones are potent supporters of HSCs as 
compared with adult bone marrow and fetal liver cell lines. 
Indeed some of these lines can support the haemopoietic dif-
ferentiation of embryonic stem (ES) cells. Although there is one 
report in the literature of an AGM stromal cell line with the 
capacity to induce HSC formation from early embryo cells, 
these results have not been reproduced. Phenotypic characteri-
zation of haemopoietic supportive AGM stromal lines places 
them in the vascular smooth muscle cell (VSMC) hierarchy, in 
between a mesenchymal stem cell and a VSMC. Thus, while 
AGM and other embryonic stromal cell lines can provide 
important signals for the maintenance of the fi rst HSCs, the lack 
of fi rm evidence for HSC induction with such lines suggests that 
the AGM inductive microenvironment is likely to be complex 
with a variety of spatial and temporal cues emanating from 
several cell types. 

 Within the normal physiology of the embryo, the AGM lies 
between the ventral tissue that includes the endoderm - derived 
gut and the dorsal tissue including the notochord and the 
ectoderm - derived neural tube (see Figure  1.5 ). Mouse AGM 
explant culture experiments have shown that dorsal tissues/
signals repress AGM HSC activity and ventral tissues/signals 
enhance HSC emergence. In both mouse and human AGM 
regions, cells expressing HSC markers are closely adherent to 
the vascular endothelium on the ventral aspect of the aorta. In 
the mouse, at precisely E10.5, single endothelial cells bud into 
the lumen as they take on HSC identity (see Figure  1.5 ). 
Importantly, HSC activity as determined by functional trans-
plantation assays is localized exclusively to the ventral aspect of 
the mouse mid - gestation aorta. Thus there is a strong positive 
ventral positional infl uence on HSC generation in the AGM, 
and morphogens and local signals emanating from the ventral 
endodermal tissues may be responsible for establishing the HSC 
inductive microenvironment. 

 Haemopoietic transcription factors required for HSC genera-
tion such as Gata2 and Runx1 are expressed in cells of the 
ventral aortic clusters and endothelium. Defi ciency of Gata2 
and Runx1 in mice leads to mid - gestation embryonic lethality, 
with complete absence of adult haemopoiesis (although embry-
onic haemopoiesis occurs), thus demonstrating that these two 

and fi broblast growth factor (FGF) signalling pathway mole-
cules. These regulators are implicated in a variety of cellular 
processes, such as HSC maintenance, differentiation, self -
 renewal and homing. Indeed, live tracking of haemopoietic 
progenitor/stem cells in the mouse model has shown the 
homing ability of these cells to bone marrow niches, and mouse 
models as well as  in vitro  culture systems are beginning to reveal 
the specifi c molecular mechanisms involved.  

  Microenvironments  i mportant for 
 h aemopoietic  d evelopment in the  c onceptus 

 Prior to the necessity for an adult haemopoietic supportive 
microenvironment, the embryo contains several haemopoietic 
inductive microenvironments. The extraembryonic tissues, 
yolk sac and placenta, and the intraembryonic AGM generate 
haemopoietic progenitor cells, while the AGM region generates 
HSCs (Figure  1.6 ). Little is known about the differences between 
the microenvironments of these three tissues. However, the 
AGM microenvironment is the most well characterized due to 
the simplicity of its structure, with the aorta at the midline and 
the laterally located gonads and mesonephroi (see Figure  1.5 ). 
It is known that the avian AGM region contains different types 
of mesenchymal stem/progenitor cells and a population of 
aorta - associated stem cells called  ‘ meso - angioblasts ’  contrib-
utes to cartilage, bone and muscle tissues and also to blood. In 

Bone
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AGM

     Figure 1.6     Haemopoietic sites during development. The fi rst 

haemopoietic stem cells arise in the AGM region. Other 

haemopoietic cells and progenitors are generated in the yolk sac 

and placenta. It is as yet undetermined whether the yolk sac and 

placenta can generate haemopoietic stem cells. Haemopoietic 

cells generated in these three tissues migrate and colonize the 

fetal liver. Subsequently, the long - lived haemopoietic cells 

(primarily the haemopoietic stem cells) migrate and colonize the 

bone marrow, where they reside in the adult stages of life.  
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transplantation, but through experience and much research 
new and/or improved sources of transplantable HSCs were 
found. These now include the CD34 + CD38  −   fraction of adult 
bone marrow, mobilized peripheral blood HSCs and the 
CD34 + CD38  −   fraction of umbilical cord blood. The cumulative 
data from the large number of patients worldwide receiving a 
bone marrow transplant provide valuable information on the 
success of autologous versus allogeneic transplantation, the 
number of human leucocyte antigen (HLA) differences that are 
tolerated by the recipient, the incidence of graft - versus - host 
disease (GVHD), and the unexpected and advantageous graft -
 versus - leukaemia effect. 

 Interestingly, umbilical cord blood (UCB) appears to offer an 
advantageous source of HSCs for several reasons: UCB HSCs 
are young, being harvested at the neonatal stage of develop-
ment, thus circumventing concerns about the ageing of HSCs. 
UCB transplantation induces less frequent and less severe 
GVHD, since UCB contains many fewer activated T cells than 
adult bone marrow. Also, UCB HSCs are highly proliferative. 
However, only relatively small numbers of cells are harvested 
(approximately 10 - fold lower than those in adult bone marrow) 
and this limits their use to paediatric patients, unless multiple 
UCB units are transplanted. Nonetheless, the large number of 
UCB units (400   000) in cord blood banks ( >    50) around the 
world (catalogued and recorded by EUROCORD and other 
coordinating efforts) offer greater availability and HLA donor -
 cell selection, especially for rare haplotypes.  

  New  s ources of HSCs for  t ransplantation 

 The ability to expand HSCs  ex vivo  is a theoretically practical 
and attractive means to obtain an accessible and limitless source 
of HSCs for transplantation therapies. Unfortunately, despite 
many years of research using different culture systems and com-
binations of haemopoietic growth factors and proliferation 
stimulating agents,  ex vivo  expansion of HSCs has not been 
achieved. However, HSC developmental studies have begun to 
provide new insights into the processes directing the generation 
and growth of HSCs. 

  Haemogenic  e ndothelial  c ells 
 As described in this chapter, the temporally and spatially limited 
production of HSCs in the embryonic aorta, examination of the 
specifi c microenvironment, and knowledge of the precursors to 
these stem cells has yielded insight into how HSCs may be 
induced and/or expanded without undergoing differentiation. 
If cells such as the haemogenic endothelial cells lining the 
ventral wall of the embryonic dorsal aorta are present in the 
adult vasculature, they could provide a novel source of induc-
ible HSC precursors, particularly if they can be sustained and 
expanded to large numbers in culture. Alternatively, if 
haemogenic endothelial cells do not exist in the adult but it is 
possible to direct endothelium to be haemogenic, potential 

pivotal transcription factors promote the HSC genetic pro-
gramme. Zebrafi sh and frog embryos have been useful models 
for dissecting the cascade of upstream events that lead to HSC 
induction. Developmental growth factor signalling pathways, 
such as the BMP, Hedgehog and Notch pathways, converge to 
activate expression of the two transcription factors in aortic 
haemopoietic cells and promote the HSC programme. In both 
the mouse and human embryo, BMP4 is expressed in the mes-
enchyme underlying the ventral aspect of the aorta at the time 
of haemopoietic cluster formation. Culture experiments have 
demonstrated the positive infl uence of BMP4 exposure to 
mouse and human HSC - containing cell populations. However, 
it remains to be determined whether BMP4 acts directly on 
HSCs or stimulates the microenvironment to produce HSC 
effectors. Similarly, Hedgehog signalling regulates HSCs in the 
AGM region. However, while Hedgehog signalling acts ven-
trally in zebrafi sh embryos, in the mouse embryo Hedgehog -
 activated cells surround the aorta. This lack of ventral restriction 
suggests a more complex pattern of regulation of this signalling 
pathway in the mouse embryo. Other ventrally localized HSC 
regulators include the Notch signalling molecules, as well as 
Wnt3a and interleukin (IL) - 1. 

 High - throughput chemical screens offer another means of 
identifying molecules involved in HSC growth, maintenance 
and expansion. Through such a screen in zebrafi sh embryos, 
prostaglandin E 2  (PGE 2 ) was recently identifi ed as a regulator 
of HSC number. When tested in the murine transplantation 
model,  ex vivo  exposure of bone marrow cells to PGE 2  enhanced 
short - term repopulation by haemopoietic progenitors and 
increased the frequency of long - term repopulating bone marrow 
HSCs. It has been shown that PGE 2  modifi es the Wnt signalling 
pathway, which in turn is thought to control HSC self - renewal 
and bone marrow repopulation. The zebrafi sh chemical screen 
also identifi ed chemical blood fl ow modulators as regulators of 
HSC development. Nitric oxide synthetase inhibition or defi -
ciency has also been shown to reduce transplantable murine 
bone marrow HSCs. Thus, these types of modulators hold 
promise for clinical treatments of bone marrow HSCs and the 
bone marrow haemopoietic niche. Together with more general 
physiological cues, such as the haemopoietic growth factors, KL, 
IL - 3, Flt3 and thrombopoietin, these developmental regulators 
may be useful for expansion of HSC number and enhancement 
of HSC function for therapeutic purposes.   

  Haemopoietic  r egenerative and 
 r eplacement  t herapies 

  Stem  c ell  t ransplantation 

 For over 50 years, HSC transplantation has been the most suc-
cessful and signifi cant clinical cell regenerative therapy. Initially, 
whole bone marrow was the source of cells used in clinical 
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potent in adult transplantation scenarios. This could suggest 
that the relevant haemopoietic inductive environment such as 
the AGM region is missing. Bone marrow, fetal liver and AGM 
stromal cell lines have been used to promote human ES cell 
haemopoietic differentiation in co - cultures. An AGM stromal 
cell line appears to signifi cantly enhance spontaneous haemo-
poietic differentiation in high - density human ES cell co - 
cultures and provide cells capable of primary and secondary 
haemopoietic engraftment into immunocompromised NOD/
LtSz -  Scid IL2R γ   null   recipients. Together, the induction of 
haemogenic endothelial cells from ES cells followed by haemo-
poietic induction with factors and/or cells of the AGM micro-
environment may yield cells with the functions expected for 
defi nitive HSCs. 

 Recent reports of somatic cell reprogramming by means of 
induced pluripotency makes the human ES cell differentation 
approach an exciting prospect for future cell - based therapies. 
The ability to produce patient - specifi c pluripotent cells (induced 
pluripotent stem or iPS cells) will eliminate all rejection issues 
that surround transplantation of HSCs from allogeneic donors. 
Indeed, a proof - of - principle study using gene - corrected mouse 
iPS cells from a thalassaemic mouse demonstrates the ability of 
such cells to form after transplantation normal functioning 
erythroid cells (Figure  1.7 ). Unfortunately, the presence of 
defi nitive adult HSCs was not demonstrated and hence future 
studies are needed to prove that HSCs can be generated  in vitro  
from iPS/ES cells.      

therapeutic interventions could include the  in vivo  site - specifi c 
stimulation of HSC induction in the vasculature using the same 
developmental modulators and small molecules that affect the 
generation of HSCs in the embryonic aortic haemogenic 
endothelium. Some recent studies have suggested the presence 
of such cells in the human embryonic liver and fetal bone 
marrow.  

  Embryonic  s tem  c ells and  i nduced  p luripotent 
 s tem  c ells 
 Pluripotent ES cells have been used to generate differentiated 
cells in many tissue systems, including the haemopoietic system. 
Such haemopoietic - directed differentiation of human ES cells 
towards HSCs would be a potentially attractive alternative to 
conventional sources of HSCs. ES cells differentiated into 
embryoid bodies can be induced to differentiate into haemo-
poietic progenitors in cultures containing BMP4 and a cocktail 
of haemopoietic growth factors. These haemopoietic cells arise 
from haemangioblasts and/or primitive endothelial - like cells 
that express PECAM - 1, FLK - 1 (KDR) and VE - cadherin and are 
thought to represent the types of precursors, progenitors and 
differentiated cells found normally in the yolk sac. However, 
although ES cells can be induced to produce haemopoietic pro-
genitors and differentiated cells of all haemopoietic lineages 
(and HoxB4 expression in mouse ES cells can promote granu-
locytic engraftment of adult irradiated mice), there are no con-
vincing data showing the production of HSCs that are fully 

Sickle cell anaemia
mouse model

Culture tail tip
fibroblasts

Oct4, Sox2, Klf4,
Myc transduction

Correct sickle
mutation in
iPS cells

iPS cell haemopoietic
differentiation

Transplantation

     Figure 1.7     Experimental approach in 

which iPS cells were used to treat sickle 

cell anaemia in a mouse model. (From 

Hanna  et al . 2007 with permission of 

the American Association for the 

Advancement of Science.)  
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  Introduction 

 The process of erythropoiesis includes all steps of haemopoiesis, 
starting with the initial specifi cation of haemopoietic stem cells 
(HSCs) from mesoderm during embryogenesis. HSCs either 
undergo self - renewal or, through the process of lineage specifi -
cation, differentiate and proliferate to form committed eryth-
roid progenitors. Finally, they undergo terminal differentiation 
through a series of erythroblastic maturation stages to develop 
into red blood cells. 

 In a normal adult, the numbers of circulating red blood cells 
and their precursors remain more or less constant with a 
balance between the continuous loss of mature cells by senes-
cence and new red cell production in the marrow. There also 
needs to be adequate reserves to cope rapidly with increased 
demand as a result of physiological or pathological circum-
stances. This balance is maintained by an oxygen - sensing system 
that is affected by the red cell mass and responds via the produc-
tion of erythropoietin (Epo), which in turn controls red cell 
production by binding and signalling to committed erythroid 
progenitors. Many other cytokines, growth factors and hor-
mones also infl uence erythroid proliferation, differentiation 
and maturation. 

 Over the past 20 years, key transcription factors controlling 
the internal programmes of erythroid progenitors have been 
identifi ed and some insights into their roles in lineage specifi ca-
tion and erythroid differentiation have been discovered. 
Understanding the basic biology of erythropoiesis provides a 

logical basis for the diagnosis and treatment of the inherited and 
acquired anaemias that are so frequently encountered in clinical 
practice.  

  The  o rigins of  b lood  d uring  d evelopment 

 Primitive haemopoiesis in humans (predominantly erythropoi-
esis) fi rst appears in the blood islands of the extraembryonic 
yolk sac at around day 21 of gestation. About 1 week later (days 
28 – 40), defi nitive HSCs emerge from the aorta – gonad – 
mesonephros (AGM) region, within the ventral wall of the 
dorsal aorta and are also found in the vitelline and umbilical 
arteries and the placenta. Both primitive (embryonic) and 
defi nitive (fetal/adult) HSCs arise in close association with 
endothelial cells. Several lines of evidence now suggest that 
haemopoietic and endothelial cells may emerge from a common 
progenitor, the haemangioblast, giving rise to both blood cells 
and blood vessels (see Chapter  1 ). At about 30 – 40 days, defi ni-
tive haemopoiesis starts to occur in the fetal liver and defi nitive 
erythroid cells are released into the circulation at about 60 days. 
By 10 – 12 weeks, haemopoiesis starts to migrate to the bone 
marrow, where eventually erythropoiesis is established during 
the last 3 months of fetal life (Figure  2.1 ).   

 Primitive and defi nitive erythropoietic cells are distinguished 
by their cellular morphology, cell - surface markers, cytokine 
responsiveness, growth kinetics, transcription factor pro-
grammes and more general patterns of gene expression. In par-
ticular, the types of haemoglobin produced are quite distinct in 
embryonic (Hb Gower I  ζ  2  ε  2 , Gower II  α  2  ε  2  and Hb Portland 
 ζ  2  γ  2 ), fetal (HbF  α  2  γ  2 ) and adult (HbA  α  2  β  2  and HbA 2   α  2  δ  2 ) 
erythroid cells. These specifi c patterns of globin expression have 
provided critical markers for identifying the developmental 
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ulocytes). To prevent depletion of the haemopoietic cells 
requires a system that not only maintains a self - renewing stem 
cell pool, but also has the potential to differentiate into all types 
of highly specialized mature blood cells through a process 
referred to as lineage specifi cation. 

 At present, the mechanisms underlying self - renewal and the 
early events committing multipotential HSCs to an increasingly 
restricted repertoire of lineage(s) are not fully understood. The 
probability of commitment to any particular lineage may be 
infl uenced by a complex interplay between the internal tran-
scriptional programmes and epigenetic patterns (e.g. changes 
in nuclear position, replication timing, chromatin modifi ca-
tion, DNA methylation) with external signals from the micro-
environment (e.g. cytokines, growth factors and cell – cell 
interactions) acting via signal transduction pathways. 

 Microarray analyses of HSCs and their progeny consistently 
show a very wide range of gene expression in the earliest cell 
populations. Furthermore, many of the genes that are specifi c 
to individual lineages (e.g. erythroid, myeloid or lymphoid) are 
already transcribed, albeit at low levels, in HSCs. In other 

stages of erythropoiesis. Nevertheless, it is still not clear whether 
primitive and defi nitive haemopoiesis in mammals have entirely 
separate origins or if they are both derived from common 
stem cells that arise during early development. Accurately 
defi ning the embryological origins of these cells continues to 
be of considerable importance for understanding the normal 
mechanisms that establish and maintain HSCs and how 
these programmes are subverted in common haematological 
disorders.  

  Differentiation of HSCs to  f orm  e rythroid 
 p rogenitors 

 At all stages of development there is a continuous need to renew 
senescent blood cells that are ultimately lost from the peripheral 
blood days, weeks or months after undergoing terminal dif-
ferentiation. For example, throughout adult life approximately 
10 11  senescent red cells must be replaced every day, and there 
are similar requirements for other mature blood cells (e.g. gran-
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     Figure 2.1     An outline of the origin and development of 

erythropoiesis during embryogenesis. Although both primitive 

(blood islands) and defi nitive (AGM, liver and bone marrow) 

haemopoiesis are derived from mesoderm, probably via a 

haemangioblast, the true origin of these early cells is not yet clear. 

The fi gure shows the formation of embryonic blood islands in 

the extraembryonic yolk sac and the formation of defi nitive 

haemopoiesis initially in the AGM region, with subsequent 

migration to the liver and bone marrow.  ‘ A ’  denotes a magnifi ed 

image of the early embryonic aortic region. Ma denotes a 

macrophage. The specifi c types of haemoglobin formed at each 

stage of erythropoiesis are indicated. The approximate times at 

which CD34 +  cells fi rst appear at each site are given in days of 

gestation. (Adapted from Dzierzak E, Medvinsky A, de Bruijn M 

(1998) Qualitative and quantitative aspects of haematopoietic cell 

development in the mammalian embryo.  Immunology Today  19: 

228 – 36 with permission.)  
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 In human adult bone marrow, approximately 1 per 10 4  – 10 6  
nucleated cells are long - lived, multipotential HSCs that can be 
enriched on the basis of their cell - surface markers (e.g. CD33 +  
and CD34 +  and lack of lineage - specifi c markers; see Figures  2.2  
and  2.3 ), but such markers do not exclusively select stem cells 

words, HSCs appear to show  ‘ multilineage priming ’  and, 
as their progeny become committed to one pathway of differ-
entiation, that lineage - specifi c gene expression programme 
becomes reinforced, whereas those of other lineages are 
suppressed. 

Self-renewal

HSC

CFU-GEMM BFU-E CFU-E

Key
transcription
factors

SCL/tal-1
Runx1
Tel
LMO2
MLL
GATA-2
Bmi-1

GATA-1
FOG-1
Gfi-1b

NF-E2
EKLF

Other myeloid lineages

Lymphoid lineages

     Figure 2.2     Summary of some steps in 

self - renewal, lineage specifi cation and 

differentiation of haemopoietic stem 

cells to red cells. Some of the key 

transcription factors involved in this 

process are summarized beneath the 

diagram.  
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     Figure 2.3     The specifi cation and terminal differentiation of 

erythroid cells from haemopoietic stem cells. At the top, the 

estimated times for maturation of terminally differentiating cells 

are shown. The precursors are as follows: pronormoblasts (Pro), 

basophilic erythroblasts (Bas), polychromatic erythroblasts (Pol), 

orthochromatic erythroblasts (Ort), reticulocytes (Retic), mature 

red blood cells (RBCs). The number of divisions from 

pronormoblasts to orthochromatic normoblasts (1 – 16) are also 

shown. Some examples of the expression patterns of key 

cell - surface markers are shown below.  
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these techniques is that they allow the production of large 
numbers of erythroblasts from peripheral blood samples, ena-
bling functional analyses of normal or abnormal erythropoiesis 
without the need for bone marrow sampling.  

  The  t ranscription  f actor  p rogramme 
 u nderlying  e rythropoiesis 

 As discussed above in the stochastic model of cell differentia-
tion, many factors must be integrated for a cell to make the 
decision to undergo self - renewal or differentiation, become 
quiescent, proliferate or undergo apoptosis. Over the past few 
years, it has emerged that key transcription factors play a major 
role in regulating the formation, survival, proliferation and dif-
ferentiation of multipotent stem cells as they undergo the tran-
sition to erythroid cells. These transcription factors may operate 
on their own or as members of multicomponent complexes 
involved in activation and/or repression. Many of the key tran-
scription factors were originally identifi ed because they are 
associated with chromosomal translocations found in leukae-
mia. This supports a model in which dysregulation of the 
normal transcriptional programme plays a causal role in hae-
matological malignancies. 

 At present, the key transcription factors known to be involved 
in specifying HSCs as they develop during embryogenesis and 
in maintaining them throughout life include Runx1 (AML - 1), 
SCL (tal - 1), LMO2 (rhombotin), Tel (ETV6), MLL and GATA -
 2 (see Figure  2.2 ). In addition, the homeobox (Hox) genes and 
proteins that modify their expression (e.g. Bmi - 1) have also 
been shown to play a role in haemopoiesis. Many of these 
factors (e.g. SCL, Runx1) appear to act quite differently in 
primitive as opposed to defi nitive haemopoiesis. Furthermore, 
not only is their importance in early defi nitive progenitors well 
established, but also many of these transcription factors play 
additional roles, later in differentiation, in specifi c haemopoi-
etic lineages, including erythropoiesis. 

 Once progenitor cells have been committed to become eryth-
roid cells, the most important transcription factors that enable 
them to proceed through terminal differentiation are GATA - 1 
and its cofactor FOG - 1 (friend of GATA - 1). GATA - 1 was fi rst 
identifi ed by its ability to bind functionally important regula-
tory sequences in the globin genes. Since then, GATA - binding 
motifs have been found in the promoters and/or enhancers of 
virtually all erythroid - specifi c genes studied, including haem 
biosynthetic enzymes, red cell membrane proteins (including 
blood group antigens) and erythroid transcription factors such 
as erythroid Kruppel - like factor (EKLF) and GATA - 1 itself. 
GATA - 1 expression is restricted to erythroid, megakaryocytic, 
eosinophilic, mast cell and multipotential progenitors of the 
haemopoietic system. However, GATA - 1 expression is highly 
upregulated in pronormoblasts and basophilic erythroblasts 
(see Figures  2.2  and  2.3 ). 

(see Chapter  1 ). The only rigorous assay for bona fi de HSCs is 
to measure their ability to contribute, throughout life, to all 
haemopoietic lineages  in vivo . This has been amply demon-
strated in mice, and the repeated, predictable success of human 
bone marrow transplantation clearly demonstrates the exist-
ence of such cells in humans.   

 The pathway of differentiation from HSCs to committed 
erythroid progenitors is still the topic of some debate. One 
model (proposed by Weissman) posits a common myeloid pro-
genitor from which the granulocyte/monocyte, erythroid and 
megakaryocyte lineages develop. In a second model (Jacobsen) 
erythroid/megakaryocytic progenitors split before the separa-
tion of lymphoid and granulocyte/monocyte lineages. As stem 
cells differentiate, they form multipotential progenitor cells that 
have short - term repopulating ability but have lost long - term 
repopulating ability. Such cells can be assayed  in vitro  by their 
ability to form  ‘ cobblestone ’  areas under stromal cells in long -
 term marrow cultures. Further differentiation progressively 
restricts the lineage potential of these cells as well as reducing 
their proliferative capacity, resulting in tripotential, bipotential 
and unipotential progenitors. These progenitor cells are func-
tionally defi ned by their ability to produce clonal colonies in 
semisolid medium supplemented with a cocktail of haemopoi-
etic cell growth factors permissive for the growth of all 
lineages. 

 Erythroid cells can be found in multilineage colonies (CFU -
 GEMM), which include granulocytes, macrophages and meg-
akaryocytes, and in bipotential colonies with megakaryocytes 
(CFU - E/Mk). The earliest progenitors that are restricted to the 
erythroid lineage produce large colonies  in vitro , consisting of 
several subunits, known as erythroid bursts (BFU - E, containing 
from several hundred up to 30   000 cells) after 12 – 14 days of 
growth. Their frequency in bone marrow is approximately 4 – 10 
per 10 4  nucleated cells. Late erythroid progenitors form colonies 
(CFU - E) of 8 – 64 cells after about 7 days  in vitro  and constitute 
20 – 60 per 10 4  bone marrow cells. CFU - Es defi ned in these 
culture systems most closely correspond  in vivo  to pronormob-
lasts (also known as proerythroblasts), the earliest morphologi-
cally recognizable erythroid precursor in the bone marrow. 
Once formed, these cells are destined to undergo terminal dif-
ferentiation to form mature red cells, as discussed later. 

 Erythroid differentiation and maturation within the adult 
bone marrow  in vivo  is dependent on the microenvironment 
provided by the stromal cells (fi broblasts, fat cells, endothelial 
cells, macrophages and smooth muscle cells). There are also 
immunoregulatory cells (monocytes, macrophages and 
lymphocytes) that contribute to local cytokine production. 
Erythroblasts are not randomly distributed in the bone marrow 
but are organized into erythroblastic islands containing one or 
two central macrophages, surrounded by layers of erythroblasts 
at different stages of maturation (Figure  2.1 ). 

 A number of techniques have been described for the produc-
tion of erythroblasts in liquid cultures. The great advantage of 
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is mainly restricted to erythroid cells. These binding sites are 
found in the regulatory elements of several erythroid - specifi c 
genes, including the  β  - globin gene. Disruption of binding at 
this site gives rise to  β  thalassaemia. Mice in which EKLF is 
absent die from severe anaemia at the fetal liver stage caused in 
part by  β  thalassaemia, but also due to the failure to synthesize 
correctly other EKLF - regulated proteins (e.g. the red cell mem-
brane protein Band3 and the  α  - globin stabilizing protein 
AHSP) required for red cell maturation. Therefore, EKLF may 
play a wider role than originally predicted in coordinating 
erythroid cell maturation and globin gene regulation. 

 Sequence motifs of the general class (T/C)GCTGA(G/C)
TCA(T/C), called Maf recognition elements (MAREs), have 
been found in the enhancers of many erythroid - specifi c genes 
(e.g. globins, haem synthesis enzymes), and it was shown that 
they bind the transcription factor NF - E2. Purifi cation of NF - E2 
revealed that it consists of two subunits, p45NF - E2 and p18NF -
 E2 (now known as MafK). Both proteins contain basic zipper 
(B - ZIP) domains through which they form heterodimers and 
bind DNA. p45 is expressed mainly in erythroid cells, whereas 
p18 is widely expressed, although it is the predominant small 
Maf family member in erythroid cells. Furthermore, it is now 
known that both p45 and p18 are members of larger groups of 
proteins with overlapping functions. Other p45 - like molecules 
include Nrf1, 2 and 3 and Bach1 and 2. All these proteins bind 
as obligate heterodimers with Maf proteins. It seems likely that 
binding to MARE elements is an important aspect of erythroid -
 specifi c activation, but it is not clear which proteins in this 
family bind the key sites or whether there is redundancy in the 
need for specifi c members of this family. 

 At present it is not fully understood how these transcription 
factors combine to commit cells to the erythroid lineage and 
terminal erythroid differentiation. However, this could involve 
the presence or absence of specifi c transcription factors, changes 
in the levels of the proteins and/or protein modifi cation. One 
principle that seems to be emerging is that factors affi liated with 
different lineages such as GATA - 1 (erythroid) and PU1 (lym-
phocytes and granulocytes) are both present in uncommitted 
progenitors, refl ecting the potential to develop along alternative 
different pathways (so - called multilineage priming). It is now 
known that GATA - 1 and PU1 interact and cross - antagonize 
each other. Therefore, as cells differentiate, reinforcement of the 
transcriptional programme of one lineage may actively suppress 
an alternative lineage.  

  Terminal  m aturation of  c ommitted 
 e rythroid  c ells 

 After the erythroid programme has been specifi ed, the fi nal 
phase of erythropoiesis involves the maturation of committed 
erythroid progenitors to fully differentiated red cells. The earli-
est recognizable erythroid precursor cell in the bone marrow is 

 Gene targeting studies in mice have shown that GATA - 1 is 
essential for normal erythropoiesis. Mice that produce no 
GATA - 1 die from severe anaemia. Although they produce ade-
quate numbers of erythroid colonies (CFU - E), there is an arrest 
in erythroid maturation at the pronormoblast stage of differen-
tiation.  In vitro  differentiated mouse embryonic stem cells 
lacking GATA - 1 also fail to mature past the pronormoblast 
stage and undergo rapid apoptosis, indicating a role for GATA -
 1 in survival and maturation of erythroblasts. 

 GATA - 1 may protect mature erythroblasts from apoptosis by 
directly or indirectly inducing expression of the anti - apoptotic 
protein Bcl - X L . GATA - 1 almost certainly regulates gene expres-
sion working as part of multiprotein complexes interacting, for 
example, with FOG - 1, LMO2, SCL and a variety of ubiquitously 
expressed transcription factors. FOG - 1 is a protein containing 
multiple zinc fi ngers, four of which interact with GATA - 1. Like 
GATA - 1, FOG - 1 is expressed in erythroid and megakaryocytic 
cells and is coexpressed and directly interacts with GATA - 1 
during development. Genetically modifi ed mice that express no 
FOG - 1 also die in mid - gestation as a result of severe anaemia 
with arrest in erythroid maturation at the pronormoblast stage. 

 GATA - 2 is a second member of the GATA family of proteins 
that is involved in haemopoiesis. Both GATA - 1 and GATA - 2 
are particularly relevant for erythropoiesis. Both are expressed 
in multipotent progenitors, although GATA - 2 appears to be 
more important than GATA - 1 at this stage, when GATA - 2 
plays an important role in the expansion and maintenance of 
haemopoietic progenitors. During erythroid differentiation the 
level of GATA - 2 declines as GATA - 1 increases. In mouse 
embryos lacking GATA - 2, erythrocytes are present, but in 
severely reduced numbers. There appears to be some overlap 
and redundancy between the roles of GATA - 1 and GATA - 2; in 
the absence of GATA - 1 increased levels of GATA - 2 may fulfi l 
some, but not all, of the normal roles of GATA - 1. Furthermore, 
there is evidence that the level of GATA - 2 is regulated by the 
level of GATA - 1. During normal erythroid development, it 
appears that GATA - 2 may initiate the erythroid programme 
to be replaced later by GATA - 1 during terminal erythroid 
maturation. 

 Expression of the two related zinc - fi nger DNA - binding pro-
teins Gfi  - 1 and Gfi  - 1b is restricted to haemopoietic cells. Gfi  - 1b 
is expressed only in multipotent progenitors, megakaryocytes 
and erythroblasts, in which its pattern of expression mimics 
that of GATA - 1. Gfi  - 1b - defi cient mouse embryos die with a 
failure to produce mature red cells, although early precursors 
are formed normally. This is very similar to the phenotype 
observed in GATA - 1 - defi cient embryos. However, from  in vitro  
colony assays in which Gfi  - 1b is overexpressed, it appears that 
its effect is not on erythroid commitment, but rather it pro-
motes the proliferation of erythroid progenitors as they undergo 
the transition from late BFU - Es to CFU - Es. 

 EKLF is a zinc fi nger - like protein of the Kruppel family, 
which binds the consensus sequence 5 ′  - NCNCNCCCN - 3 ′  and 
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cells leads to smaller (10 – 16    µ m) basophilic normoblasts 
(Figure  2.4 a, ii). Again, the cytoplasm stains deep blue and the 
nucleus occupies a large proportion of the cell but has a coarser 
reticular chromatin pattern with a few small masses of con-
densed chromatin adjacent to the nuclear membrane. Further 
divisions form early polychromatic and late polychromatic 
normoblasts (10 – 12    µ m), with increasing development of a 
pink cytoplasm and condensed (6    µ m) nuclei (Figure  2.4 a, iii). 
Late polychromatic/orthochromatic normoblasts (Figure  2.4 a, 
iv) are non - dividing cells with deeply staining structureless 
nuclei. 

 As the cell proceeds through terminal differentiation, nucle-
oli disappear and the nucleus condenses further and is eventu-
ally extruded. Such nuclei are phagocytosed and degraded by 
the macrophages of the bone marrow. Ultrastructural studies 
have shown that nuclear extrusion usually occurs outside the 
sinusoids of the bone marrow, and that newly formed reticulo-
cytes usually pass through pre - existing gaps in the walls of these 
sinusoids by diapedesis. Thus, the mature reticulocyte has no 
nucleus but has a few mitochondria and ribosomes and its 
cytoplasm stains predominantly pink because of the high con-
centration of haemoglobin. The cytoplasm still has a greyish tint 
due to the presence of ribosomes. When stained supravitally, 
the ribosomes precipitate into basophilic granules or a reticu-
lum. Reticulocytes continue to synthesize haemoglobin for 
24 – 48 hours after release from the bone marrow. On average, 
these cells are about 20% larger than mature red cells, which 
are circular, fl at, biconcave discs with a mean diameter of 
8.5    µ m. 

 It has been estimated that, on average, four divisions occur 
within the morphologically recognizable proliferating precur-
sor pool, so that each newly formed pronormoblast develops 
into 16 red cells (see Figure  2.3 ). As a small amount of cell death 
(ineffective erythropoiesis) normally occurs, the average ampli-
fi cation is slightly less than 16 - fold. The majority (60 – 80%) of 
pronormoblasts, basophilic normoblasts and early polychro-
matic normoblasts are in cell cycle, mostly in S phase, with G 1  
and G 2  stages lasting only a few hours. At any time, about 3% 
pronormoblasts, 5% basophilic erythroblasts and 6% polychro-
matic normoblasts are undergoing mitosis, which has been vari-
ously estimated to last for between 60 and 100   min. Erythroid 
cells eventually exit the cell cycle and, consistent with this, late 
polychromatic/orthochromatic erythroblasts are post - mitotic, 
non - dividing cells.  

  Changes in the  c ell -  s urface  p henotype 
 t hat  a ccompany  e rythroid  d ifferentiation 
and  m aturation 

 The cell - surface phenotypes of erythroid progenitors and pre-
cursors are quite distinctive, refl ecting the different signalling 
programmes of the cells as they differentiate. These markers are 

the pronormoblast (Figure  2.4 a, i) which, as discussed above, 
corresponds to the CFU - Es identifi ed  in vitro . The pronormob-
last is a relatively large cell (12 – 20    µ m) with a non - granular 
deep - blue cytoplasm and a large nucleus occupying about 
three - quarters of the cell that has a fi nely stippled chromatin 
pattern containing one or more prominent nucleoli.   

 The cytoplasm contains numerous ribosomes, several mito-
chondria, centrioles, a prominent Golgi apparatus and a few 
strands of rough endoplasmic reticulum. Division of these 

(ii)

(iii) (iv)

(i)

Orthochromatic
(Late)

Polychromatic
(Intermediate)

Pronormoblasts
(early)

CD71 (TfR)

GPA

(a)

(b)

     Figure 2.4     (a) Examples of pronormoblasts (i), basophilic and 

polychromatic erythroblasts (ii) and polychromatic and 

orthochromatic erythroblasts (iii and iv). All these different cell 

types can also be conveniently viewed at http://hsc.virginia.edu/

medicine/clinical/pathology/educ/innes/text/nh/mature.html. 

(b) An example of early (pronormoblasts), intermediate 

(polychromatic erythroblasts) and late (orthochromatic 

erythroblasts) erythroid precursors separated on the basis of their 

cell - surface markers (CD71 and GPA).  
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  Changes in  g ene  e xpression in  e rythroid 
 d ifferentiation and  m aturation 

 As cells go through the fi nal divisions of erythropoiesis and 
post - mitotic maturation there is progressive condensation of 
chromatin accompanied by complex changes in gene expres-
sion. When assessed by microarray analysis, many mRNAs are 
downregulated as multipotent progenitors enter terminal dif-
ferentiation, refl ecting the commitment of multipotent cells to 
a single specialized lineage. A subset of general mRNAs associ-
ated with proliferation, replication and cell cycle control show 
alterations as the growth characteristics of the cells change. 
mRNAs encoding proteins that characterize the red cell pheno-
type are, in general, upregulated. Examples include blood group 
antigens, red cell membrane proteins (e.g. spectrin, ankyrin, 
actin, protein 4.1), red cell glycolytic pathway enzymes, car-
bonic anhydrase and enzymes of the haem synthesis pathway 
such as  δ  - aminolaevulinic acid synthase (ALAS). A full cata-
logue of these changes in gene expression can be found at http://
hembase.niddk.nih.gov. 

 The main purpose of erythropoiesis is to synthesize large 
amounts of haemoglobin (Figures  2.3 – 2.5 ). Globin mRNA 
sequences are fi rst expressed in pronormoblasts and early 
basophilic erythroblasts. Globin chain synthesis parallels accu-
mulation of globin mRNA, increasing at the polychromatic 
and orthochromatic stages. The amount of globin mRNA 
reaches 20   000 molecules per cell in late polychromatic and 

also of value in the analysis of erythroid progenitors and precur-
sors as they can be used to identify and purify subpopulations 
of cells. CD34 is present on nearly all multipotent progenitors 
and committed BFU - Es but is lost on later erythroid progeni-
tors (CFU - E) and all precursors. 

 A similar pattern of expression is shown for the receptor 
c - Kit. Epo receptor (see below) fi rst appears in small numbers 
(20 – 50 copies per cell) on late BFU - Es, increases in CFU - Es and 
pronormoblasts ( ∼ 1000 copies per cell) and subsequently 
declines and disappears in later erythroid precursors. CD71 
(transferrin receptor, TfR) allows transferrin - bound iron to be 
taken into the cell and is present on early haemopoietic cells 
but is considerably upregulated on cells that are actively synthe-
sizing haemoglobin, reaching a peak of 800   000 molecules per 
cell on polychromatic normoblasts. CD71 levels diminish in 
the late phase of terminal differentiation and the receptor is 
not detectable on mature erythrocytes. Glycophorin A (GPA) 
is a membrane sialoglycoprotein whose expression is highly 
upregulated as erythroid progenitors mature from pronormob-
lasts. Combinations of these cell - surface markers can be used 
to distinguish early, intermediate and late erythroid precursors 
(Figure  2.4 b). Developing erythroid cells express cell - surface 
adhesion molecules that interact with the extracellular matrix; 
these include ICAM - 1 (a member of the immunoglobulin 
superfamily) and integrin  α  4  β  1  VLA4 (CD29/CD49d), which 
interacts with fi bronectin. These adhesion molecules are most 
highly expressed in the early precursors and lost as maturation 
proceeds, freeing erythroid cells to exit the bone marrow.  

Iron storage
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     Figure 2.5     Coordination of globin synthesis, haem synthesis and 

iron regulation. Blue lines indicate some of the known regulatory 

feedback systems. The red shaded box indicates reactions 

occurring in the mitochondria. Rate - limiting controls of haem 

synthesis are shown in black boxes. ALA,  δ  - aminolaevulinic acid; 

PBG, porphobilinogen.  
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  The  r egulation of  e rythropoiesis by 
 s ignalling  p athways 

 The normal red cell lifespan is 120 days and therefore, to main-
tain equilibrium, approximately 1% of the circulating red cell 
pool must be replaced daily. For a total of about 3    ×    10 13  circu-
lating erythrocytes and a lifespan of 120 days, the erythrocyte 
production rate needs to be maintained at approximately 10 10 /
hour in the steady state. Erythropoiesis accounts for about 20% 
of the nucleated cells in a normal bone marrow refl ected in the 
myeloid/erythroid ratio (usually about 4   :   1). As committed 
erythroid cells become late BFU - E and CFU - E, they upregulate 
expression of the receptor for erythropoietin (EpoR). It is esti-
mated that in the steady state, with low levels of circulating Epo, 
a high proportion of erythroid cells die through apoptosis. This 
provides a reserve that can be rescued by the increase in Epo 
levels that accompany anaemia. Signalling through EpoR not 
only prevents apoptosis but also stimulates proliferation. It is 
at the late progenitor/early precursor stages (CFU - E/pronor-
moblast) that there is considerable proliferative potential for 
expanding the overall level of erythropoiesis. Soon after reach-
ing the CFU - E stage, erythroid cells enter the phase of terminal 
differentiation, after which there is only limited potential for 
further expansion. The two major components regulating 
erythropoiesis include sensing hypoxia and regulating the 
supply of erythroid precursors, mainly by controlling the 
numbers of erythroid progenitors via the Epo – EpoR signalling 
pathway. 

  Sensing  h ypoxia 

 Tissue hypoxia induces a variety of physiological responses in 
addition to activation of the Epo – EpoR pathway (see below). 
Parallel responses include the stimulation of new blood vessels 
by vascular endothelial growth factor (VEGF) and metabolic 
changes (e.g. in glycolytic pathway enzymes) that enable con-
tinued energy production despite inadequate oxygen availabil-
ity. In addition, expression of TfR is upregulated. Over the past 
20 years the mechanisms by which cells sense hypoxia and 
orchestrate their response have been discovered. It has been 
shown that the most important mediator of this cellular 
response is a transcription factor called HIF (hypoxia - inducible 
factor), which activates the genes that infl uence the adaptive 
responses to hypoxia including those encoding Epo, glycolytic 
pathway enzymes, TfR and VEGF (Figure  2.6 ).   

 HIF is a heterodimer constituting one of three  α  - subunits 
(HIF1 -  α , HIF2 -  α  or HIF3 -  α ) bound to the aryl hydrocarbon 
receptor nuclear translocator (ARNT), also known as HIF1 -  β . 
HIF1 -  α  is a member of the basic helix – loop – helix (bHLH) 
family of transcription factors in which the HLH domains 
mediate subunit dimerization, whereas the basic domains bind 

orthochromatic erythroblasts. During the later stages of 
erythroid cell maturation, the amount of RNA per cell and 
the rate of total protein synthesis declines, but the relative 
stability of globin mRNA ensures that globin becomes the 
predominant polypeptide made in late erythroblasts and 
reticulocytes.   

 The individual components of the haemoglobin synthetic 
pathway (iron, free porphyrins, haem and monomeric globin 
chains) are all extremely toxic to the cell, and consequently 
many positive and negative feedback loops have evolved and 
been incorporated into this process. The synthesis of globin 
must be very accurately matched with the synthesis of haem in 
which some steps occur in the cytoplasm and others in the 
mitochondria (Figure  2.5 ). mRNAs encoding many compo-
nents of the haem biosynthetic pathway (e.g. ALAS and 
porphobilinogen deaminase) are coordinately upregulated in 
terminal erythroid differentiation and their genes contain 
similar  cis  - regulatory elements. 

 Continued translation of globin chains from mRNA only 
occurs in the presence of adequate haem. Reduced levels of 
haem rapidly trigger the formation of the haem - regulated 
inhibitor (HRI), a kinase that interacts with the translation 
initiating factor eIF - 2 α  and prevents translation of  α  -  and  β  -
 globin mRNA. The synthesis of haem itself is also regulated at 
many points and is particularly sensitive to the levels of avail-
able iron. Via a well - characterized pathway involving the iron -
 regulatory proteins (IRP1 and IRP2), binding to iron response 
elements (IREs) in the mRNA transcripts of ferritin, TfR and 
ALAS, the level of intracellular iron thus controls the translation 
of RNAs involved in iron storage, iron transport and haem 
synthesis (see Chapter  3 ). The discovery of hepcidin, which 
controls the uptake of iron from the gut, iron transport across 
the placenta and iron release from macrophages, adds another 
level of control to this complex system (see Chapter  3 ). Not 
surprisingly, diseases affecting the supply of iron (iron defi -
ciency and the anaemia of chronic disease), the synthesis of 
haem (sideroblastic anaemia, lead poisoning, alcohol ingestion) 
or the synthesis of globin (thalassaemia) have interrelated 
effects on globin synthesis, haem synthesis and iron metabolism 
(Figure  2.5 ). 

 No mechanistic connection between haemoglobin synthesis 
and erythroid proliferation or differentiation has yet been 
established. However, it has been postulated that haemoglobin 
content and/or haemoglobin concentration  per se  may be a 
negative regulator of cell division. When haemoglobin synthesis 
is reduced or delayed, as in iron defi ciency, the cells may 
undergo an extra division, yielding smaller hypochromic cells. 
Alternatively, when haemoglobin synthesis exceeds DNA 
synthesis, as in megaloblastic anaemias, the cells may skip a 
division and nuclear extrusion may occur early, resulting in 
macrocytosis. Although plausible, these hypotheses remain 
unproven.  
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of 1 – 30   mU/mL that can be elevated 1000 - fold by severe 
anaemia. It contains about 40% carbohydrate, rich in sialic acid 
residues, and has a half - life of 7 – 8 hours in plasma, whereas 
non - glycosylated Epo is cleared rapidly from the circulation. 
There are no preformed stores of Epo and, normally, 90% of 
the hormone is produced in the kidney and 10% in the liver 
and elsewhere. 

 The Epo gene contains a hypoxia - response element at its 
3 ′  - end, and in the kidney and liver a cooperative interaction 
of HIF with HNF - 4, including recruitment of the coactivator 
CBP/p300, leads to a signifi cant increase in transcription and 
increased serum levels of the protein. The binding of Epo to 
EpoR results in signal transduction to the nucleus, and this 
constitutes the most important pathway for controlling defi ni-
tive erythropoiesis. Careful clinical and haematological studies, 
together with the analysis of experimental animal models, have 
been important in establishing exactly which aspects of eryth-
ropoiesis are regulated by the Epo – EpoR system. Fetal livers of 
genetically modifi ed mice in which Epo or EpoR has been 
deleted are devoid of late erythroid cells but contain normal 
numbers of BFU - E, demonstrating that this signalling system is 
not required for lineage specifi cation but is essential for prolif-
eration and differentiation of erythroid precursors into mature 
cells. 

 When tissue oxygenation is compromised owing to reduced 
ambient oxygen tension, blood loss, shortened red cell survival 
or any uncompensated need for increased oxygen delivery, the 
level of Epo rises, stimulating red cell production. The low 
numbers (20 – 50) of EpoRs on BFU - E explain the relative 
Epo non - responsiveness of these cells, and much higher levels 
( ∼  1000) are found in CFU - E, pronormoblasts and basophilic 
erythroblasts. When circulating Epo increases, apoptosis of 

DNA. HIF binds to hypoxia - response elements (HREs, 5 ′  -
 TACGTG - 3 ′ ) located in the regulatory regions of hypoxia -
 inducible genes such as the gene encoding Epo (see below). 
Whereas changes in oxygen levels do not affect the levels of 
HIF1 -  β , which is expressed constitutively, hypoxia elevates the 
levels of HIF1 -  α  subunits by increasing protein stability. 

 The oxygen sensor is a ferrous iron prolyl hydroxylase that 
requires molecular oxygen as a cosubstrate to hydroxylate spe-
cifi c proline residues in the  α  - subunits of HIF. Once hydroxy-
lated, HIF1 -  α  subunits become targets for ubiquitination by the 
widely expressed von Hippel – Lindau (vHL) protein and are 
thus targeted for proteosomal degradation. Under normal cir-
cumstances the  α  - subunits are undetectable but, when cells are 
exposed to hypoxic stimuli, the oxygen sensor can no longer 
hydroxylate the  α  - subunits of HIF. In this situation,  α  - subunits 
accumulate as they are no longer polyubiquitinated and 
degraded. This allows the  α  - subunits to heterodimerize with 
HIF1 -  β  and activate the hypoxia - response genes. If the vHL 
protein is mutated (vHL syndrome), there is prolonged stimu-
lation by HIF, leading to the development of polycythaemia 
(Epo stimulation) and vascular tumours (VEGF stimulation).  

  Erythropoietin and the  e rythropoietin 
 r eceptor 

 The main initial site of Epo production is the fetal liver, 
with production largely switching to the kidney shortly after 
birth. Under normoxic conditions, little or no Epo mRNA 
is detectable in the kidneys but hypoxia results in its accumula-
tion within 30   min in the peritubular interstitial cells and 
levels can increase 200 - fold over baseline. Epo is a 166 - amino -
 acid 34.4 - kDa glycoprotein, found in serum at baseline levels 
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     Figure 2.6     The oxygen - sensing system. Ub, ubiquitination; vHL, von Hippel – Lindau protein.  
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die as embryos, with a phenotype similar to mice defi cient in 
Epo or EpoR. However, the numbers of erythroid progenitors 
are more severely diminished, suggesting that JAK2 is required 
earlier in erythropoiesis than Epo – EpoR. JAK2 is rapidly phos-
phorylated in response to Epo stimulation. Dimerization or 
conformational changes of EpoR brings the associated JAK2 
molecules into close proximity, enabling them to transphos-
phorylate and activate each other (Figures  2.7  and  2.8 ). STAT5 
is phosphorylated and activated by EpoR. Phosphorylated 
STAT5 dissociates from the receptor, dimerizes and moves to 
the nucleus, where it activates gene expression and is thought 
to be important as an anti - apoptotic signal. Both fetal and adult 
mice defective in STAT5 have a defect in regulating survival of 
early erythroblasts, leading to a persistent anaemia. 

 Activation of the PI3 - K and Ras - MAP kinase pathway (Figure 
 2.8 ) may be suffi cient for normal erythroid differentiation, 
although they may not be essential as other pathways can 
compensate for loss of signalling through PI3 - K. Therefore, in 
erythroid cells, activation of several, apparently redundant 
intracellular signalling pathways can support differentiation. 
Nevertheless, it is thought at present that these pathways may 
converge by activating a few important anti - apoptotic proteins, 
including Bcl - 2, Bcl - X L  and protein kinase B (also known as 
Akt) (Figure  2.8 ). 

 The full control of this system is complex and it should be 
noted that the EpoR pathway can also be activated by other 
mechanisms. For example, activation of c - Kit by its ligand, stem 
cell factor (SCF), causes tyrosine phosphorylation of EpoR and 

these erythroid progenitors decreases and CFU - Es rapidly 
respond by proliferating and differentiating. Therefore, the 
most important effect of Epo is to increase the number of pro-
genitor cells that develop into viable pronormoblasts. It has also 
been suggested that Epo is able to speed up the rate of terminal 
differentiation by shortening the cell cycle and maturation 
times of erythroblasts, thereby explaining the macrocytosis that 
often accompanies  ‘ stress ’  erythropoiesis; this remains to be 
confi rmed. 

 The erythropoietin signalling system is relatively well under-
stood. EpoR belongs to the cytokine receptor superfamily. Like 
other members of this family (growth hormone, prolactin and 
G - CSF), Epo was thought to induce dimerization of cell - surface 
receptors (EpoRs), triggering autophosphorylation and activa-
tion of the Janus family of protein tyrosine kinases (JAK2). 
More recent data suggest an alternative model in which unlig-
anded EpoR dimers exist in a conformation that prevents acti-
vation of JAK2, but the receptor may undergo a ligand - induced 
conformational change that allows JAK2 to be activated. JAK2 
and/or other kinases then phosphorylate specifi c tyrosine resi-
dues in EpoR, creating docking sites for the SH2 domains of 
several signal transduction proteins, which eventually results in 
the activation of at least three signal transduction pathways: 
STAT5, Ras/MAP kinase and phosphatidylinositol 3 - kinase 
(PI3 - K) (Figures  2.7  and  2.8 ).   

 Considerable interest has concentrated on the JAK2 – STAT5 
pathway. JAK2 is essential for erythropoiesis, and genetically 
modifi ed mice in which JAK2 expression has been eliminated 
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     Figure 2.7     A summary of signalling via the erythropoietin (Epo) 

receptor as described in the text. P denotes regions of 

phosphorylation. The diagram shows Epo - induced dimerization 
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followed by phosphorylation of the Epo receptor. This is followed 

by binding and phosphorylation of STAT5. Binding of SHP1 (far 
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can then dephosphorylate JAK2 and terminate signalling.  
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 In addition to SCF and Epo, recent observations have shown 
that stimulation of the nuclear hormone receptors for dexam-
ethasone (glucocorticoid receptor) and estrogen (estrogen 
receptor) produces sustained proliferation of erythroid pro-
genitors. Furthermore, the nuclear hormone receptors for 
thyroid hormone (c - ErbA/thyroid hormone receptor), all -  trans  
retinoic acid (retinoic acid receptor) and 9 -  cis  -  retinoic acid 
(RXR) were found to promote erythroid differentiation. Such 
observations are consistent with previous reports showing that 
patients with a wide range of endocrine disorders (hypothy-
roidism, hypopituitarism, Addison ’ s disease and male hypogo-
nadism) all have variable degrees of normochromic normocytic 
anaemia. It appears, therefore, that many hormones of the 
endocrine system can modify erythropoiesis.   

  Apoptosis  d uring  n ormal  e rythropoiesis 

 Programmed cell death (apoptosis) plays an important role in 
normal erythropoiesis (Figure  2.8 ), helping to regulate the 
accumulation of erythroid precursors to match the need for 
new mature red cells. Excess erythroid precursors are removed 

a functional interaction between the two receptors is essential 
for normal erythropoiesis. 

 Mechanisms for switching off the Epo – EpoR signalling 
pathway also exist. Specifi c phosphorylated tyrosines that occur 
on the Epo - stimulated dimerized EpoR provide docking sites 
for the SH2 domains of protein tyrosine phosphatases such as 
SHP1. Binding activates the phosphatase, which removes the 
activating phosphates from JAK2, terminating the positive 
signal from this pathway (Figure  2.7 ).  

  Other  s ignalling  p athways 

 Erythropoiesis is also infl uenced by pathways other than Epo –
 EpoR. Erythroid progenitors express receptors for SCF, insulin -
 like growth factor (IGF - 1) and insulin. After Epo, the second 
most important signalling system for erythropoiesis involves 
SCF (Kit ligand) and its receptor (c - Kit). Activation by SCF 
induces tyrosine phosphorylation of its own receptor. SCF was 
originally identifi ed by its ability to stimulate proliferation of 
multipotent haemopoietic progenitors, but it is also effective in 
supporting growth of committed progenitors, including eryth-
roid progenitors, acting synergistically with Epo. 
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     Figure 2.8     A summary of the apoptotic pathways (Epo and Fas) 

in erythroid progenitors. These cells (BFU - E and CFU - E) 

undergo apoptosis in the absence of Epo signalling or in the 

presence of Fas signalling. Bcl - X L  may be the key pathway 

through which these effects are mediated.  
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chapters and references for specifi c examples. The aim of this 
chapter is to provide a framework for thinking about the process 
of erythropoiesis in clinical practice. The fi rst stage involves the 
production of committed erythroid progenitors. The second 
involves controlling red cell production, which is mainly 
achieved via the oxygen sensor infl uencing the level of Epo, 
which in turn controls the numbers of late BFU - Es and CFU - Es, 
although many other hormones, cytokines and growth factors 
may modify the response. The third phase requires terminal 
erythroid differentiation to mature red cells containing large 
amounts of specifi c proteins such as haemoglobin. This phase 
makes signifi cant demands on a variety of nutritional factors 
and cofactors, particularly iron, vitamin B 12  and folate, but 
also manganese, cobalt, vitamin C, vitamin E, vitamin B 6  (pyri-
doxine), thiamine, ribofl avin, pantothenic acid and amino 
acids. Absolute or relative defi ciencies of these cofactors can 
negatively regulate erythropoiesis. The output from this 
process (red cell mass) is required to meet the demands for 
adequate tissue oxygenation, which itself has a major infl uence 
on the production of Epo, thus completing the regulatory loop 
(Figure  2.9 ).   

 Simple diagnostic tools are available to test the circuit in a 
logical manner (see also Chapter  6 ). First, one can evaluate the 
overall level of erythropoiesis by estimating the ratio of myeloid 
precursors to erythroid precursors in the marrow (normally 
about 4   :   1, but with a very broad normal range). Total erythro-
poiesis can be measured accurately using radioactive ( 59 Fe) fer-
rokinetic assays. The plasma iron turnover measures the total 
(i.e. effective and ineffective) amount of erythropoiesis, whereas 
the red cell iron utilization assay measures effective erythropoi-
esis. To a large extent, these two parameters can now be assessed 
much more easily by measuring the levels of soluble TfR and 
the reticulocyte count. Soluble TfR is a truncated form of the 
receptor that circulates in a complex with transferrin. The 
erythroblasts rather than the reticulocytes are the main source 
of soluble TfR and, when iron stores are adequate and available, 
measuring the level of soluble TfR (normal range 5.0    ±    1.0   mg/
mL) is a good guide to the total level of erythropoiesis. Soluble 
TfR levels are increased when erythropoiesis is stimulated and 

by apoptosis, and at least two pathways seem to be involved. 
First, it appears that late BFU - E, CFU - E and pronormoblasts 
may all require continuous signalling via EpoR, which is highly 
expressed on the surface of these cells, to prevent apoptosis. In 
the absence of Epo, these cells rapidly undergo programmed cell 
death in culture. It has been shown that, in part, this refl ects a 
need for signals from EpoR, via the JAK2 – STAT5 pathway, to 
induce or stabilize expression of the anti - apoptotic protein 
Bcl - X L . 

 Apoptosis of erythroid precursors may also occur as a result 
of activation of the Fas receptor (FasR, known as CD95) that is 
present on both early and late erythroid precursors, although 
its activating ligand (FasL, known as CD95L) appears only on 
late erythroblasts. Binding of FasL to FasR activates proteolytic 
caspases that cleave intracellular proteins, possibly including 
the erythroid transcription factor GATA - 1, with subsequent 
loss of Bcl - X L . This regulation of erythropoiesis by negative 
feedback is thought to take place in the erythropoietic islands 
of the bone marrow, where the number of mature erythroblasts 
may control the expansion and differentiation of their less 
mature precursors. 

 As well as extracellular anti - apoptotic signals, erythroblasts 
also use internal programmes to ensure their own survival. The 
transcription factor GATA - 1 is essential for maturation of 
erythroblasts; the absence of GATA - 1 leads to apoptosis and a 
block in maturation. Some of the target genes regulated by 
GATA - 1 are likely to be important for cell survival. Although 
many of the targets are unknown, it is clear that GATA - 1 
strongly induces expression of Bcl - X L  and may therefore 
cooperate with EpoR signalling. In this way, Epo signalling, 
Fas - mediated signalling and GATA - 1 converge on Bcl - X L , 
which represents a key target of the erythroid cell survival 
programme.  

  Erythropoiesis in  c linical  p ractice 

 Erythropoiesis is disturbed to a greater or lesser extent in almost 
all multisystem diseases and so the reader is referred to other 
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distant future. A second frequently used approach is to correct 
anaemia, of any cause, with red cell transfusion, and the criteria 
for such treatment are set out in other sections of this book. 
The fi nal approach is to increase erythropoiesis by administer-
ing recombinant human erythropoietin (rHuEpo). Following 
its considerable benefi t to patients with the anaemia of chronic 
renal failure who are not capable of producing normal levels of 
Epo, rHuEpo has been assessed in a wide range of disorders (e.g. 
aplastic anaemia, red cell aplasia, thalassaemia intermedia, 
cancer of all types, haematological malignancy, myelodysplastic 
syndrome, rheumatoid arthritis, autologous blood donors, after 
stem cell transplantation and more). Modifi ed forms of Epo, 
with a higher carbohydrate content and longer half - lives  in vivo , 
have been developed and approved for clinical use, while small -
 molecule Epo mimetics with higher affi nity for EpoR are under 
investigation. A review of the effectiveness of these therapeutic 
alternatives is beyond the scope of this chapter, but the consid-
erable expense involved in treating patients, often over rela-
tively long periods of time, with a hormone that does not always 
directly address the known pathophysiology of the anaemia 
requires careful consideration. 

 Finally, there are some conditions in which hormonal defi -
ciency is known to contribute to anaemia (e.g. hypothyroidism, 
Addison ’ s disease). In these cases appropriate correction of the 
hormonal defi ciency logically helps correct the anaemia. Some 
rare forms of anaemia respond to a variety of therapies for 
unexplained reasons. For example, some cases of Diamond –
 Blackfan anaemia respond to corticosteroids, and some cases of 
congenital dyserythropoietic anaemia respond to interferon 
alfa, suggesting that there are still many unknown aspects to this 
clinically important and intellectually fascinating process of 
erythropoiesis.  
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decreased when diminished. The interpretation of soluble TfR 
levels is complicated in iron defi ciency as this condition inde-
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(0.5 – 2.0% or 25 – 75    ×    10 9 /L) is raised in proportion to the 
degree of anaemia when erythropoiesis is effective (e.g. uncom-
plicated response to bleeding), but is relatively low when eryth-
ropoiesis is ineffective (e.g.  β  thalassaemia) or an abnormality 
prevents a normal response (e.g. nutritional defi ciency). 

 The output of the system, the red cell mass, can be accurately 
measured by radioactive dilution techniques using  51 Cr, but 
can often be reliably estimated from the haematocrit or concen-
tration of haemoglobin. Changes in red cell size, shape and 
haemoglobin content, often refl ected in the red cell morphol-
ogy, may provide important guides to specifi c abnormalities in 
red cell maturation (e.g. haemoglobinopathies, thalassaemia, 
nutritional defi ciencies). If the red cell mass is appropriate to 
meet the demands for oxygenation, then Epo production 
will be suppressed and the serum level will be in the normal 
range ( ∼  25 – 50   mU/mL in cord blood and  ∼ 10 – 30   mU/mL in 
adults). If there is inadequate oxygenation, the level of Epo 
will generally be raised in proportion to the degree of anaemia 
(e.g. up to 3 – 10   U/mL after severe blood loss) unless there 
is some impediment to Epo production (e.g. chronic renal 
failure, anaemia of chronic diseases). For any given degree 
of anaemia the level of Epo in the blood may vary depending 
on the underlying conditions. For example, levels tend to 
be very high in aplastic anaemia and less than anticipated in 
thalassaemia. This may refl ect the different numbers of precur-
sors in the marrow that are able to bind available Epo mole-
cules, thus altering the number of free Epo molecules that are 
measured. 

 These apparently straightforward assessments may be more 
diffi cult to interpret when there are multiple causes of abnormal 
erythropoiesis, and in particular when complicated by nutri-
tional defi ciencies, which should always be evaluated in parallel 
with these studies. In addition to the common nutritional anae-
mias, the vast number of specifi c diagnostic tests to determine 
the inherited or acquired disorders that may perturb each phase 
of erythropoiesis are described elsewhere in this book. 

 Proper oxygen delivery to the tissues requires suffi cient cir-
culating mature red cells, and any appropriate therapy should 
be aimed at correcting this. An important caveat is that exces-
sive red cells may cause a sluggish circulation that can cause 
ischaemia, leading to serious complications (e.g. myocardial 
infarction and stroke). The simplifi ed circuit presented here to 
describe the process of erythropoiesis (Figure  2.9 ) indicates 
three potential routes for therapeutic intervention. The fi rst is 
to correct nutritional defi ciencies, usually iron and less com-
monly folate or vitamin B 12 . The discovery of the role of the 
iron - regulatory peptide hepcidin in the anaemias of chronic 
disorders suggests that some remaining common forms of 
anaemia related to this class (caused by inability to use stored 
iron) may be amenable to rational treatment in the not too 
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  Introduction 

 Iron (atomic weight 55.85) is essential for many metabolic 
processes. It shares with other transition metals two properties 
of particular importance in biology: the ability to exist in more 
than one relatively stable oxidation state and the ability to form 
many complexes. Its ability to exist in both ferric and ferrous 
states underlies its role in critical enzyme reactions concerned 
with oxygen and electron transport and the cellular production 
of energy. As well as physiologically active iron compounds, 
many of which are haem proteins, there are also specialized 
proteins of iron transport and storage. The latter are necessary 
to enable iron to remain in solution at neutral pH, at which 
ferric iron is insoluble, and to limit the potential toxicity of this 
reactive metal. The insolubility of ferric iron also means that 
although the earth ’ s crust contains approximately 4% iron and 
iron may be plentiful in the diet, much of this is unavailable. As 

a result, the body is limited in the adjustments it can make to 
excessive loss of iron, which frequently occurs due to haemor-
rhage, and iron defi ciency is the most common cause of anaemia 
throughout the world. The general need to conserve the metal 
is refl ected in the absence of any physiological mechanism for 
excretion of iron, control of iron balance being at the level of 
iron absorption. This is important in the rarer but potentially 
fatal disorders of iron overload (see Chapter  4 ).  

  Distribution of  b ody  i ron 

 The concentration of iron in the adult human body is normally 
about 50   mg/kg in males and 40   mg/kg in females. The largest 
component is circulating haemoglobin, with 450   mL (1 unit) of 
whole blood containing about 200   mg of iron (Figure  3.1 ). 
Much of the remainder is contained in the storage proteins 
ferritin and haemosiderin. These are found mainly in the reticu-
loendothelial cells of the liver, spleen and bone marrow (which 
gain iron from breaking down red cells), and in parenchymal 
liver cells (which normally gain most of their iron from the 
plasma iron - transporting protein transferrin).    
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protein shell (molecular weight 480   000) enclosing a core of 
ferric hydroxyphosphate (up to 4000 iron atoms). Human fer-
ritin is made up from 24 subunits (molecular weight about 
20   000) of two immunologically distinct types: H and L. There 
are multiple gene copies, which are mostly pseudogenes, on 
12 different chromosomes. The coding loci are located at 
11q12 – q13 for the heavy chain and 19q13.3 – q13.4 for the light 
chain. An intronless gene on chromosome 5 (q23.1) codes for 
mitochondrial ferritin, a novel H - type ferritin. The internal 
cavity of the ferritin molecule communicates with the exterior 
via six channels, through which ferrous iron may enter (to 
interact with a ferroxidase centre on the ferritin H subunit) 
or leave (after reduction, e.g. by dihydrofl avins or ascorbic 
acid). 

 The way in which ferritin iron is mobilized is poorly under-
stood, and a process in which the entire ferritin molecule is 
degraded within lysosomes prior to iron release has also been 
suggested. Variation in the proportion of H to L subunits 
explains the heterogeneity of ferritin from different tissues on 
isoelectric focusing: L - rich ferritins (from spleen and liver) are 
more basic than H - rich ferritins (from heart and red cells). The 
small amount of ferritin normally present in serum contains 
little iron and consists almost exclusively of L subunits. It is also 
heterogeneous, owing to glycosylation. This glycosylation and 
the direct relationship of serum concentration to storage iron 
in macrophages suggest that serum ferritin is secreted by mac-
rophages in response to changing iron levels. 

 Haemosiderin, unlike ferritin, is a water - insoluble, crystal-
line, protein – iron complex that is visible by light microscopy 
when stained by the Prussian blue (Perls ’ ) reaction. It has an 
amorphous structure, with a higher iron/protein ratio than fer-
ritin, and is probably formed by the partial digestion of ferritin 
aggregates by lysosomal enzymes. In normal subjects, the 

  Proteins  i mportant in  i ron  m etabolism 

  Haemoglobin 

 Haemoglobin (molecular weight 64   500) contains four haem 
groups linked to four globin chains, and can bind four mole-
cules of oxygen. Myoglobin (molecular weight 17   000) accounts 
for 4 – 5% of body iron and has a single haem group attached to 
its one polypeptide chain. It has a higher affi nity for oxygen 
than haemoglobin and behaves as an oxygen reserve in muscles. 
The mitochondria contain a series of haem and non - haem iron 
proteins (including the cytochromes  a ,  b  and  c , succinate dehy-
drogenase and cytochrome oxidase) that form an electron 
transport pathway responsible for the oxidation of intracellular 
substrates and the simultaneous production of adenosine tri-
phosphate (ATP). Haem is an essential component of micro-
somal and mitochondrial cytochrome P450, which is concerned 
with hydroxylation reactions (including drug detoxifi cation by 
the liver), and of cyclooxygenase, involved in prostaglandin 
synthesis. Other haem proteins include the enzymes catalase 
and lactoperoxidase, which are concerned with peroxide break-
down, and tryptophan pyrrolase, involved in the oxidation of 
tryptophan to formylkynurenine. There is a smaller group of 
iron sulphur proteins (e.g. xanthine oxidase, reduced nicotina-
mide adenine dinucleotide dehydrogenase and aconitase). Iron 
is also necessary for the function of ribonucleotide reductase, a 
key enzyme in DNA synthesis.  

  Ferritin and  h aemosiderin 

 Ferritin is the primary iron storage protein and provides a 
reserve of iron. It consists of an approximately spherical apo-
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     Figure 3.1     The major compartments 

of iron in a 70 - kg man. Iron supply for 

erythropoiesis and release of iron from 

senescent red cells dominate internal 

iron exchange. RE, reticuloendothelial.  
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which triggers its tyrosine phosphorylation, internalization and 
degradation by ubiquitin in lysosomes.  

  Growth  d ifferentiation  f actor and  t wisted 
 g astrulation  p rotein 

 Growth differentiation factor (GDF) - 15 is a member of the 
transforming growth factor (TGF) -  β  superfamily of proteins, 
which also includes the bone morphogenetic proteins (BMPs). 
GDF - 15 exerts different functions according to the cell context, 
inhibiting hepcidin synthesis, macrophage activation, prolifera-
tion of immature haemopoietic progenitors and growth of 
tumour cell lines. It is strongly expressed during erythroblast 
maturation with lower levels in the other tissues. It is inducible 
by iron depletion and by hypoxia but is independent of hypoxia -
 inducible transcription factors (HIFs). 

 A second erythroid regulator of hepcidin expression, twisted 
gastrulation protein (TWSG1), has been identifi ed. It is pro-
duced during the early stages of erythropoiesis and interferes 
with BMP - mediated hepcidin synthesis.  

  Other  p roteins 

 The roles in iron metabolism of hemojuvelin (HJV), BMP - 6, 
SMADs, ferrioxidative and reduction enzymes, and caerulo-
plasmin are discussed under the headings of hepcidin regula-
tion, iron absorption, iron uptake by erythroid cells and haem 
synthesis.  

  Hepcidin 

 Hepcidin has a central role in the regulation of iron metabolism 
and absorption (Figure  3.2 ). A product of the  HAMP  gene 
(Table  3.1 ), it is a small peptide (25 amino acids) with several 
isoforms and is released from a large prepropeptide of 84 amino 
acids. It is predominantly expressed in the liver. It regulates iron 
homeostasis by binding to cell - surface ferroportin, causing its 
tyrosine phosphorylation, internalization, ubiquitination and 
degradation in lysosomes. It therefore acts to inhibit iron 
absorption, iron release from macrophages and iron transport 
across the placenta. It is bound in plasma to  α  2  - macroglobulin 
and the major route of clearance is the kidney. Hepcidin can be 
measured in serum or urine by ELISA or mass spectrometry -
 based techniques. These have shown low or undetectable levels 
in iron defi ciency and extremely high levels in infl ammatory 
conditions, with inappropriately low levels in haemochromato-
sis and iron - loading anaemias. 

  Regulation of  h epcidin  e xpression 
 The regulation of hepcidin expression is transcriptional. 
Hepcidin expression is increased in response to raised serum 
iron, iron overload and infl ammation, and is suppressed by 

majority of storage iron is present as ferritin, and haemosiderin 
is predominantly found in macrophages rather than hepato-
cytes. In iron overload, the proportion present as haemosiderin 
increases considerably in both cell types.  

  Transferrin and  t ransferrin  r eceptors 

 Transferrin is a single - chain polypeptide (molecular weight 
79   500) present in plasma (1.8 – 2.6   g/L) and extravascular fl uid 
(Table  3.1 ). It has a plasma half - life of 8 – 11 days. The protein 
is synthesized predominantly by the liver, synthesis being 
inversely related to iron stores. Two atoms of ferric iron bind 
to each molecule. Although transferrin contains only about 
4   mg of body iron at any time, it is vital to iron transport, with 
over 30   mg iron passing through this compartment each day 
(Figure  3.1 ). The binding sites (N - terminus and C - terminus) 
contain three tyrosine and two histidine residues and an 
arginine group. The uptake of iron from transferrin requires 
that the protein is attached to specifi c receptors on the cell 
surface. The transferrin receptor gene ( TFRC ) codes for TFR1, 
a transmembrane protein (identifi ed as CD71), each molecule 
of two subunits binding one transferrin molecule. A second 
receptor, TFR2, also binds transferrin (Table  3.1 ). Through 
their binding with HFE, TFR1 and TFR2 are involved in regu-
lating hepcidin synthesis (see Figure  3.2 ).     

 Lactoferrin is a glycoprotein (molecular weight 77   000) that 
is structurally related to transferrin. It is found in milk and 
other secretions and in neutrophils. It is thought to have a 
bacteriostatic action at secreting surfaces by depriving microor-
ganisms of the iron needed for their growth.  

  Divalent  m etal  t ransporter 1 

 Divalent metal transporter (DMT)1 is an electrogenic pump 
that requires proton cotransport in order to transfer Fe 2+  
across cell membranes. This occurs at the apical membrane and 
subapical endosomes of the duodenal enterocyte and the trans-
ferrin - cycle endosome, both of which have a low pH. The intes-
tinal DMT is produced by different mRNA splicing from that 
which produces endosomal DMT1. DMT1 expression is upreg-
ulated in iron defi ciency (see later) and may be involved in 
absorption of other divalent metal cations including Mn 2+ , 
Co 2+ , Zn 2+ , Cu 2+  and Pb 2+ , although this is not established as a 
major function.  

  Ferroportin (SLC40A1) 

 This transmembrane domain protein is the basolateral trans-
porter of iron, essential for iron release from macrophages, the 
intestinal absorptive enterocyte and placental syncytiotrophob-
lasts. It is also present in intracellular compartments. 
Caeruloplasmin is required for the cell surface localization of 
ferroportin, whose concentration is controlled by hepcidin, 
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  Table 3.1    Iron transport proteins, oxidoreductases, storage proteins and regulators. 

   Protein (gene)     Chromosome 

location  

   Tissue expression     Structure     Function     Regulation     Mutations and disease  

  Duodenal cytochrome 

 b  1  ( CYBRD1 )  

  2q31    Enterocyte  +     TMP, 6TMD    Ferric reductase    Fe (hepcidin)     –   

  DMT1 ( SLC11A2 )    12q13    Widespread    TMP, 568 aa    Fe uptake    Fe (3 ′  - IRE)    Mk mouse, Belgrade rat 

 Human microcytic 

anemia  

  Hemojuvelin ( HFE2 )    1q21.2    Liver, heart, muscle    Membrane - bound 

receptor or secreted 

protein  

  Regulator of hepcidin 

synthesis  

  ?    Juvenile HC  

  Frataxin ( FXN )    9q21.11    Heart, spinal cord, 

cerebellum  

  Mitochondrial protein, 

210 aa  

  Mitochondrial iron 

donor  

      Friedreich ataxia  

  FLVCR ( FLVCR1 )    1q32.3    Erythroid    Major facilitator family    Receptor for feline 

leukaemia virus C; 

haem export  

        

  Ferroportin 1 

( SLC11A3 )  

  2q32    Liver, spleen, 

enterocyte  

  TMP, 571 aa, 9TMD    Fe export    Fe (5 ′  - IRE)    Human HC, autosomal 

dominant  

  Hepcidin ( HAMP )    19q13.1    Plasma (liver)    20 – 25 aa    Regulator of iron 

homeostasis  

  Fe (HFE)    Juvenile HC (digenic 

HC)  

  Hephaestin ( HEPH )    Xq11 – q12    Enterocyte    TMP, 1TMD, copper 

protein with homology 

to caeruloplasmin  

  Fe 2 +   oxidase     –     Sla mouse  

  Haemochromatosis 

( HFE )  

  6p21.3    Widespread    HLA class I heavy chain    Regulates  TFRC , iron 

uptake and 

hepcidin 

expression  

  ?    Human HC, autosomal 

recessive  

  Mitoferrin 

( SLC25A37 )  

  8p21.2    Erythroid    Mitochondrial inner 

membrane  

  Mitochondrial iron 

importer  

  ?    Erythropoietic 

protoporphyria  

  STEAP3    2q14.2    Erythroid, placenta 

(with TFR1)  

  Six - transmembrane 

epithelial antigen of 

the prostate - 3  

  Ferric reductase (also 

reduces copper)  

  ?      

  Transferrin receptor 

( TFR )  

  3q26.2 – qter    Widespread: highest 

number in 

erythroblasts  

  TMP dimer of 90   kDa 

polypeptide  

  Binds transferrin    Fe (3 ′  - IRE)    (Lethal in knockout 

mouse)  
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   Protein (gene)     Chromosome 

location  

   Tissue expression     Structure     Function     Regulation     Mutations and disease  

  Transferrin receptor 2 

( TFR2 )  

  7q22    Liver, erythroid cells    60% similarity in 

extracellular domain to 

TFRC  

  Binds transferrin, 

iron homeostasis, 

regulator of 

hepcidin synthesis  

  No IRE    Human HC, autosomal 

recessive  

  Transferrin ( TF )    3q21    Plasma, extravascular 

space  

  Single - chain polypeptide, 

glycoprotein  

  Iron transport    Iron stores    Atransferrinaemia  

  Ferritin heavy chain 

( FTH1 )  

  11q13    Widespread, cytosolic    Subunit of ferritin    Iron storage (catalytic 

subunit for iron 

incorporation)  

  Fe (IRE)    Autosomal dominant 

Fe overload (very 

rare)  

  Ferritin light chain 

( FTL )  

  19q13.3 –

 q13.4  

  Widespread, cytosolic    Subunit of ferritin    Iron storage    Fe (IRE)    Hyperferritinaemia and 

cataract syndrome 

 Neuroferritinopathy  *    

  IRP1 ( ACO1 )    9p21.1    Widespread    Cytoplasmic, 98   kDa with 

4Fe – 4S cluster  

  Regulation of 

synthesis of FTH, 

FTL, TFRC, 

DMT1, ferroportin 

1, ALAS2  

  Cell iron    Not known  

  IRP2 ( IREB2 )    15    Widespread    Cytoplasmic, 105   kDa, no 

4Fe – 4S cluster  

  As IRP1    Cell iron    Not known  

  Matriptase - 2 

( TMPRSS6 )  

  22q13.1    Mainly liver    Type II transmembrane 

protease from plasma 

membrane  

  Cleaves hemojuvelin    Unknown    Homozygous mutation 

leads to IRIDA  

    * In hyperferritinaemia/cataract syndrome, mutations affect the 5 ′  - UTR IRE. In neuroferritinopathy, mutations affect  FTL  coding sequences.  

  aa, amino acid; HC, haemochromatosis; IRIDA, iron refractory iron defi ciency anaemia; IRE, iron response element; IRP, iron regulatory protein; TMD, transmembrane 

domain; TMP, transmembrane protein.   

Table 3.1 Continued
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or basal serum iron conditions, HFE and TFR1 exist as a 
complex at the plasma membrane, TFR1 serving to sequester 
HFE to silence its activity. Diferric serum transferrin (Fe 2+  - TF) 
competes with HFE for binding to TFR1. Increased serum 
transferrin saturation therefore results in dissociation of 
HFE from TFR1. Acting as an iron sensor, HFE then binds to 
TFR2 and conveys the Fe 2+  - TF status to the signal transduction 
effector complex. HJV binds to BMP, then phosphorylates 
SMADs to form an SMAD - 1/ - 5/ - 8 – SMAD - 4 complex, which 
translocates to the nucleus and stimulates hepcidin production 
by activating its promoter. In keeping with this model, 
genetic mutations of HFE, TFR2, HJV and hepcidin all result 
in haemochromatosis with low serum hepcidin levels (see 

iron defi ciency, hypoxia and increased erythropoietic activity. 
Under basal conditions, expression depends on signalling 
through the BMP/SMAD pathway (Figure  3.2 ). HJV is a 
member of the repulsive guidance molecules (RGM) family that 
is highly expressed in liver, skeletal muscles and the heart. It 
is either associated with cell membranes through a glycosyl-
phosphatidylinositol anchor or released as a soluble form. 
Membrane - bound HJV participates in the pathway regulating 
hepcidin expression as a BMP coreceptor, whereas soluble HJV 
antagonizes BMP - 6. BMP - 6 is the master hepcidin activator 
 in vivo . 

 HFE and TFR2 are also involved in hepcidin expression 
(Figure  3.2 ). HFE is able to bind TFR1 and TFR2. During low 
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     Figure 3.2     Stimulatory and inhibitory 

signals of hepcidin regulation. 

Hepcidin, as well as hemojuvelin 

(HJV), transferrin receptor 2 (TFR2) 

and HFE, are all produced in the 

hepatocyte. High plasma iron and 

infl ammation stimulate hepcidin 

synthesis. This is mediated by SMADs 

and STAT3 respectively. Conversely, 

low plasma iron, increased rates of 

erythropoiesis (including ineffective 

erythropoiesis) and hypoxia inhibit 

hepcidin production. This is mediated 

by matriptase, growth differentiation 

factor (GDF) - 15, twisted gastrulation 

protein (TWSG1) and HIF1 -  α  

respectively. Hepcidin binds 

ferroportin (FPN), causing its 

destruction and so inhibits iron 

absorption and iron release from 

macrophages into plasma and from 

intracellular compartments. BMP, 

bone morphogenetic protein.  
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which regulate matriptase - 2 expression need to be elucidated. 
Matriptase - 2 activity overrides all known activating stimuli of 
hepcidin synthesis. Homozygous  TMPRSS6  – / –    mutations in 
mice and humans result in marked upregulation of hepcidin 
and blockade of intestinal and macrophage iron transport into 
plasma, leading to a refractory hypochromic microcytic anaemia 
(see pp. 41, 51).   

  Intracellular  i ron  h omeostasis 

 Synthesis of several of the proteins involved in iron metabolism 
is regulated at the level of RNA translation by two cytoplasmic 
iron - dependent proteins, namely IRP1 and IRP2 (Table  3.1 ). 
These are capable of binding to mRNAs that contain a sequence 
forming a stem - and - loop structure called an  iron - responsive 
element  or IRE (Figure  3.3 ). IRP1 (molecular weight 98   000) 
contains an iron – sulphur (4Fe – 4S) cluster and functions as a 
cytoplasmic aconitase with low affi nity for the IRE when intra-
cellular iron is abundant. When iron is scarce, however, the 
iron – sulphur cluster is no longer present and IRP1 binds to the 
IRE with high affi nity. IRP2 (molecular weight 105   000) is 
expressed ubiquitously but is less abundant than IRP1. IRP2 has 
an extra section of 73 amino acids rich in proline, serine and 
cysteine that mediates IRP2 degradation in iron - replete cells. 
Activation of IRP2 requires accumulation of the protein as a 
result of new synthesis. Degradation takes place in the proteo-
some after addition of iron.   

 The 3 ′  - untranslated region (3 ′  - UTR) of TFR1 contains fi ve 
IREs, whereas the 5 ′  - UTR region of ferritin mRNA contains a 
single IRE. Binding of IRP when there are low levels of intracel-
lular iron protects TFR1 mRNA from cytoplasmic degradation 
but inhibits translation of ferritin mRNA by interfering with the 
binding of initiation factors. In contrast, when intracellular iron 
is increased, the opposite effects occur. Thus, coordinated regu-
lation of TFR1 and ferritin acts to maintain a constant intracel-
lular iron content over the short term by balancing cellular iron 
uptake and storage. 

 Erythroid  δ  - aminolaevulinic acid synthase (ALAS2) mRNA 
also has an IRE in its 5 ′  - UTR region, whereas  ‘ housekeeping ’  
ALAS1 mRNA does not. The IRP – IRE system is therefore 
involved in matching iron supply to haem synthesis, with 
repression of protoporphyrin synthesis in iron - defi cient 
erythroblasts (see p. 38). Mitochondrial aconitase interconverts 
citrate and isocitrate and has a putative IRE at the 5 ′  - UTR of its 
mRNA. DMT1 like TFR1 has a 3 ′  - IRE and is upregulated in 
iron defi ciency. Ferroportin 1 has a 5 ′  - IRE (Table  3.1 ) but 
binding of IRP is weak compared with the TFR1, ferritin and 
DMT1 IREs. However, as occurs for DMT1, ferroportin 1 may 
be translated in a non - IRE isoform that escapes the IRP control 
in some tissues, for example in duodenal cells.  

Chapter  4 ). Iron levels also seem to control BMP - 6 production 
but whether this is through liver iron or circulating transferrin 
is unclear. 

 A second type of transcriptional hepcidin regulation occurs 
in infl ammation. Interleukin (IL) - 6 and IL - 1 β  induce transcrip-
tion of the hepcidin gene by activating STAT3 (signal trans-
ducer and activator of transcription 3) and its binding to a 
regulatory element in the hepcidin promoter. It may converge 
on a fi nal shared SMAD - 4 - dependent pathway. 

 The hepcidin response is remarkably rapid. In humans, iron 
ingestion results in a sharp increase in urinary hepcidin excre-
tion within 12 – 24 hours of starting treatment. Likewise, infu-
sion of recombinant IL - 6 results in signifi cant increase in 
urinary hepcidin and decreased serum iron and transferrin 
saturation within 2 hours of infusion. These observations imply 
that hepcidin expression is directly controlled by serum iron 
(probably by transferrin saturation) and IL - 6 and not by long -
 term gradual accumulation of iron in tissues.  

  Response to  a naemia and  h ypoxia 
 Hepcidin levels can be measured in patient serum or urine by 
ELISA or mass spectrometry. Hepcidin levels are reduced or 
undetectable in iron defi ciency anaemia and extremely high in 
infl ammatory conditions. Iron absorption is accelerated in iron 
defi ciency, ineffective erythropoiesis and hypoxia (Figure  3.2 ). 
Erythroid precursors secrete GDF - 15 and TWSG1, which 
inhibit hepcidin production by the liver. Serum concentrations 
of GDF - 15 are grossly increased in thalassaemia major and 
other conditions associated with ineffective erythropoiesis and 
in iron defi ciency, resulting in hepcidin suppression and so 
inability to turn off intestinal iron absorption. In addition, 
other studies indicate that the von Hippel – Lindau hypoxia 
inducible factors (HIFs), which stimulate erythropoietin syn-
thesis, control iron homeostasis by the downregulation of hep-
cidin, repressing its promoter with the upregulation of 
ferroportin. Under normal conditions, HIFs play a useful role 
by mobilizing iron and supporting erythrocyte production in 
response to anaemia/hypoxia. However, the same mechanism 
may contribute to the harmful accumulation of iron in response 
to chronic anaemia associated with ineffective erythropoiesis in 
thalassaemia and other dyserythropoietic anaemias. In addi-
tion, soluble HJV  in vitro  and  in vivo  and erythropoietin itself 
in cell models are able to inhibit hepcidin transcription.   

  Matriptase - 2 (TMPRSS6) 

 This is a type 2 member of the transmembrane serine protease 
family mainly expressed in the liver. Membrane - bound 
matriptase - 2 regulates hepcidin expression by cleaving mem-
brane - bound HJV, releasing soluble HJV fragments. The reduc-
tion in membrane - bound HJV and the presence of soluble HJV 
both result in reduced hepcidin transcription. The factors 
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300   mg) until the menopause. It would take 4 years or more for 
a man to deplete body iron stores and start developing iron 
defi ciency anaemia solely due to lack of dietary intake or 
malabsorption. 

 Requirements are higher in menstruating women and 
during periods of rapid growth in infancy and adolescence 
(Table  3.2 ). Menstrual blood loss has a median value of 30   mL, 
but the 95th centile value is 118   mL per month (equivalent to 
1.9   mg iron per day), which has been found to be signifi cantly 
associated with iron defi ciency. Requirements are highest of all 
in pregnancy.    

  Iron  a bsorption 

 Iron absorption depends not only on the amount of iron in the 
diet but also, and more importantly, on the bioavailability of 
that iron, as well as the body ’ s needs for iron. A normal Western 
diet provides approximately 15   mg of iron daily. Of that iron, 
digestion within the gut lumen releases about half in a soluble 
form, from which about 3   mg may be taken up by mucosal cells 
and only about 1   mg (or 5 – 10% of dietary iron) transferred to 

  Normal  i ron  b alance 

 The amount of iron in the body at birth depends on the blood 
volume and haemoglobin concentration, the birth weight 
(which determines blood volume) being particularly important. 
Delay in clamping the cord leads to an increased red cell mass 
by placental transfusion. The level of maternal iron stores has 
little effect on fetal iron. The newborn contains about 80   mg/kg 
at full term. Neonatal iron reserves are utilized for growth, and 
from 6 months to 2 years virtually no iron stores are present. 
Thereafter, iron stores gradually accumulate during childhood 
to around 5   mg/kg. In men, there is a further increase between 
15 and 30 years to about 10 – 12   mg/kg (total up to approxi-
mately 1   g), whereas iron stores remain lower in women (average 

IRE-binding
protein

Cytoplasmic
aconitase

Low
iron

Iron regulatory protein (IRP1)

– 4Fe–4S

+ 4Fe–4S

5' AAAA

mRNA stabilized

IREs(5)

IRE

3'

5' AAAA 3'

High
iron

Ferritin coding
ALA-S coding

Ferroportin coding

Transcription
inhibited

TfR coding
DMT-1 coding

Iron regulatory protein (IRP2)

Ubiquitination and degradation

(haem-induced oxidation)

     Figure 3.3     Coordinate regulation of expression of ferritin and 

transferrin receptor: the role of the iron response element 

(IRE) – iron regulatory protein (IRP) mechanism. When cellular 

iron levels are low, IRP binds to the IRE stem and loop structures 

of mRNA to inhibit translation of ferritin and ALA - S, but 

increases translation of transferrin receptors (TFR) and DMT1 by 

preventing degradation of the mRNA. When iron levels are high, 

the IRP functions as a cytoplasmic aconitase and no longer binds 

to the IREs. Ferritin synthesis can thus proceed, while TFR 

synthesis is reduced. IRP2 binds to IREs when iron levels are low, 

but is degraded after ubiquitination (initiated by haem - induced 

oxidation) when iron levels are high. The IRPs therefore provide 

two ways of sensing iron requirements either involving Fe – S 

proteins or haem proteins.  

  Table 3.2    Daily iron losses and requirements. 

   Group (age, 

years)  

   Daily loss (mg)     Requirement 

for growth 

(mg)  

   Total 

(mg)  
   Urine, skin, 

faeces, etc.  

   Menses  

   Children   

  0.5 – 1    0.17     –     0.55    0.72  

  1 – 3    0.19     –     0.27    0.46  

  4 – 6    0.27     –     0.23    0.50  

  7 – 10    0.39     –     0.32    0.71  

   Males   

  11 – 14    0.62        0.55    1.17  

  15 – 17    0.90     –     0.60    1.50  

  18 +     1.05     –      –     1.05  

   Females   

  11 – 14  *      0.65     –     0.55    1.20  

  11 – 14    0.65    0.48   †       0.55    1.68  

  15 – 17    0.79    0.48   †       0.35    1.62  

  18 +     0.87    0.48   †        –     1.35  

  Post menopause    0.87     –      –     0.87  

  Lactating   ‡       1.15     –      –     1.15  

    * Non - menstruating.  

    †  Median loss.  

    ‡  Average dietary requirement during pregnancy is 3 – 4   mg.  

   Source : WHO (2001).   



Postgraduate Haematology

34

 The proposed process is illustrated in Figure  3.4 . Non - haem 
iron is released from food as Fe 3 +   and reduced by duodenal 
cytochrome  b  1  (DCytb) to Fe 2 +  . This is transported across the 
brush border membrane by DMT1, which is upregulated in 
iron defi ciency. It is assumed that iron enters the labile pool and 
some may be incorporated into ferritin and lost when the cells 
are exfoliated. Iron destined for retention by the body is trans-
ported across the serosal membrane by ferroportin before 
uptake by transferrin as Fe 3 +  . The regulation of duodenal cell 
iron release by hepcidin through its action on ferroportin is 
rapid and occurs for all absorptive cells, including those at the 
tip of the villus. Hephaestin is a copper - containing ferroxidase 
expressed predominantly in villous cells of the small intestine 
that converts Fe 2 +   to Fe 3 +   in the basolateral transfer step of iron 
absorption.   

 Haem iron is initially bound by haem receptors at the brush 
border membrane and released intracellularly by haem oxyge-
nase before entering the labile iron pool and following a 
common pathway with iron of non - haem origin. 

 Iron absorption is regulated both at the stage of mucosal 
uptake and at the stage of transfer to the blood. DMT1 levels 
increase when intracellular iron is low and ferroportin concen-
tration is also high due to low plasma hepcidin levels. The 
amount of iron transported to the plasma through ferroportin 
is hepcidin - dependent.   

  Iron  u ptake by  e rythroid  c ells 

 About 85% of transferrin iron normally enters developing red 
cells for incorporation into haemoglobin. This tissue distribu-
tion of transferrin - bound iron refl ects the expression of trans-
ferrin receptors, which are present in high concentration on 

the portal blood in a healthy man. Iron absorption can thus be 
infl uenced at several different stages. 

  Dietary and  l uminal  f actors 

 Much of dietary iron is non - haem iron derived from cereals 
(commonly fortifi ed with additional iron in the UK), with a 
lesser component of haem iron from meat and fi sh. Even in iron 
defi ciency, the maximum iron absorption from a mixed Western 
diet is no more than 3 – 4   mg daily. This fi gure is much less with 
the predominantly vegetarian, cereal - based diets of most of the 
world ’ s population. Iron is better absorbed from animal than 
vegetable sources. 

 Iron is released from protein complexes by acid and proteo-
lytic enzymes in the stomach and small intestine, and haem is 
liberated from haemoglobin and myoglobin. Iron is maximally 
absorbed from the duodenum and less well from the jejunum, 
probably because the increasingly alkaline environment leads to 
the formation of insoluble ferric hydroxide complexes. Acid 
pH, vitamin C and some low - molecular - weight chelates (e.g. 
sugars, amino acids) enhance absorption. Therapeutic ferrous 
iron salts are well absorbed on an empty stomach, but when 
taken with a meal absorption is reduced as a result of the same 
ligand - binding processes that affect dietary non - haem iron; 
phytates, tannates in tea and bran inhibit absorption.  

  Mucosal  f actors:  m olecular  a spects of  i ron 
 a bsorption and  i ts  r egulation 

 A variety of mechanisms for the binding of non - haem iron to 
the mucosal membrane have been described. Specifi c, saturable 
and receptor - mediated mechanisms, and passive diffusion at 
higher doses, may occur. 
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     Figure 3.4     Molecular pathways of iron 

absorption. The area enclosed in the 

dotted box refers to the uptake of iron 

from the plasma in the developing 

enterocyte in the intestinal crypt. 

Otherwise, the diagram refers to iron 

absorption by the villous epithelial cell. 

DMT1, divalent metal transporter 1; 

FPN, ferroportin; Hp, hephaestin; 

TF, transferrin; TFR, transferrin 

receptor. For further details see text 

and Table  3.1 .  
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when they are called Pappenheimer bodies. The spleen removes 
these granules by its pitting action.  

  Haem  s ynthesis and  m itochondrial  i ron 
 m etabolism 

 Haem consists of a protoporphyrin ring with an iron atom at 
its centre. Haem is synthesized from the precursors succinyl -
 CoA and glycine, which condense to form  δ  - aminolaevulinic 
acid (ALA) under the action of ALAS, with pyridoxal phosphate 
as a coenzyme (see Chapter  2 ; see also p. 39). Housekeeping 
ALAS (ALAS1) is coded by a gene on chromosome 3, but in 
erythroid cells erythroid - specifi c ALAS2 predominates and is 
encoded on the X chromosome. ALA can be utilized for the 
formation of both purines and haem. Four molecules of por-
phobilinogen condense under the infl uence of porphobilinogen 
deaminase and uroporphyrinogen cosynthase to form the 
tetrapyrrole ring compound uroporphyrinogen III. The latter is 
converted to protoporphyrin IX. Finally, iron in the ferrous 
form is incorporated under the infl uence of the enzyme ferro-
chelatase. Iron in haem has six coordinating valencies: four link 
the iron to nitrogen atoms in each pyrrole ring, whereas the 
remaining two link haem to histidine residues in the globin 
chain, the distal bond being unstable and easily replaced by 
oxygen to form oxyhaemoglobin. 

 The mitochondria play a major role in haem synthesis as they 
contain ALAS, coproporphyrinogen oxidase and ferrochelatase, 
the enzyme sequence from ALA to coproporphyrinogen being 
situated in the cytoplasm. Besides haem, mitochondria utilize 
iron in the synthesis of iron – sulphur clusters, prosthetic groups 
essential for the function of several mitochondrial (respiratory 
chain complexes, ferrochelatase) and cytosolic (aconitase) pro-
teins. A connection exists between haem synthesis and sulphur 
cluster biogenesis, because the activity of the iron regulatory 
protein IRP1, which controls ALAS2, is iron – sulphur cluster -
 dependent and because ferrochelatase, the last enzyme in haem 
synthesis, has an iron – sulphur cluster. 

 The assembly of iron – sulphur clusters is a complex, incom-
pletely understood process that requires multiple proteins. The 
best known is frataxin, a likely iron donor in this pathway. The 
gene encoding frataxin is mutated in Friedreich ataxia (see pp. 
43, 44, 53). An enzyme active in the pathway, whose function 
is still unclear, is glutaredoxin - 5, which has been found mutated 
in a rare recessive form of sideroblastic anaemia (see pp. 43, 44). 
ABCB7, a member of a family of transmembrane proteins char-
acterized by the ABC domain that binds and hydrolyses ATP, 
transfers iron – sulphur clusters from mitochondria to the 
cytosol. Mutations of ABCB7 cause an X - linked form of 
sideroblastic anaemia with ataxia (see pp. 43, 44). 

 The mitochondria are also the site of the citric acid cycle, 
which supplies succinate. The mature red cell, which lacks 
mitochondria, is therefore unable to synthesize haem. 
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     Figure 3.5     Incorporation of iron from plasma transferrin into 

haemoglobin in developing red cells. Uptake of transferrin iron is 

by receptor - mediated endocytosis.  

cells with a high iron requirement. The latter includes any 
rapidly dividing cells but is normally dominated by the cells of 
the erythron. A soluble truncated form of the transferrin recep-
tor derived from these cell surfaces is detectable in serum. 

 Transferrin receptors have the highest affi nity for diferric 
transferrin. The transferrin – receptor complex is taken up by a 
process of receptor - mediated endocytosis (Figure  3.5 ). The iron 
is released at the low pH of the endosome, reduced from Fe 3+  
to Fe 2+  by STEAP3, a ferrireductase, before the apotransferrin 
and receptor are recycled to the plasma and the cell membrane 
respectively. Iron release from the endosome is via DMT1 
(Figure  3.5 ) and the iron is transported into mitochondria by 
mitoferrin or enters ferritin. Recently, direct endosome – mito-
chondrial iron transfer has also been suggested. A mitochon-
drial version of ferritin exists, coded by a gene on chromosome 
5. Its physiological role is unknown but it is elevated in siderob-
lastic anaemias due to ALAS2 defects or myelodysplasia. Direct 
transfer of storage iron from macrophages to erythroblasts 
(rhopheocytosis) may also occur.   

 Some 80 – 90% of iron taken into developing erythroblasts is 
converted to haem within 1 hour. Any iron taken up in excess 
of the requirement for haem synthesis is incorporated in ferritin 
(Figure  3.5 ). The red cell ferritin content is therefore increased 
when haemoglobin synthesis is impaired, as in thalassaemia 
syndromes or sideroblastic anaemia. Excess iron may be seen in 
the cytoplasm of mature red cells as one or more siderotic 
granules. These are composed of haemosiderin and stain blue 
with Perls ’  reaction and purplish blue with Romanowsky stains, 



Postgraduate Haematology

36

 A number of porphyrins are formed by side reactions during 
the synthesis of protoporphyrin. In the porphyrias (see p. 41), 
many of these compounds accumulate in the major sites of 
haem synthesis, the liver and the red cells. A haem exporter, 
FLVCR (Table  3.1 ), is present in erythroid cells and rids the cell 
of any haem made in excess.  

  Intracellular  t ransit  i ron and  p lasma 
 n on -  t ransferrin -  b ound  i ron 

 It has been suggested but not proved that there is a transit 
pool of  ‘ metabolically active ’  or  ‘ labile ’  iron within cells, which 
receives iron from degraded haem or ferritin, exchanges 
with transferrin and is incorporated into newly synthesized 
iron - containing proteins. This iron is considered to be sensed 
by iron regulatory proteins and available for chelation. Within 
cells, low - molecular - weight chelates (e.g. with citrate) may 
be present. However, recent work questions the existence of 
these chelates and a model of iron transfer requiring direct 
protein – protein interaction that could involve interaction of 
organelles has been proposed. It is suggested that transferrin -
 containing endosomes may transfer iron directly to mitochon-
dria. Within plasma in iron overload, non - transferrin - bound 
iron may also exist as oligomeric iron oxide, either free or 
bound to albumin, and is particularly toxic to various organ-
isms (see Chapter  4 ).  

  Breakdown of  h aemoglobin 

 After phagocytosis by macrophages, haem from senescent red 
cells is broken down by haem oxygenase (HMOX1) to release 
iron (see Chapter  8 ). As ferrous iron, it can then either enter 
ferritin (where it is oxidized to ferric iron by the ferritin protein) 
or be released into plasma (via ferroportin 1), where its binding 
to transferrin (also as the ferric form) may be facilitated by a 
plasma ferrous oxidase (e.g. caeruloplasmin). The release of 
macrophage iron is controlled by hepcidin, with high levels, as 
in infl ammation or iron overload, reducing iron release. 
Changes in the release of iron from macrophages are thought 
to account for the diurnal rhythm of serum iron concentration, 
which is highest in the morning and lowest in the evening. A 
diurnal increase in serum hepcidin at noon and 8 p.m. is 
observed in healthy volunteers.  

  Diagnostic  m ethods for  i nvestigating  i ron 
 m etabolism 

 The large amount of iron present as haemoglobin means that 
the degree of any anaemia must always be considered in assess-
ing iron status. Reduced amounts of haemoglobin accompany 

an overall reduction in body iron in iron defi ciency anaemia or 
after acute blood loss. In other anaemias, including the anaemia 
of chronic disease and most haemolytic and megaloblastic anae-
mias, iron is redistributed from the red cells to macrophage iron 
stores, with a corresponding increase in marrow - stainable iron 
and serum ferritin. The various measurements of iron status are 
listed in Table  3.3  and described below. No single measurement 
is ideal for all clinical circumstances, as all are affected by con-
founding factors (Table  3.3 ) and changes may develop sequen-
tially (as in progressive negative iron balance) or may affect 
particular body iron compartments. Reference ranges for hae-
moglobin and the various measures of iron status are given 
in Appendix 1. Table  3.4  summarizes the changes in measures 
of iron status accompanying various types of hypochromic 
anaemia. The assessment of  iron overload  is discussed in 
Chapter  4 .   

  Storage  i ron 

  Serum  f erritin 
 In healthy subjects, the serum ferritin concentration correlates 
with iron stores, as assessed by quantitative phlebotomy or 
tissue biopsy. Normal concentrations of serum ferritin range 
from about 15 to 300    µ g/L, and are higher in men (median 
about 90    µ g/L) than in premenopausal women (median 
30    µ g/L). In neonates, the concentration in cord blood (median 
approximately 100    µ g/L) rises further over the fi rst 2 months of 
life as fetal haemoglobin is broken down, and thereafter falls to 
low levels (median 20 – 30    µ g/L) throughout childhood and 
adolescence. 

 Serum ferritin concentrations below 15    µ g/L are virtually 
specifi c for storage iron depletion, but normal values do not 
exclude this and values above 300    µ g/L do not necessarily, or 
even usually, indicate iron overload. This is because ferritin 
synthesis is infl uenced by factors other than iron (in particular, 
it behaves as an acute - phase reactant in many infl ammatory 
diseases). For this reason, serum ferritin concentrations below 
50    µ g/L may be associated with a lack of storage iron in patients 
with the anaemia of chronic disease. A ferritin concentration 
above 100    µ g/L suggests the presence of storage iron.  

  Bone  m arrow  a spiration 
 Staining the bone marrow for iron gives an indication of reticu-
loendothelial iron stores as well as erythroblast iron (Figure 
 3.6 a). In iron defi ciency anaemia, reticuloendothelial iron and 
erythroblast iron are absent (Figure  3.6 b).     

  Iron  s upply to the  t issues 

  Serum  i ron and  i ron -  b inding  c apacity 
 The serum iron and, more particularly, the saturation of the 
total iron - binding capacity of transferrin (TIBC) give a measure 
of the iron supply to the tissues. A serum transferrin saturation 
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  Table 3.3    Potential confounding factors in the interpretation of measures of iron status. 

   Measurement     Confounding factors  

   Iron stores   

  Serum ferritin    Increased: as an acute - phase protein (e.g. in infection, infl ammation or malignancy) and by 

release of tissue ferritins by damage, especially to iron - rich organs (e.g. with hepatic necrosis, 

chronic liver disease, splenic or bone marrow infarction in sickle cell disease)  

  Decreased: by ascorbate defi ciency  

   Tissue iron supply   

  Serum iron and transferrin 

saturation  

  Labile measures: normal short - term fl uctuations mean that a single value may not refl ect iron 

supply over a longer period  

  Serum transferrin receptor    Directly related to extent of erythroid activity as well as being inversely related to iron supply to 

cells  

  Red cell protoporphyrin/red cell 

ferritin/% hypochromic red cells/

reticulocyte haemoglobin content  

  Stable measures: reduced iron supply at time of red cell formation leads to increases in 

protoporphyrin and reticulocyte haemoglobin content and hypochromic red cells, and 

reduced red cell ferritin. However, values may not refl ect current iron supply. May be affected 

by other causes of impaired iron incorporation into haem (e.g. lead poisoning, sideroblastic 

anaemias)  

   Functional iron   

  Haemoglobin concentration    Other causes for anaemia besides iron defi ciency; a reciprocal relationship with iron stores 

should be expected in all anaemias except in iron defi ciency anaemia  

  Red cell MCV, MCH    May be reduced in other disorders of haemoglobin synthesis (e.g. thalassaemia, sideroblastic 

anaemias) in addition to iron defi ciency  

   MCH, mean corpuscular haemoglobin; MCV, mean corpuscular volume.   

  Table 3.4    Differential diagnosis of hypochromic anaemia. 

        Iron defi ciency     Chronic disease     Thalassaemia trait ( α  or  β )     Sideroblastic anaemia     IRIDA  

  MCV/MCH     ↓      ↓  or N     ↓      ↓  (congenital)     ↓   

                   ↑ N (acquired)      

  Serum iron     ↓      ↓     N     ↑      ↓   

  TIBC     ↑      ↓  or N    N    N      

  Transferrin saturation     ↓      ↓     N     ↑      ↓   

  Serum ferritin     ↓     N or  ↑     N     ↑     N  

  Serum TFR     ↑     N    N    N or  ↑      ↑   

  Serum hepcidin     ↓      ↑     N     ↓     N or  ↑   

  Bone marrow iron stores     ↓     N or  ↑     N    N or  ↑      ↑   

  Erythroblast iron     ↓      ↓     N    Ring forms      

   IRIDA, iron refractory iron defi ciency anaemia; MCH, mean corpuscular haemoglobin; MCV, mean corpuscular volume; N, normal; 

TFR, transferrin receptor; TIBC, total iron - binding capacity.   

less than 15% is insuffi cient to support normal erythropoiesis. 
A rise in TIBC is characteristic of iron defi ciency. A reduced 
serum iron concentration with a normal or reduced TIBC is a 
characteristic response to infl ammation (see below).  

  Serum  t ransferrin  r eceptors 
 Plasma concentrations refl ect both the number of erythroid 
precursors and iron supply to the bone marrow. In clinical 
practice, these two factors must be considered in interpreting 
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  Red  c ell  p rotoporphyrin 
 When iron supply to the erythron is limited, iron incorporation 
into haem is restricted, leading to accumulation of the immedi-
ate precursor, protoporphyrin IX. This is lost only slowly from 
circulating red cells; concentrations greater than the normal 
upper limit of 80    µ mol/mol haemoglobin therefore indicate 
that a reduction in iron supply has been present over the 
previous few weeks. Protoporphyrin levels may also increase 
in patients with sideroblastic anaemias and lead poisoning. 
Analysers that are portable and easy to operate are useful in 
large - scale fi eld studies of iron defi ciency anaemia as an initial 
screening test.  

  Percentage of  h ypochromic  r ed  c ells 
 As iron supply to the erythron diminishes, the new red cells 
produced are increasingly hypochromic. Assessment of the hae-
moglobin content of individual red cells, which is possible using 
some automated cell counters, allows measurement of the per-
centage of hypochromic cells. Values rising to above 6% may 
help in the early identifi cation of impaired iron supply in 
patients with chronic renal failure who are receiving treatment 
with recombinant erythropoietin, when associated infl amma-
tory disease means that other measures of iron status can be 
misleading.  

  Reticulocyte  h aemoglobin  c ontent 
 Reticulocyte haemoglobin content (CHr) is useful in screening 
iron status, particularly in dialysis patients. A CHr cut - off value 
of 32   pg is appropriate for the assessment of iron - defi cient 
erythropoiesis. Moreover, CHr may serve as a predictor of the 
response of anaemia to iron treatment. When response to treat-
ment is favourable, an increase in CHr may be discerned within 
a few days of starting treatment before overall mean corpuscular 
haemoglobin (MCH) has changed.    

  Iron  d efi ciency  a naemia 

  Sequence of  e vents 

  Depletion of  i ron  s tores 
 When the body is in a state of negative iron balance, the fi rst 
event is depletion of body stores, which are mobilized for hae-
moglobin production. Iron absorption is increased when stores 
are reduced, before anaemia develops and even when the serum 
iron level is still normal, although the serum ferritin will have 
already fallen.  

  Iron -  d efi cient  e rythropoiesis 
 With further iron depletion, manifested by a serum ferritin 
below 15    µ g/L and fall in serum transferrin saturation to less 
than 15%, iron - defi cient erythropoiesis develops with increas-
ing concentrations of serum transferrin receptor and red cell 

(a)

(b)

(c)

     Figure 3.6     (a) Normal bone marrow showing plentiful iron in 

macrophages (Perls stain) with iron granules in erythroblasts 

(insets). (b) Iron defi ciency: bone marrow showing absence of 

stainable iron (Perls stain). (c) Iron defi ciency: peripheral blood 

fi lm showing hypochromic microcytic red cells.  

transferrin receptor levels. In the anaemia of chronic disease, 
the assay provides a valuable indicator of defi ciency of body 
iron stores. Serum transferrin receptor levels only increase in 
this situation in the absence of storage iron.  
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  Causes of  i ron  d efi ciency  (Table  3.5  ) 

  Diet 
 Defective intake of iron is rarely the sole or major cause of iron 
defi ciency in adults in Western communities. The diet may 
contain insuffi cient or poorly available iron as a result of 
poverty, religious tenets or food faddism. Iron defi ciency is 
more likely to develop in subjects taking a largely vegetarian diet 
 –  the majority of the world ’ s population  –  who also have 
increased physiological demands for iron.    

  Increased  p hysiological  i ron  r equirements 
 Iron defi ciency is common in infancy, when demands for 
growth may be greater than dietary supplies. It is aggravated 
by prematurity, infections and delay in mixed feeding. It is 
also frequent in adolescence, in females and in pregnancy 
(Table  3.2 ). The fetus acquires about 280   mg of iron and a 
further 400 – 500   mg is required for the temporary expansion of 
maternal red cell mass. Another 200   mg of iron is lost with the 
placenta and with bleeding at delivery. Although iron absorp-
tion increases throughout pregnancy and increased require-
ments are partly offset by amenorrhoea, this may not be 
suffi cient to meet the resultant net maternal outlay of over 
600   mg iron.  

  Blood  l oss 
 Blood loss is the most common cause of iron defi ciency in 
adults. A loss of more than about 6 – 8   mL of blood (3 – 4   mg 
iron) daily becomes of importance, as this equals the maximum 
amount of iron that can be absorbed from a normal diet. The 

protoporphyrin. At this stage, the haemoglobin, mean corpus-
cular volume (MCV) and MCH may still be within the reference 
range, although they may rise signifi cantly when iron therapy 
is given.  

  Iron  d efi ciency  a naemia 
 If the negative balance continues, frank iron defi ciency anaemia 
develops. The red cells become obviously microcytic and 
hypochromic (Figure  3.6 c), and poikilocytosis becomes more 
marked. The MCV and MCH are reduced, and target cells may 
be present. The reticulocyte count is low for the degree of 
anaemia. The serum TIBC rises and the serum iron falls, so that 
the percentage saturation of TIBC is usually less than 10%. 

 The number of erythroblasts containing cytoplasmic iron 
(sideroblasts) is reduced at an early stage in the development 
of defi ciency, and siderotic granules are entirely absent from 
these cells when iron defi ciency anaemia is established. The 
erythroblasts have a ragged vacuolated cytoplasm and relatively 
pyknotic nuclei. The bone marrow macrophages show a total 
absence of iron, except where very rapid blood loss outstrips the 
ability to mobilize the storage iron. Platelets are frequently 
increased.  

  Tissue  e ffects of  i ron  d efi ciency 
 When iron defi ciency is severe and chronic, widespread tissue 
changes may be present, including koilonychia (ridged nails, 
breaking easily), hair thinning, angular stomatitis (especially in 
those with badly fi tting dentures), glossitis and pharyngeal webs 
(Paterson – Kelly syndrome). Partial villous atrophy, with minor 
degrees of malabsorption of xylose and fat, reversible by iron 
therapy, has been described in infants suffering from iron defi -
ciency, but not in adults. Pica is sometimes present; in some 
who eat clay or chalk, this may be the cause rather than the 
result of iron defi ciency. 

 Iron - dependent enzymes in the tissues are usually better pre-
served than other iron - containing compounds. In severe iron 
defi ciency, however, these enzymes are not inviolate and their 
levels may fall. This may be partly responsible for the general 
tissue changes, with mitochondrial swelling in many different 
cells (including, in the experimental animal, hepatic and myo-
cardial cells), poor lymphocyte transformation and diminished 
cell - mediated immunity, and impaired intracellular killing of 
bacteria by neutrophils. 

 A particular concern has been the fi nding that infants with 
iron defi ciency anaemia may have impaired mental develop-
ment and function, and that this defi cit may not be completely 
restored by iron therapy. There is recent evidence that prema-
ture labour is more frequent in mothers with iron defi ciency 
anaemia. It remains controversial whether impaired work per-
formance seen in adults results from the anaemia or from deple-
tion of mitochondrial iron - containing enzymes. It is also 
unclear to what extent some of the other tissue effects of iron 
defi ciency can occur even in the absence of anaemia.   

  Table 3.5    Causes of iron defi ciency. 

   Blood loss   

  Uterine: menorrhagia, post - menopausal bleeding, parturition  

  Gastrointestinal: oesophageal varices, hiatus hernia,  Helicobacter 

pylori , peptic ulcer, aspirin ingestion, hookworm, hereditary 

telangiectasia, carcinoma of the stomach, caecum or colon, 

ulcerative colitis, angiodysplasia, Meckel diverticulum, 

diverticulosis, haemorrhoids, etc.  

  Renal tract: haematuria (e.g. renal or bladder lesion), 

haemoglobinuria (e.g. paroxysmal nocturnal haemoglobinuria)  

  Pulmonary tract: overt haemoptysis, idiopathic pulmonary 

haemosiderosis  

  Widespread bleeding disorders  

  Self - infl icted  

   Malabsorption   

  Gluten - induced enteropathy (child or adult), gastrectomy, 

atrophic gastritis, chronic infl ammation, clay eating, etc.  

   Dietary   

  Especially vegetarian diet  



Postgraduate Haematology

40

  Oral  t herapy 
 In most patients, body stores of iron can be restored by oral 
iron therapy. Iron is equally well absorbed from several simple 
ferrous iron salts, and as ferrous sulphate is the cheapest, this is 
the drug of fi rst choice  –  200   mg of ferrous sulphate contains 
67   mg of iron. Where smaller doses are required, 300   mg of 
ferrous gluconate provides 36   mg of iron. It is usual to give 
100 – 200   mg of elemental iron each day to adults and about 
3   mg/kg per day as a liquid iron preparation to infants and 
children. The side - effects of oral iron, such as nausea, epigastric 
pain, diarrhoea and constipation, are related to the amount of 
available iron they contain. If iron causes gastrointestinal symp-
toms, these can usually be ameliorated by reducing the dose or 
taking the iron with food, but this also reduces the amount 
absorbed. Enteric - coated and sustained - release preparations 
should not be used, as much of the iron is carried past the 
duodenum to sites of poor absorption. Iron reduces absorption 
of tetracyclines (and vice versa) and of ciprofl oxacin. 

 The minimum rate of response should be a 20   g/L rise in 
haemoglobin every 3 weeks, and the usual rate is 1.5 – 2.0   g/L 
daily. This will be slower when the dose tolerated is less than 
100   mg/day, but this is seldom of clinical importance. It is 
usually necessary to give iron for 3 – 6 months to correct the 
defi cit of iron in circulating haemoglobin and in stores (shown 
by a rise in serum ferritin to normal). 

 Failure to respond to oral iron is most commonly due to the 
patient not taking it, although there may be continued haemor-
rhage or malabsorption. In non - responding patients it is 
important to reassess the diagnosis to exclude other causes of 
microcytic anaemia such as iron - loading anaemias. For instance, 
many patients with thalassaemia trait, sideroblastic anaemia or 
other anaemias have been treated with iron before haemoglobin 
studies, bone marrow examination or other tests have revealed 
the correct diagnosis. A poor response may also be obtained if 
the patient has an infection, renal or hepatic failure, an underly-
ing malignant disease or anaemia of infl ammation due to high 
hepcidin levels (which inhibits absorption of therapeutic oral 
iron) and any other cause of anaemia in addition to iron 
defi ciency.  

  Parenteral  i ron  t herapy 
 This is usually unnecessary, but it may be given if subjects 
genuinely cannot tolerate oral iron, particularly if gastrointes-
tinal disease, such as infl ammatory bowel disease, is present. It 
is also occasionally necessary in gluten - induced enteropathy 
and when it is essential to replete body stores rapidly (e.g. where 
severe iron defi ciency anaemia is fi rst diagnosed in late preg-
nancy) or when oral iron cannot keep pace with continuing 
haemorrhage (e.g. in patients with hereditary haemorrhagic 
telangiectasia). Patients with chronic renal failure who are being 
treated with recombinant erythropoietin are also likely to 
require parenteral iron therapy. In this situation, the demand 
for iron by the expanded erythron may outstrip the ability to 

loss is usually from the genital tract in women or from the 
gastrointestinal tract in either sex. The most common cause on 
a worldwide basis is infestation with hookworm, in which 
anaemia is related to the degree of infestation. In the UK, men-
orrhagia, haemorrhoids and peptic ulceration are common, as 
well as gastric bleeding because of salicylates or other non -
 steroidal anti - infl ammatory drugs, hiatus hernia, colonic diver-
ticulosis and bowel tumours (Table  3.5 ). Some unusual causes 
of blood loss deserve mention. Cow ’ s milk intolerance in infants 
may lead to gastrointestinal haemorrhage. Self - induced haem-
orrhage may occur as an unusual form of Munchausen 
syndrome. Chronic intravascular haemolysis, such as that in 
paroxysmal nocturnal haemoglobinuria or mechanical haemo-
lytic anaemia, may be a serious source of urinary iron loss.  

  Malabsorption 
 Malabsorption may be the primary cause of iron defi ciency or 
it may prevent the body adjusting to iron defi ciency from other 
causes. Dietary iron is poorly absorbed in gluten - induced enter-
opathy, in both children and adults. Gluten - induced enteropa-
thy is encountered in about 5% of patients presenting with 
unexplained iron defi ciency anaemia and, conversely, about 
50% of patients with newly diagnosed coeliac disease have coex-
istent iron defi ciency anaemia. Patients with this disease often 
show decreased or no response to oral therapy with inorganic 
iron. 

  Helicobacter pylori  gastritis appears to be a common cause of 
iron defi ciency, responding favourably to eradication with 
triple therapy.  Helicobacter pylori  gastritis inhibits gastric hydro-
chloric acid secretion, interfering with the solubilization and 
absorption of inorganic food iron but it is also possible that 
gastrointestinal blood loss plays a signifi cant role in the causa-
tion of iron defi ciency associated with  H. pylori  infection. Lastly, 
achlorhydria associated with autoimmune gastritis, an entity 
preceding and closely related to pernicious anaemia, is an 
important cause of iron malabsorption due to impaired food 
iron solubilization. It is encountered in about 20% of patients 
with unexplained or refractory iron defi ciency anaemia, mostly 
women of fertile age in whom achlorhydria aggravates the con-
sequences of menstrual blood loss. 

 Iron defi ciency occurs in congestive heart failure due to mal-
absorption and iron loss and these patients may also have the 
features of the anaemia of chronic disorders. Intravenous iron 
benefi ts functional capacity and quality of life even in the 
absence of anaemia.   

  Management of  i ron  d efi ciency 

 Management entails (i) identifi cation and treatment of the 
underlying cause and (ii) correction of the defi ciency by therapy 
with inorganic iron. Iron defi ciency is commonly due to blood 
loss and, wherever possible, the site of this must be identifi ed 
and the lesion treated. 
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The patients absorb iron poorly and are refractory to oral iron 
therapy but are partially responsive to parenteral iron. 

 A microcytic hypochromic anaemia with liver iron overload 
has also been described in a few patients with homozygous or 
doubly heterozygous mutations of DMT1. Liver iron stores are 
increased but erythroid iron utilization is impaired and serum 
hepcidin levels are low for the degree of iron overload. These 
patients may respond to erythropoietin injections. The patients 
are susceptible to infections. 

 Defi ciency of serum transferrin due to mutations of the 
transferrin gene causes a hypochromic microcytic anaemia 
with tissue iron overload caused by increased plasma non -
 transferrin - bound iron and low hepcidin levels. Treatment has 
been with infusions of fresh frozen plasma or apotransferrin. 
Defi ciency of caeruloplasmin also causes a mild hypochromic 
microcytic anaemia with iron overload in the liver and progres-
sive neurodegeneration. There is failure of ferroxidase activity, 
which impairs iron mobilization from stores.   

  Pathological  a lterations in  h aem 
 s ynthesis 

  Porphyrias 

 These are a group of inherited or acquired diseases, each char-
acterized by a partial defect in one of the enzymes of haem 
synthesis (see Chapter  2 ). Increased amounts of the intermedi-
ates of haem synthesis accumulate, the disorders being classifi ed 
by whether the effects are predominantly in the liver or the 
erythron (Table  3.6 ). A full discussion of these disorders is 
beyond the scope of this chapter, but those with a particular 
haematological overlap are mentioned briefl y.   

  Congenital  e rythropoietic  p orphyria 
 This is a very rare autosomal recessive disorder that is due to 
reduced uroporphyrinogen III synthase activity. Most patients 
are heteroallelic for mutations in the uroporphyrinogen III 
synthase gene. A single case with a germline mutation of the 
X - linked erythroid - specifi c transcription factor GATA binding 
protein (GATA - 1) has been described. Large amounts of por-
phyrinogens accumulate, and their conversion by spontaneous 
oxidation to photoactive porphyrins leads to severe, and disfi g-
uring, cutaneous photosensitivity and dermatitis, as well as a 
haemolytic anaemia with splenomegaly. Increased amounts of 
uroporphyrin and coproporphyrin, mainly type I, are found in 
bone marrow, red cells, plasma, urine and faeces. Ring siderob-
lasts have been found in the marrow in some cases but rarely 
in large numbers. The age of onset and clinical severity of the 
disease are highly variable, ranging from non - immune hydrops 
fetalis to a later onset in which there are only cutaneous lesions. 
Treatment, including avoidance of sunlight and splenectomy to 
improve red cell survival, is only partially effective. High - level 

mobilize iron from stores, leading to a  ‘ functional ’  iron defi -
ciency. Increased red cell loss at dialysis contributes to iron 
needs and oral iron therapy is usually inadequate to prevent an 
impaired response to erythropoietin. Serum ferritin in this 
setting is, as in other chronic infl ammatory conditions, an 
unreliable indicator of iron defi ciency. The use of transferrin 
iron saturation, percentage of hypochromic red cells or reticu-
locyte haemoglobin content for detection of functional iron 
defi ciency is discussed on p. 38. A transferrin saturation of less 
than 20% indicates functional iron defi ciency. Intravenous 
ferric carboxymaltose has been shown to benefi t patients with 
congestive heart failure and iron defi ciency with or without 
anaemia. 

 From all parenteral preparations, the iron complex is taken 
up by macrophages of the reticuloendothelial system, from 
which iron is released to circulating transferrin, which then 
transports it to the marrow. In the UK, three preparations are 
available. Iron dextran (CosmoFer) is given intravenously by 
slow injection or infusion or deep intramuscularly into the 
gluteal muscle. An iron – sucrose complex, Venofer, is given by 
slow intravenous infusion or injection. The defi cit in body iron 
should be calculated from the degree of anaemia; it is usually 
1 – 2   g. In patients receiving erythropoietin treatment in chronic 
renal failure, smaller intravenous doses of Venofer (25 – 150   mg/
week) may be used, with regular monitoring of serum ferritin 
to avoid iron overload. Ferrinject is a macromolecular iron(III) -
 hydroxide carbohydrate complex (molecular weight approxi-
mately 150   000). It can be administered as an intravenous bolus 
(maximum single dose 200   mg) or slow infusion (maximum 
single dose 1000   mg). Newer intravenous preparations includ-
ing ferumoxytol and ferrous gluconate (Ferrlecit) may become 
available. 

 Parenteral iron should not be used if there is a history of 
allergy as anaphylaxis occasionally occurs. For iron dextran, a 
test dose should therefore be given slowly, followed by close 
medical supervision of the rest of the infusion. Headache, fl ush-
ing, nausea, skin rashes, urticaria, shivering, general aches and 
pains, dyspnoea and syncope are possible immediate adverse 
effects. Delayed reactions, including arthralgia, fever and lym-
phadenopathy, are well described and can persist for several 
days. An exacerbation of rheumatoid arthritis may also be 
precipitated.   

  Iron  r efractory  i ron  d efi ciency  a naemia 

 Homozygous or doubly heterozygous germline frameshift, 
splice junction or missense mutations of matriptase - 2 
( TMPRSS6 ) are a cause of iron refractory iron defi ciency 
anaemia. The mutations may affect different conserved domains 
of the protein, including a trypsin - like serine protease domain. 
The patients show a microcytic hypochromic anaemia with 
normal or raised serum and urine hepcidin levels and low 
serum iron and percentage saturation of iron - binding capacity. 
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abnormality is decreased activity of uroporphyrinogen decar-
boxylase (UROD) in the liver. Type II disease is an autosomal 
dominant disorder caused by mutations in the  UROD  
gene. Type III disease is a rare familial form and appears to 
result from unknown inherited defects that affect hepatic 
UROD activity. There is a marked increase in porphyrins in 
liver, plasma, urine and faeces. In the urine, uroporphyrin and 
heptacarboxylporphyrin predominate, with lesser amounts of 
coproporphyrin and pentacarboxylporphyrin and hexacarbox-
ylporphyrin. The disease is characterized by photosensitivity 
and dermatitis. It is precipitated in middle or later life, more 
often in men than women, by factors such as liver disease, 
alcohol excess or estrogen therapy. A modest increase in liver 
iron is a common feature. 

 Either the homozygous or heterozygous presence of the 
C282Y and H63D mutations in the  HFE  gene may predispose 
to the development of PCT. Prevalence of the C282Y mutation 
is increased in both sporadic (type I) and familial (type II) PCT. 
In the UK, only homozygosity for C282Y (found in about 
25% of patients) is signifi cantly more common than in the 
general population (0.7%). In southern Europe, where C282Y 
is much less common, the H63D mutation is associated with 
PCT. Iron is known to inhibit UROD. Removal of the iron by 
repeated phlebotomy is standard treatment, usually leading to 
remission.   

  Lead  p oisoning 

 Chronic ingestion of lead in humans causes an anaemia that 
is usually normochromic or slightly hypochromic. Red cell 
lifespan is shortened and there is a mild rise in reticulocytes, 
but jaundice is rare. Basophilic stippling is a characteristic, 
though not universal, fi nding and it is thought to be due to 

blood transfusions to suppress erythropoiesis (combined with 
iron chelation therapy) have been used to reduce porphyrin 
production suffi ciently to abolish the clinical symptoms. 
Allogeneic bone marrow transplantation has been successful.  

  Erythropoietic  p rotoporphyria 
 This is the most common erythropoietic porphyria and is 
usually caused by an autosomal dominant inherited defi ciency 
of ferrochelatase, which results in increased free (not Zn) pro-
toporphyrin concentrations in bone marrow, red cells, plasma 
and bile. Bone marrow reticulocytes are the primary source of 
the excess protoporphyrin. This leaks from cells and is excreted 
in the bile and faeces. Molecular analysis of the ferrochelatase 
gene has revealed a variety of missense, nonsense and splicing 
mutations as well as deletions and insertions. The onset of the 
disease is usually in childhood. 

 Expression of the gene is variable, and photosensitivity and 
dermatitis range from mild or absent to moderate in degree. 
There is little haemolysis, but a mild hypochromic anaemia may 
occur, and accumulation of protoporphyrins can occasionally 
lead to severe liver disease. Treatment is by the avoidance of 
sunlight;  β  - carotene may also diminish photosensitivity. Iron 
defi ciency should be avoided as this may increase the amount 
of free protoporphyrin. 

 Other groups of patients with a variant of erythropoietic 
protoporphyria have been discovered to have mutations of 
mitoferrin or gain - of - function mutation of ALAS2.  

  Porphyria  c utanea  t arda 
 This is the most common of the hepatic porphyrias and occurs 
worldwide. The incidence in the UK has been estimated at 2 – 5 
per million. Type I or  ‘ sporadic ’  porphyria cutanea tarda (PCT) 
accounts for 80% of cases of PCT. The underlying metabolic 

  Table 3.6    Human porphyrias. 

   Form     Inheritance     Enzyme defect     Clinical features  *    

   Hepatic   

  Acute intermittent porphyria    Autosomal dominant    Porphobilinogen deaminase    A  

  Hereditary coproporphyria    Autosomal dominant    Coproporphyrinogen oxidase    A  +  P  

  Porphyria variegate    Autosomal dominant    Protoporphyrinogen oxidase    A  +  P  

  Porphyria cutanea tarda    Acquired or (rare) autosomal 

dominant  

  Uroporphyrinogen decarboxylase    P  

   Erythropoietic   

  Congenital erythropoietic 

porphyria  

  Autosomal recessive    Uroporphyrinogen cosynthase    P  

  Erythropoietic protoporphyria    Autosomal dominant    Ferrochelatase    P  

    * Acute attacks (A) of the gastrointestinal and/or nervous system are related to the accumulation of porphyrin precursors ( δ  -

 aminolaevulinic acid and porphobilinogen). Photosensitive skin lesions (P) are seen when the level of the enzyme defect in the haem 

synthetic pathway leads to the accumulation of formed porphyrins.   
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roblasts in the primary forms of anaemia contain iron granules 
arranged in a ring around the nucleus (Figure  3.7 ). These 
ring sideroblasts (Table  3.8 ) (more than four perinuclear gran-
ules per cell and covering one - third or more of the nuclear 
circumference) are the diagnostic feature of the anaemia. Ring 
sideroblasts may comprise a small ( <    15%) population of the 
erythroblasts in a wide variety of clinical disorders.     

precipitation of RNA, resulting from inhibition of the enzyme 
pyrimidine 5 ′  - nucleotidase. Siderotic granules, and occasionally 
Cabot rings, are found in circulating red cells. The bone marrow 
shows increased sideroblasts, in some patients with ring siderob-
lasts. Red cell protoporphyrin and coproporphyrin are raised, 
as is urinary excretion of ALA, coproporphyrin III and uropor-
phyrin I. 

 The cause of the anaemia appears to be multifactorial. 
Haemolysis, probably due to the blocking of sulphydryl groups 
with consequent denaturation of structural proteins, and 
damage to mitochondria, with defective haemoglobin produc-
tion due to inhibition of the enzymes of haem synthesis, are the 
major factors.  

  Sideroblastic  a naemia 

 The sideroblastic anaemias comprise a group of refractory 
anaemias (Table  3.7 ) in which there are variable numbers of 
hypochromic cells in the peripheral blood, with an excess of 
iron in the bone marrow; at least 15% of the developing eryth-

     Figure 3.7     Sideroblastic anaemia. Erythroblasts showing 

perinuclear rings of iron (Perls stain).  

  Table 3.7    Sideroblastic anaemias. 

   Hereditary   

   X - linked   

  Erythroid - specifi c ALAS2 (Xp11.21) mutations  

  Associated with spinocerebellar ataxia: mitochondrial ATP -

 binding cassette ( ABCB7 ) mutations  

   Autosomal   

  Thiamine responsive, THTR - 1 ( SLC19A2 ) mutations: 

DIDMOAD syndrome  

  Glutaredoxin - 5 ( GLRX5 ) mutations  

  Associated mitochondrial myopathy: pseudouridine synthase - 1 

mutations  

  SLC25 family transporter mutations  

   Mitochondrial   

  Pearson (marrow – pancreas) syndrome  

  Kearns – Sayre syndrome  

   Acquired   

   Primary   

  Refractory anaemia with ring sideroblasts  

   Secondary   

  Drugs: isoniazid, pyrazinamide, cycloserine, chloramphenicol, 

penicillamine  

  Mitochondrial toxicity: alcohol, lead poisoning  

  Copper defi ciency systemic disease: carcinoma, rheumatoid 

arthritis  

   DIDMOAD, diabetes insipidus, diabetes mellitus, optic atrophy 

and deafness.   

  Table 3.8    Siderocytes and sideroblasts. 

   Siderocyte     Mature red cell containing one or more 

siderotic granules (Pappenheimer 

bodies)  

  Normal sideroblast    Nucleated red cell containing one or more 

siderotic granules, granules few, diffi cult 

to see, randomly distributed in the 

cytoplasm, reduced proportion of 

sideroblasts in iron defi ciency and 

anaemia of chronic disorders  

  Abnormal 

sideroblasts  

  Cytoplasmic iron deposits (ferritin 

aggregates): increased granulation, 

granules larger and more numerous than 

normal, easily visible and randomly 

distributed, proportion of sideroblasts 

usually parallels the percentage 

saturation of transferrin (e.g. haemolytic 

anaemia, megaloblastic anaemia, iron 

overload, thalassaemia disorders)  

  Mitochondrial iron deposits (non - ferritin 

iron): ring sideroblasts in inherited and 

acquired sideroblastic anaemias  
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toporphyrin, despite adequate iron stores, rather than the low/
normal levels found in patients with abnormalities in ALAS2. 
The anaemia is mild to moderately severe. Three abnormalities 
of protein structure have been described, and these lie within 
34 amino acids of one another at the C - terminal end of the 
transmembrane domain. The enzyme defi ciency induces dis-
ruption in the maturation of cytosolic iron – sulphur clusters. 
The ataxia may be due to iron damage to mitochondria in 
neural cells.   

  Autosomal 
  Mitochondrial  m yopathy and  s ideroblastic  a naemia 
 This results from a homozygous mutation in the nuclear -
 encoded gene for pseudouridine synthase. As in Pearson syn-
drome, there are defects of the mitochondrial electron transport 
chain affecting reduced access to ferrochelatase. It has been 
proposed that defi cient pseudouridylation of mitochondrial 
tRNAs underlies this condition.  

  Abnormalities of a  h igh -  a ffi nity  t ransporter of  t hiamine 
 A gene ( SLC19A2 ) encoding a putative thiamine transporter 
(THTR - 1) that is widely and variably expressed has now 
been mapped to the long arm of chromosome 1 (1q23.3). 
Abnormalities in this gene are responsible for thiamine - respon-
sive megaloblastic anaemia (Roger syndrome). This syndrome 
is inherited in an autosomal recessive manner and combines 
diabetes insipidus, diabetes mellitus, optic atrophy and deafness 
(DIDMOAD), which respond in varying degrees to pharmaco-
logical doses of thiamine (vitamin B 1 ). Ring sideroblasts in 
varying numbers are typically present and onset is usually in 
childhood, although some symptoms may be present in infancy. 
A direct link between the presence of the mutation and mito-
chondrial iron loading has yet to be demonstrated. 

 There are still a substantial number of cases of inherited 
sideroblastic anaemias in which the exact underlying genetic 
defect remains obscure. These cases may or may not show sex -
 linked inheritance and often show a macrocytic or dimorphic 
picture.  

  Mutations of  g lutaredoxin - 5 ( GLRX5 ) 
 This enzyme participates in iron – sulphur cluster formation. A 
single patient has been described with autosomal recessive 
hypochromic microcytic anaemia with ring sideroblasts with 
inherited mutations of the enzyme.  

   SLC25A38   m utations 
 This protein is a transporter that may be involved in glycine 
transfer to the mitochondria, an essential step in synthesis of 
ALA. Mutation in congenital sideroblastic anaemia is described.   

  Mitochondrial DNA  m utations 
 Deletions of mitochondrial DNA, sometimes associated with 
duplications, are known to be the cause of the Pearson marrow –

  Inherited  s ideroblastic  a naemias 
 These are rare disorders manifesting mainly in males, usually 
in childhood or adolescence, but occasionally presenting late 
in life, when they need to be distinguished from the more 
common acquired form termed  ‘ refractory anaemia with ring 
sideroblasts ’ . 

  X -  l inked 
  ALAS2  m utations 
 In most reported families, inheritance has followed an X - linked 
pattern. More than 25 different mutations of the gene for eryth-
roid - specifi c ALAS2, located at Xp11.21, have been identifi ed. 
All have been single - base substitutions. Most lead to changes in 
protein structure, causing instability or loss of function. They 
are found scattered over the seven exons (out of 11) encoding 
the C - terminal, catalytically active part of the protein. Mutations 
affecting the promoter have also been shown to cause disease. 
Function may be rescued to a variable degree by administration 
of pyridoxal phosphate (the essential cofactor for ALAS2), the 
best responses occurring when the mutation affects the pyri-
doxal phosphate - binding domain of the enzyme. The response 
is better if iron overload is reduced by phlebotomy or 
chelation. 

 Female carriers of X - linked sideroblastic anaemia may show 
partial haematological expression, usually with only mild or no 
anaemia, although rarely a severe dimorphic anaemia occurs. 
This may depend on variation in the severity of the defect, as 
well as the degree of lyonization of the affected X chromosome. 
Late onset in some patients suggests that the degree of lyoniza-
tion may change with age. Iron loading may also aggravate the 
defect in haem synthesis in both males and females with 
sideroblastic anaemia. 

 Patients with X - linked sideroblastic anaemia show a 
hypochromic, often microcytic, anaemia. There may be a few 
circulating siderocytes, normoblasts and cells with punctate 
basophilia, but these features become pronounced only if the 
spleen has been removed. The bone marrow shows erythroid 
hyperplasia and the erythroblasts tend to be microcytic with a 
vacuolated cytoplasm. There are more than 15% ringed siderob-
lasts. The ineffective erythropoiesis is not usually accompanied 
by bone deformities, but some bossing of the skull and enlarge-
ment of the facial bones may result from the erythroid expan-
sion. The spleen may be enlarged. Patients may present with 
severe iron overload even when the anaemia is relatively mild, 
but the rate of iron loading is accelerated if red cell transfusions 
are needed. Iron loading, however, aggravates the anaemia.  

   ABCB7   m utations 
 A rare form of X - linked sideroblastic anaemia is caused by 
abnormalities in the ATP - binding cassette transporter gene 
( ABCB7 ) at Xq13.3. This form is associated with early - onset, 
non - progressive cerebellar ataxia. A useful diagnostic distinc-
tion is the presence within the red cells of increased zinc pro-



Iron metabolism, iron defi ciency and disorders of haem synthesis 

45

thesis and in some patients causes ring sideroblast formation, 
presumably as a result of impaired haem formation in the mito-
chondria. Lead inhibits several enzymes involved in haem syn-
thesis and may damage structural mitochondrial proteins. In 
some cases, ring sideroblasts are visible in the marrow. Ring 
sideroblasts may occur in erythropoietic porphyrias (see p. 41).   

  Treatment 

  Pyridoxine 
 Some patients with X - linked sideroblastic anaemia respond to 
pyridoxine, given initially in doses of 100 – 200   mg daily. The 
response is usually partial. Patients may require only small 
doses (less than 10   mg daily) to maintain a higher haemoglobin 
concentration. 

 Pyridoxine therapy is almost always ineffective in refractory 
anaemia with ring sideroblasts. However, some secondary 
sideroblastic anaemias may be completely reversed by pyridox-
ine therapy. This has been described in alcoholism, haemolytic 
anaemia and gluten - induced enteropathy, as well as in patients 
receiving antituberculous chemotherapy, in whom the drugs 
have been stopped and pyridoxine administered.  

  Other  f orms of  t reatment 
 Folic acid may benefi t patients with secondary anaemia. For 
refractory patients, the anaemia may remain stable and, if the 
patient is transfusion independent, no treatment is needed. 
Patients requiring regular red cell transfusions require iron che-
lation therapy. Iron loading may aggravate the anaemia and, in 
some patients, improvement in the anaemia has followed iron 
removal by phlebotomy or iron chelation therapy. Splenectomy 
should usually be avoided, as it does not benefi t the anaemia 
and leads to persistently high platelet counts postoperatively, 
with a high incidence of thromboembolism.     
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Postgraduate Haematology

46

    Locatelli   F  ,   Aljama   P  ,   B á r á ny   P    et al . ( 2004 )  Revised European best 
practice guidelines for the management of anaemia in patients 
with chronic renal failure.   Nephrology, Dialysis, Transplantation  
 19  (Suppl.  2 ):  1  –  47 .  

    Lozoff   B  ,   De Andraca   I  ,   Castillo   M    et al . ( 2003 )  Behavioural and 
developmental effects of preventing iron - defi ciency anaemia in 
healthy full - term infants .  Pediatrics   112 :  846  –  54 .  

    Mehta   A  ,   Beck   M  ,   Eyskens   F    et al . ( 2010 )  Fabry disease: a review 
of current management strategies .  Quarterly Journal of Medicine , 
epub ahead of print.  

    Meynard   D  ,   Kautz   L  ,   Darnaud   V    et al . ( 2009 )  Lack of the bone 
morphogenetic protein BMP6 induces massive iron overload . 
 Nature Genetics   41 :  478  –  81 .  

   Online Mendelian Inheritance in Man (OMIM)  Available at  www.
ncbi.nlm.nih.gov/OMIM/ . Knowledge base of human genes and 
genetic disorders.  

    Peyssonnaux   C  ,   Zinkernagel   AS  ,   Schuepbach   RA    et al . ( 2007 ) 
 Regulation of iron homeostasis by the hypoxia - inducible tran-
scription factors (HIFs) .  Journal of Clinical Investigation   117 : 
 1926  –  32 .  

    Ramsay   AJ  ,   Hooper   JD  ,   Folgueras   AR    et al . ( 2009 )  Matriptase - 2 
(TMPRSS6): a proteolytic regulator of iron homeostasis . 
 Haematologica   94 :  840  –  9 .  

    Silvestri   L  ,   Pagani   A  ,   Nai   A    et al . ( 2008 )  The serine protease 
matriptase - 2 (TMPRSS6) inhibits hepcidin activation by cleav-
ing membrane hemojuvelin .  Cell Metabolism   6 :  502  –  11 .  

    Srai   SK  ,   Bomford   A  ,   McArdle   HJ   ( 2002 )  Iron transport across cell 
membranes: molecular understanding of duodenal and placental 
iron transport .  Best Practice and Research. Clinical Haematology  
 15 :  243  –  59 .  

    Tanno   T  ,   Bhanu   NV  ,   Oneal   PA    et al . ( 2007 )  High levels of GDF15 
in thalassemia suppress expression of the iron regulatory protein 
hepcidin .  Nature Medicine   13 :  1096  –  101 .  

   WHO  ( 2001 )   Iron Defi ciency Anaemia. Assessment, Prevention and 
Control .  A Guide for Programme Managers  .  World Health 
Organization ,  Geneva .  

    Wrighting   DM  ,   Andrews   NC   ( 2006 )  Interleukin - 6 induces hepci-
din expression through STAT3 .  Blood   108 :  3204  –  9 .  

    Zhang   AS  ,   Enns   CA   ( 2009 )  Iron homeostasis: recently identifi ed 
proteins provide insight into novel control mechanisms .  Journal 
of Biological Chemistry   284 :  711  –  15 .   

 

 

 

    Beguin   Y   ( 2003 )  Soluble transferrin receptor for the evaluation of 
erythropoiesis and iron status .  Clinica Chimica Acta   329 :  9  –  22 .  

    Bottomley ,  S   ( 2006 )  Congenital sideroblastic anemias .  Current 
Hematology Reports   5 :  41  –  49   

    Camaschella ,  C   ( 2008 )  Recent advances in the understanding of 
inherited sideroblastic anaemia .  British Journal of Haematology  
 143 :  27  –  38 .  

    Cazzola   M   ( 2002 )  Hereditary hyperferritinaemia/cataract syn-
drome .  Best Practice and Research. Clinical Haematology   15 : 
 385  –  98 .  

    De Domenico   I  ,   McVey Ward   D  ,   Kaplan   J   ( 2008 )  Regulation of 
iron acquisition and storage: consequences for iron - linked dis-
orders .  Nature Reviews. Molecular Cell Biology   9 :  72  –  81 .  

    Drysdale   J  ,   Arosio   P  ,   Invernizzi   R    et al.  ( 2002 )  Mitochondrial fer-
ritin: a new player in iron metabolism .  Blood Cells, Molecules and 
Diseases   29 :  376  –  83 .  

    Du   X  ,   She   E  ,   Gelbart   T   ( 2008 )  The serine protease TMPRSS6 is 
required to sense iron defi ciency .  Science   320 :  1088  –  92 .  

    Finberg   KE  ,   Heeney   MM  ,   Campagna   DR    et al.  ( 2008 )  Mutations 
in TMPRSS6 cause iron - refractory iron defi ciency anaemia 
(IRIDA) .  Nature Genetics   40 :  569  –  71 .  

    Goswami   T  ,   Andrews   NC   ( 2006 )  Hereditary hemochromatosis 
protein, HFE, interaction with transferrin receptor 2 suggests a 
molecular mechanism for mammalian iron sensing .  Journal of 
Biological Chemistry   281 :  28494  –  8 .  

    Hershko   C  ,   Hoffbrand   AV  ,   Keret   D   ( 2005 )  Role of autoimmune 
gastritis,  Helicobacter pylori  and coeliac disease in refractory 
or unexplained iron defi ciency anaemia .  Haematologica   90 : 
 585  –  95 .  

    Hoffbrand   AV   (ed.) ( 2009 )  Recent advances in the understanding 
of iron metabolism and iron - related diseases .  Acta Haematologica  
 122 :  75  –  184 , 12 articles covering all aspects of iron metabolism 
and related diseases.  

    Iolascon   A  ,   De Falco   L  ,   Beaumont   C   ( 2009 )  Molecular basis of 
inherited microcytic anaemia due to defects in iron acquisitions 
or haem synthesis .  Haematologica   94 :  395  –  408 .  

    Lakhal   S  ,   Talbot   NP  ,   Crosby   A    et al.  ( 2009 )  Regulation of growth 
differentiation factor 15 expression by intracellular iron .  Blood  
 113 :  1555  –  63 .  

    Lebay   V  ,   Ras   T  ,   Baran   D    et al.  ( 1999 )  Mutations in SCL19AZ cause 
thiamine - responsive megaloblastic anaemia associated with dia-
betes mellitus and deafness .  Nature Genetics   22 :  300  –  4 .  



47

Postgraduate Haematology : 6th edition. Edited by A. Victor Hoffbrand, 
Daniel Catovsky, Edward G.D. Tuddenham, Anthony R. Green 
© 2011 Blackwell Publishing Ltd.

  CHAPTER 4 

Iron  o verload  
  Clara    Camaschella 1     and    A Victor    Hoffbrand 2   
   1 Vita - Salute University, Milan, Italy  
   2 Royal Free and University College Medical School, Royal Free Hospital, London, UK       

4

                           Introduction , 47  
   Genetic haemochromatosis , 47  
  Classifi cation, 47  
  Type 1 haemochromatosis, 47  
  Type 2 (juvenile) haemochromatosis, 52  
  Type 3 haemochromatosis, 52  
  Type 4 haemochromatosis, 52  

  Neonatal haemochromatosis, 52  
  Increased iron intake, 52  
  Other causes of iron 

overload, 53  
  Iron and neurodegeneration, 53  
  Hereditory hyperferritinaemia – cataract 

syndrome, 53    

   Iron loading anaemias , 53 
   Tests of body iron burden, 54  
  Tests of organ function, 56  
  Iron chelation therapy, 56  
  Thalassaemia intermedia, 59  
  Acute iron poisoning, 59    
   Selected bibliography , 59           

  Introduction 

 Excessive iron accumulation may eventually lead to tissue 
damage. Iron overload of the parenchymal cells of the liver 
commonly arises when there is excessive iron absorption, 
whereas iron administered parenterally (e.g. as multiple trans-
fusions) is fi rst taken up in senescent red cells by macrophages. 
However, there is no absolute distinction between the two 
sources of iron loading, as iron in macrophages is slowly 
released to transferrin, from which it can be taken up by paren-
chymal cells. Causes of iron overload are shown in Table  4.1 . 
Severe iron overload, arbitrarily defi ned as an excess of more 
than 5   g, is confi ned to the genetic haemochromatoses, together 
with the iron - loading anaemias and sub - Saharan African dietary 
iron overload.    

  Genetic  h aemochromatosis 

  Classifi cation 

 Genetic haemochromatosis is now classifi ed according to the 
genetic defect causing iron overload (Table  4.2 ). The vast 
majority of cases are of type 1, involving the  HFE  gene (see 
Chapter  3 ). In populations of northern European origin, about 
90% of patients with haemochromatosis are homozygous for 
the  HFE  Cys282Tyr mutation (C282Y). In southern Europe, 
homozygosity for C282Y is found in only about 60% of patients 

with haemochromatosis. Type 2, the severe juvenile haemo-
chromatosis caused by mutations of the hemojuvelin or hepci-
din genes, type 3, due to mutations of transferrin receptor 2, 
and type 4, due to mutations of ferroportin, are all very rare 
disorders reported mainly in European countries but also iden-
tifi ed in some Asian patients with novel mutations. Types 1, 2 
and 3 are autosomal recessive diseases and share common fea-
tures due to hepcidin defi ciency, including high transferrin 
saturation and hepatocyte iron accumulation. Type 4 haemo-
chromatosis, inherited as a dominant condition, is a heteroge-
neous disease with variable clinical phenotype.    

  Type 1  h aemochromatosis 

 This is one of the most common genetic conditions found in 
populations of northern European origin but it also occurs in 
African and Asian populations at very low gene frequency. In 
the UK, about one in eight people are carriers of the C282Y 
mutation of the  HFE  gene, and about 1 in 200 are homozygous 
for this mutation. Homozygosity is strongly associated with 
haemochromatosis, with about 90% of patients with genetic 
iron overload having this genotype. In homozygotes, there is a 
gradual accumulation of iron, leading to tissue damage, which 
may present as cirrhosis of the liver, diabetes, hypogonadism, 
cardiomyopathy, arthritis and a slate - grey skin pigmentation. 
Hepatocellular carcinoma develops in 25% of established cases 
with cirrhosis. Most patients present between the ages of 40 and 
60 years, but the clinical penetrance is low (see p. 50). Full 
phenotypic expression of the disorder is dependent on other 
factors, including dietary iron intake, blood donations or blood 
loss and other genetic factors modifying the genotype. Menstrual 
losses and pregnancies account for a generally delayed onset in 
women. 
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  Table 4.1    Causes of iron overload. 

   Severe iron overload ( >    5   g excess)  

  Excess iron absorption  

 Hereditary haemochromatosis 

 Massive ineffective erythropoiesis (e.g.  β  - thalassaemia intermedia, 

sideroblastic anaemia, congenital dyserythropoietic anaemia) 

  Increased iron intake  

 Sub - Saharan dietary iron overload (in combination with a genetic 

determinant of increased absorption) 

 Excess parenteral iron therapy 

  Repeated red cell transfusions  

 Congenital anaemias (e.g.  β  - thalassaemia major, sickle cell 

anaemia, red cell aplasia) 

 Acquired refractory anaemias (e.g. myelodysplasia, aplastic 

anaemia) 

  Modest iron overload ( <    5   g excess)  

 Chronic liver disease (e.g. alcoholic cirrhosis) 

 Porphyria cutanea tarda 

 Rare genetic disorders of iron metabolism (e.g. atransferrinaemia, 

acaeruloplasminaemia, DMT1 mutations) 

  Focal iron overload   *   

 Pulmonary haemorrhage, idiopathic pulmonary haemosiderosis 

 Chronic haemoglobinuria (e.g. paroxysmal nocturnal 

haemoglobinuria)  

    * May occur in association with general body iron defi ciency.   

  Table 4.2    Classifi cation of genetic haemochromatosis. 

   Type     Gene     Inheritance and phenotype     Severity     Incidence  

  1     HFE     AR, parenchymal iron overload    Highly variable    Common  

  2 (juvenile)    Hemojuvelin ( HFE2 )    AR, parenchymal iron overload    Severe    Rare  

  Hepcidin ( HAMP )    AR, parenchymal iron overload    Severe    Rare  

  3     TFR2     AR, parenchymal iron overload    Variable    Rare  

  4    Ferroportin 1 ( SLC11A3 )    AD, RE iron or parenchymal iron    Variable    Rare  

   AD, autosomal dominant; AR, autosomal recessive; RE, reticuloendothelial.  

  For gene symbols see Table  3.1 .   

  Nature of the  d efect 
 A defect in the regulation of intestinal iron absorption leading 
to increased mucosal iron transfer to plasma is due to defi cient 
hepcidin production. The responsible gene,  HFE , is an atypical 
MHC class I - like gene that maps to the short arm of chromo-
some 6. The reported association with HLA - A3 and, to a lesser 
extent, B7 suggested a founder mutation in a chromosome car-
rying the A3, B7 haplotype. In over 80% of patients there is 
homozygosity for a G → A substitution at nucleotide 845 of the 
 HFE  gene that results in a cysteine to tyrosine substitution at 

amino acid 282 (C282Y). A second variant (187C → G) results 
in a histidine to aspartic acid substitution at amino acid 63 
(His63Asp or H63D). This is carried by about 20% of the 
general population. In the UK, about 90% of patients present-
ing with haemochromatosis are homozygous for  HFE  C282Y, 
and another 4% are compound heterozygotes for the two muta-
tions. That  HFE  was the haemochromatosis gene was confi rmed 
by the demonstration that  HFE  knockout mice and mice 
homozygous for the C282Y mutation develop iron overload. 

 Hepcidin synthesis requires expression of  HFE  and in mice 
lacking  HFE  or expressing the C282Y protein hepcidin is low 
or at least inappropriate to the degree of iron overload (see 
Chapter  3 ). In addition, tissue - specifi c inactivation of HFE 
protein in hepatocytes but not in duodenal cells or macro-
phages leads to iron overload, indicating a specifi c function of 
HFE in the liver. Hepcidin is a negative regulator of iron absorp-
tion by binding ferroportin and causing its internalization and 
lysosomal degradation. Lack of hepcidin upregulates ferropor-
tin expression in duodenal mucosa, thus increasing mucosal 
iron transfer to transferrin and leaving the duodenal cells iron 
defi cient. Hepcidin also controls iron release from macro-
phages. Low hepcidin explains the fi ndings in the early stages 
of haemochromatosis: increased iron absorption, a raised 
serum iron and a paucity of iron in macrophages. Most recent 
data suggest that all types of haemochromatosis (except Type 
4; Table  4.2 ) are characterized by low hepcidin secretion, the 
defect being the most severe in juvenile haemochromatosis. The 
more recent model of the pathophysiology of the disease sug-
gests that HFE competes with diferric transferrin for TFR1 
binding and that when diferric transferrin binds TFR1, HFE is 
free to bind TFR2, thus forming a complex that results in hep-
cidin synthesis (see Chapter  3 ). Lack of HFE on the hepatic cell 
plasma membrane in the case of C282Y homozygosity will lead 
to decreased hepcidin synthesis.  

    HFE    m utation  f requencies  w orldwide 
  HFE  genotypes have been reported from large population 
studies throughout the world. In a study of 100   000 multiethnic 
participants from primary care practices, the estimated preva-
lence of the C282Y homozygous genotype was higher in white 
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(1 in 227, 0.44%) than in black or Asian people, in whom it was 
extremely rare. The frequency is higher in northern Europe and 
lower in southern Italy and Greece. The H63D mutation is 
found throughout the world but is most common in Europe, 
where allele frequencies vary from 10 to 20%, with a mean of 
15%. Other  HFE  gene mutations associated with iron accumu-
lation have been described mostly in individual families.  

    HFE    m utations and  i ron  s tatus 
 The haemochromatosis gene may have increased in frequency 
because of a selective advantage for heterozygotes, namely pro-
tection against iron defi ciency anaemia. Homozygotes would be 
unlikely to suffer the effects of iron overload before reproduc-
ing. Transferrin saturation and serum ferritin are signifi cantly 
higher in C282Y/C282Y subjects than in other genotypes. 
Increased levels of iron parameters are present in 75 – 100% of 
males and 40 – 60% of females in different studies. In population 
surveys slight but signifi cantly higher values for serum iron and 
transferrin saturation have been found in heterozygotes for 
either C282Y or H63D compared with subjects lacking these 
mutations. The differences in ferritin levels are smaller and not 
signifi cant. In compound heterozygotes, and those homozygous 
for H63D, there are larger increases in transferrin saturation 
and serum ferritin, although signifi cant iron accumulation is 
rare. In heterozygotes for C282Y or H63D, haemoglobin levels 
are slightly higher than in subjects lacking these mutations, 
but it has not been clearly demonstrated that this leads to a 
lower prevalence of anaemia among women carrying either 
mutation.  

    HFE    m utations and  m orbidity 
 Although advanced haemochromatosis is characterized by dia-
betes, arthritis and cirrhosis, there is no evidence that posses-
sion of  HFE  mutations is a risk factor for these conditions 
except through iron overload. The frequency of homozygosity 
or heterozygosity for C282Y or H63D mutations is not generally 
increased in patients with arthritis, diabetes and heart disease. 
Homozygosity for C282Y is more frequent in patients with cir-
rhosis and hepatoma than in the general population. Alcohol is 
a defi nite risk factor for the development of cirrhosis in patients 
homozygous for C282Y. The signifi cance of other genetic 
modifi ers remains uncertain.  

  Diagnosis:  c linical 
 The variety of clinical presentations and their lack of specifi city 
for haemochromatosis means that a high degree of clinical sus-
picion is needed. Fatigue, diabetes mellitus, signs and symp-
toms of gonadal failure and arthritis may be present for several 
years before the diagnosis is made. Arthritis particularly affects 
the second and third metacarpophalangeal joints (Figure  4.1 ), 
and destructive arthropathy of hip and knee joints occurs in 
10% of patients. There is chondrocalcinosis with pyrophos-
phate deposition in the joints. Abdominal pain may result from 

hepatic enlargement or hepatocellular carcinoma. Grey skin 
pigmentation results from excess melanin deposition.    

  Diagnosis:  i ron  s tatus 

  Transferrin  s aturation and  s erum  f erritin 
 In asymptomatic subjects, iron accumulation is indicated by a 
raised transferrin saturation ( >    45%). Most men and about 50% 
of women who are homozygous for  HFE  C282Y will have a 
raised transferrin saturation. As iron accumulates, the serum 
ferritin concentration rises, and values in excess of 200    µ g/L 
(women) and 300    µ g/L (men) suggest iron overload. Serum 
ferritin concentrations largely refl ect iron turnover in phago-
cytic cells and do not provide an early indication of iron accu-
mulation in liver parenchymal cells. Thus, measurement of 
transferrin saturation is essential for early detection of iron 
loading. However, in patients with infection, infl ammation 
or malignancy or in those undergoing surgery, transferrin 

     Figure 4.1     Radiograph of hand: patient with haemochromatosis 

showing loss of joint space and erosion of cartilage at the 

metacarpophalangeal joints.  
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saturation may be depressed and the serum ferritin concentra-
tion elevated. In most cases,  HFE  genotyping will confi rm the 
diagnosis of haemochromatosis.  

  Liver  b iopsy 
 Since the advent of genetic testing, confi rmation of iron over-
load by liver biopsy is not usually performed and is not neces-
sary in the absence of liver damage. In patients homozygous 
for C282Y with evidence of liver disease and serum ferritin 
concentration above 1000    µ g/L, liver biopsy is essential to assess 
tissue damage. In patients with an unexplained raised transfer-
rin saturation and serum ferritin, who are not homozygous for 
C282Y, a liver biopsy may be required to confi rm iron overload 
and to address the subsequent diagnostic process (Figure  4.2 ). 
The availability of non - invasive measurement of liver iron con-
centration has restricted the diagnostic use of liver biopsy.   

 Liver iron concentration can be measured on a dried frag-
ment of liver biopsy. Values in excess of 80    µ mol/g dry weight 
(4.5   mg/g dry weight) indicate iron overload. Since in haemo-
chromatosis there is a progressive increase in liver iron concen-
tration with age in some cases, it is useful to express the result 
as the  ‘ hepatic iron index ’  ( µ mol iron/g dry weight divided by 
age in years).  

  Non -  i nvasive  m ethods   
 Techniques using magnetic resonance imaging (MRI) are 
being increasingly used as an indirect non - invasive measure 
of both liver and heart iron (see p. 55). They require special 
analytical skill. Although most experience is with secondary 
iron overload, MRI is also increasingly used in genetic 
haemochromatosis. 

 The superconducting quantum interface device (SQUID) 
biosusceptometry technique is sensitive, accurate and repro-
ducible. It depends on the paramagnetic properties of haemo-
siderin and ferritin. Unlike MRI, it does not distinguish 
parenchymal from reticuloendothelial iron, but the result 
closely correlates with chemical estimation of liver iron, except 
when fi brosis is present. Machines are expensive to build and 
run and at present there are only four worldwide (none in 
the UK).  

  Mobilization of  i ron by  p hlebotomy to  c alculate 
 i ron  s tores 
 The amount of iron removed to reach iron depletion can be 
calculated (see Treatment) and provides a good estimate of total 
body iron. Since the advent of genetic testing, confi rmation of 
iron overload by liver biopsy is not necessary in the absence of 
liver damage and quantitative phlebotomy provides the only 
practical way of confi rming the presence of iron overload. The 
amount of iron removed at each venesection is calculated by 
weighing the blood bag before and after venesection (density of 
blood is 1.05   g/mL) and assuming that 450   mL of blood (hae-
moglobin concentration 13.5   g/dL) contains 200   mg of iron. 
Iron absorption should be allowed for at the rate of 3   mg daily 
(20   mg/week). With these assumptions, 25 weekly venesections 
will remove 4.5   g of iron. The amount of storage iron measured 
by the technique in normal adults has been shown to be about 
750   mg in men and 250   mg in women.   

  Clinical  p enetrance 
 Before the discovery of the  HFE  gene, it was assumed that every 
family member who was homozygous for haemochromatosis 
would eventually accumulate suffi cient iron to cause tissue 
damage. Recent studies, in which subjects homozygous for  HFE  
C282Y have been compared with  ‘ wild - type ’  subjects, have 
shown that the frequencies of lethargy, arthralgia and diabetes 
are the same. There is, however, a small but signifi cant increase 
in the percentage of subjects with either raised serum transami-
nase activity or fi brosis/cirrhosis in the C282Y homozygous 

     Figure 4.2     Liver histology (Perls stain). (a) Liver biopsy from a 

patient with type 1 haemochromatosis, showing staining 

predominantly in parenchymal cells. (b) Liver biopsy from a 

patient with type 4 haemochromatosis, showing iron staining 

predominantly in Kupffer cells.  

(a)

(b)
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group in several studies. Population surveys have shown that 
less than 5% of subjects homozygous for C282Y ever receive a 
diagnosis of haemochromatosis. Despite much debate about 
ascertainment bias in family and population surveys, it is 
becoming clear that most men who are homozygous for C282Y 
will have a raised transferrin saturation before the age of 30 
years; a proportion will have an elevated serum ferritin concen-
tration, but only a minority will eventually develop fi brosis 
and cirrhosis of the liver. Studies in Australia and Norway 
found that 5% of homozygote males but no females showed 
cirrhosis. There is evidence that ferritin concentration above 
1000    µ g/L is a risk factor for liver fi brosis in different studies. 
These patients should undergo liver biopsy and complete 
cardiac and endocrinological evaluation. Only about 50% of 
homozygous women have a raised transferrin saturation, and 
progression through iron accumulation and tissue damage is 
usually, but not always, slower. In one population study in the 
USA, based on reported clinical complications, the clinical 
penetrance was estimated to be as low as 1%. In a more 
recent study, which evaluated for 12 years a cohort of C282Y 
homozygous patients of middle age (40 – 69 years) using strict 
criteria to defi ne liver disease, this clinical complication was 
estimated to be present in about 30% of males and 1% of 
females. However, the iron accumulation rate of C282Y patients 
is not constant and may vary greatly from patient to patient. 
Many homozygotes followed for 10 years or more have shown 
no change in serum ferritin.  

  Family  t esting 
 Physicians should discuss with the patient the desirability of 
testing all fi rst - degree relatives over the age of consent in order 
to identify those at risk. Transferrin saturation and serum fer-
ritin concentration should be measured along with  HFE  geno-
typing. Genetic testing may identify other family members 
homozygous for  HFE  C282Y. If the serum ferritin concentra-
tion is normal and there is no evidence of liver disease, transfer-
rin saturation and serum ferritin should be measured at yearly 
intervals and treatment instituted if necessary. Compound het-
erozygotes are at lesser risk of iron overload but should also be 
tested by measuring transferrin saturation and serum ferritin, 
perhaps at 3 - yearly intervals. Iron status should be determined 
in heterozygotes and, if normal, reassessed after 5 years to 
ensure that no other iron - loading genes are present. 

  Associations with  o ther  c onditions 
 The  HFE  C282Y mutation is relatively common; heterozygosity, 
and even homozygosity, may occur with other haematological 
conditions, including inherited sideroblastic anaemia. The 
occasional presence of iron overload in patients with haemato-
logical disorders such as congenital spherocytosis, in whom it 
is otherwise uncommon, may be due to a combined effect on 
iron absorption of increased eythropoiesis and coincidental 
inheritance of the heterozygous state for haemochromatosis. 

Porphyria cutanea tarda, which may be associated with iron 
overload, an important trigger of disease manifestations, is dis-
cussed in Chapter  3 .   

  Population  s creening 
 Widespread population screening by iron status or genetic 
testing is considered unwarranted as the level of risk for a 
C282Y homozygote developing iron overload appears to be low. 
Once the factors that convey a high risk of developing signifi -
cant iron overload and tissue damage have been identifi ed, it 
may be appropriate to reconsider this question but at present 
screening should be limited to at - risk populations.  

  Treatment 
 Removal of excess iron by regular phlebotomy greatly reduces 
the mortality from cardiac and hepatic failure, although hepa-
tocellular carcinoma accounts for a substantial proportion of 
deaths in those with established disease. Early diagnosis is there-
fore a priority, as patients identifi ed and treated before the onset 
of cirrhosis of the liver have a normal life expectancy. 

 Since no test is available to identify those patients who will 
progress to fi brosis and those who will not, the present recom-
mendation is to phlebotomize all patients with evidence of iron 
overload. Phlebotomy should be at a rate of 450   mL of blood 
each week and should be performed until iron depletion is 
reached (serum ferritin  <    20    µ g/L and transferrin saturation 
 <    16%). Haemoglobin levels should be measured weekly and the 
rate of venesection reduced if anaemia develops. Serum ferritin 
should be monitored monthly. The transferrin saturation 
should be measured weekly when the ferritin concentration 
drops below 50    µ g/L. 

 Weekly phlebotomy will need to be continued for at least 6 
months to remove total iron excess, which is usually greater 
than 5   g in established symptomatic disease but may be more 
than 20   g. When iron stores are exhausted, the frequency of 
phlebotomy should be reduced to two to four units each year, 
to continue indefi nitely. The aim is to maintain a normal trans-
ferrin saturation ( <    50%) and a serum ferritin in the low - 
normal range ( <    50    µ g/L). Fatigue and transaminase elevation 
usually reverse on venesection. In some patients, diabetes mel-
litus, hypogonadism and arthralgia improve, but cirrhosis and 
arthritis are not reversible. Early cardiac disease may respond 
to phlebotomy but severe cardiomyopathy does not and requires 
iron chelation. 

 Iron chelation with subcutaneous desferrioxamine (DFX) 
may be used in patients who do not tolerate phlebotomy or have 
concomitant anaemia. DFX given as a continuous intravenous 
infusion with or without an oral iron chelator (see below) may 
have a role in the short - term management of patients with life -
 threatening cardiac failure. Well - tolerated oral iron chelators 
are likely to become an option for treatment of selected patients 
in the future.   
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  Type 2 ( j uvenile)  h aemochromatosis 

 Juvenile haemochromatosis is a rare autosomal recessive 
disease, with clinical symptoms related to iron overload appear-
ing in the second and third decades of life. The disease is geneti-
cally heterogeneous since it can be due either to hemojuvelin 
mutations or, more rarely, to mutations in the hepcidin 
( HAMP ) gene (see Chapter  3 ). More than 30 hemojuvelin 
mutations have been reported in European and Asian families 
with G320V being the most frequent. The age of onset has been 
as low as 5 years but the disease usually presents in teenagers or 
those in their early twenties. Hemojuvelin modulates hepcidin 
expression by acting as a coreceptor of bone morphogenetic 
proteins (see Chapter  3 ). Inactivation of hemojuvelin strongly 
decreases hepcidin production. This explains why the clinical 
phenotypes of  HAMP  or hemojuvelin ( HFE2 ) mutations are 
indistinguishable. In both cases iron absorption is greater than 
in type 1 haemochromatosis and iron deposition occurs not 
only in the hepatocytes but also in cardiac myocytes, pancreas 
and pituitary; liver disease is present but symptoms related 
to cardiomyopathy, diabetes and hypogonadism are more 
prominent. 

 Digenic disease has been rarely described in patients with 
severe disease expression who are heterozygous for  HFE  C282Y 
and have a mutation in the  HAMP  (hepcidin) gene.  

  Type 3  h aemochromatosis 

 Haemochromatosis type 3 is a rare autosomal recessive disease 
reported in those of European and Asian ancestry. It is pheno-
typically similar to type 1 haemochromatosis, although it may 
have an earlier age of onset. It is due to mutations in the gene 
for transferrin receptor 2 ( TFR2 ) (see Table  4.2 ). TFR2 shows 
moderate homology to TFR1, may bind transferrin but is not 
iron regulated. Hepcidin levels are very low in type 3 haemo-
chromatosis, disproportionate to the degree of iron overload 
(see Table  3.1 ). TFR2 binds HFE when transferrin saturation 
is high and this complex activates hepcidin (see Chapter 
 3 ). Thus mutations of either  HFE  or  TFR2  cause a similar 
disorder.  

  Type 4  h aemochromatosis ( f erroportin 
 d isease) 

 Haemochromatosis type 4 has peculiar genetic and clinical 
features compared with the other forms. First, it is inherited 
as an autosomal dominant trait. Second, all patients have 
increased serum ferritin levels, but some have a normal trans-
ferrin saturation. Third, at liver biopsy iron is usually increased 
in the reticuloendothelial cells, as well as in hepatocytes, fea-
tures that suggest a different pathophysiology of the disease. 
Haemochromatosis type 4 is due to heterozygous missense 
mutations in the gene for the iron exporter ferroportin, located 

on chromosome 2q32. In the typical form (type 4a), so - called 
ferroportin disease, the phenotype differs from haemochroma-
tosis and is similar to that found in the anaemia of chronic 
disease (see Figure  4.2 b), with iron accumulation predomi-
nantly in the macrophages and normal or low transferrin satu-
ration. These cases are due to loss - of - function ferroportins that 
are unable to target correctly to the cell surface and so export 
iron from macrophages. It seems that reticuloendothelial iron 
is less toxic than parenchymal iron. For this reason and because 
some of these patients develop mild anaemia, tolerance to phle-
botomy should be carefully monitored and intensive regimens 
are not indicated. In the rare type 4b with mutations occurring 
in the binding site of ferroportin for hepcidin, mutant ferro-
portins reach the cell surface but are resistant to the effect of 
hepcidin, causing increased iron export to plasma, saturation 
of transferrin and iron deposition in hepatocytes similar to  HFE  
haemochromatosis. 

 In people of African origin, the Gln248His mutation in fer-
roportin is a common variant that may be associated with a 
tendency to iron loading and mild anaemia.  

  Neonatal  h aemochromatosis 

 This is a condition that is recognized at birth but may occur 
 in utero . It is characterized by heavy parenchymal iron deposi-
tion in several organs and irreversible liver failure. The only 
therapeutic option used to be liver transplantation. No muta-
tions in the known haemochromatosis genes have been reported 
and a genetic cause has been more recently doubted in favour 
of an immunological pathogenesis, but heterogeneous causes 
cannot be ruled out. Neonatal haemochromatosis has been 
linked in some cases to the presence of a maternal factor, for 
example an antiribonuclear factor antibody. Infusions of gam-
maglobulin in pregnancy appear to reduce the severity of the 
condition and it has been proposed that the disease is due to an 
alloantibody (as rhesus incompatibility) but the target antigen 
is unknown.  

  Increased  i ron  i ntake 

 African iron overload (Bantu siderosis) results from the com-
bination of a dietary component (a traditional beer that con-
tains iron) and an unknown susceptibility gene. Mutations in 
the  HFE  gene have been excluded but mutations of the ferro-
portin gene may play a role (see above). Iron deposition, as in 
type 4 haemochromatosis, occurs in both hepatocytes and retic-
uloendothelial cells. Serum ferritin is usually elevated, but 
transferrin saturation may be normal. The condition occurs in 
sub - Saharan Africa. It is a cause of hepatic fi brosis and cirrhosis, 
and associations with diabetes mellitus, peritonitis, scurvy and 
osteoporosis have been described. The iron overload is associ-
ated with a poor outcome of tuberculosis, an infection that is 
highly prevalent in sub - Saharan Africa.  
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  Other  c auses of  i ron  o verload 

  Atransferrinaemia 
 This is a rare recessive genetic disorder associated with a severe 
hypochromic anaemia with, in some cases, excessive deposition 
of non - transferrin - bound iron (NTBI) in the parenchymal 
cells. In all cases tested, some iron - transferrin has been detected 
by iron - binding ability or immunologically defi ning a type of 
hypotransferrinaemia. Complete absence of transferrin would 
presumably lead to fetal death.   

  Iron and  n eurodegeneration 

  Acaeruloplasminaemia 
 This is also a rare recessive disorder in which there is a defi -
ciency of ferroxidase activity as a consequence of mutations in 
the caeruloplasmin gene. Clinically, the condition presents in 
middle age, with progressive degeneration of the retina and 
basal ganglia and with diabetes mellitus. Iron accumulates in 
the liver, pancreas and brain with smaller amounts in the heart, 
kidneys, thyroid, spleen and retina. The serum iron is low and 
mild anaemia may be present. The total iron - binding capacity 
of transferrin (TIBC) is normal and ferritin is normal or raised. 
Unfortunately, no effective treatment is available to reduce 
neuro degeneration but deferiprone, which penetrates the 
blood – brain barrier, may be an option.  

  Hallervorden – Spatz  s yndrome 
 This is an autosomal recessive neurodegenerative disorder asso-
ciated with iron accumulation in the brain. Clinical features 
include extrapyramidal dysfunction, onset in childhood and a 
relentlessly progressive course. Histological study reveals iron 
deposits in the basal ganglia. Hallervorden – Spatz syndrome is 
caused by a defect in a novel pantothenate kinase gene that 
causes accumulation of cysteine. Iron binding by cysteine may 
cause iron accumulation and oxidative stress, which is a likely 
explanation for the pathophysiology of the disease.  

  Neuroferritinopathy 
 A rare, dominantly inherited, late - onset basal ganglia disease 
that variably presents with extrapyramidal features similar to 
those of Huntington disease or parkinsonism also shows iron 
accumulation in the forebrain and cerebellum. The responsible 
gene ( FTL ) codes for ferritin light - chain polypeptide. An 
adenine insertion at position 460 – 461 was found that was pre-
dicted to alter carboxy - terminal residues of the gene product. 
Abnormal aggregates of ferritin and iron in the brain contrasted 
with low serum ferritin levels. 

 These diseases may serve as a model for complex neurode-
generative diseases such as Parkinson disease, Alzheimer disease 
and Huntington disease, in which accumulation of iron in the 
brain is also observed. Possession of the C282Y mutation of 
the  HFE  gene does not appear to be a risk factor for these 
conditions.  

  Friedreich  a taxia 
 This is a neurodegenerative disease characterized by loss of 
sensory neurones in the spinal cord and dorsal root ganglia. 
There is mitochondrial iron overload and loss of activity of 
iron – sulphur cluster - containing enzymes. Patients frequently 
die from cardiomyopathy. The majority of cases of Friedreich 
ataxia result from the expansion of triple nucleotide repeats 
within an intron of the  FXN  gene, leading to reduced expression 
of frataxin mRNA and protein. Point mutations have also been 
identifi ed in a small number of cases. Frataxin is found in the 
mitochondria where, in Friedreich ataxia, there is increased 
oxidative stress and decreased activity of iron – sulphur proteins. 
Oxidative damage following iron accumulation is thought to 
precipitate the neurone loss. This is confi rmed by experiments 
in yeast that show that iron is redistributed to the mitochondria 
of Yfh (yeast frataxin homologue) - defi cient yeast and that this 
iron accumulation precedes oxidative damage. Frataxin shows 
structural similarity to ferritin, suggesting that frataxin may 
regulate mitochondrial iron homeostasis by storing excess iron. 
A preliminary trial of deferiprone therapy has shown some 
improvement in neuropathy and gait in the youngest patients 
and larger - scale trials are now in progress.   

  Hereditary  h yperferritinaemia –  c ataract 
 s yndrome 

 This syndrome is characterized by elevated serum ferritin levels, 
early - onset bilateral cataracts and normal or low serum iron 
and transferrin saturation. It is usually due to heterozygous 
point mutations in the  l  - ferritin iron - response element so that 
a monoclonal ferritin is synthesized due to impaired negative 
feedback of ferritin synthesis. There is no general tissue iron 
overload and serum transferrin saturation is normal, but fer-
ritin accumulates in the lens causing cataracts. In a few cases, 
the mutation is in the coding regions of the gene.   

  Iron -  l oading  a naemias 

 Removal of iron is essential in patients with transfusion -
 dependent anaemias, such as thalassaemia major, to prevent 
death from iron overload, usually caused by cardiac failure or 
arrhythmia. Red blood cell requirements are about 160   mL/kg 
annually in non - splenectomized and 120   mL/kg annually 
in splenectomized patients with thalassaemia major. The 
iron content of each transfusion is determined by volume 
(mL)    ×    haematocrit    ×    1.16   mg. Intake of iron ranges from 0.32 
to 0.64   mg/kg body weight daily. Patients with anaemias associ-
ated with increased iron absorption (e.g. thalassaemia interme-
dia), who are too anaemic to be venesected to remove iron, may 
also require iron chelation therapy, although the rate of iron 
loading is considerably lower at about 0.1   mg/kg daily. The 
iron - chelating drug widely available is desferrioxamine (DFX). 
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This is orally inactive and given by slow subcutaneous or intra-
venous infusion. Deferiprone, an orally active iron chelator fi rst 
used clinically in 1987, is now licensed in 61 countries. A third 
drug, deferasirox, is orally active and was introduced into clini-
cal practice in 2002 and is now widely prescribed (Table  4.3  and 
see Figure  4.5 ).     

 Iron chelation therapy is monitored by: 
  1     tests of body iron burden;  
  2     tests of function of the organs sensitive to iron overload 
(Table  4.4 );  
  3     tests to detect potential side - effects of the particular chelating 
drug being used.      
 Tests (1) and (2) are discussed fi rst. The results and side - 
effects with the individual iron - chelating drugs are then 
described. 

  Tests of  b ody  i ron  b urden 

  Serum  f erritin 
 Serum ferritin is useful in monitoring changes in body iron, 
although the absolute level is an imprecise measure of total 
body iron. There is a wide range of liver iron at any given serum 
ferritin level. This is partly because serum ferritin mainly refl ects 
reticuloendothelial iron and partly because infl ammation, (e.g. 
hepatitis C infection) raises the level, whereas vitamin C defi -
ciency, frequent in iron overload, lowers it. The Thalassaemia 
International Federation (TIF) guidelines recommend main-
taining the level below 1000    µ g/L in thalassaemia major.  

  Liver  i ron 
 Liver iron may be measured chemically after liver biopsy, by 
MRI or, in a few specialized units, by SQUID (see p. 50). 
Chemical estimation is the gold standard but can be inaccurate 

  Table 4.3    Characteristics of desferrioxamine, deferiprone and deferasirox. 

        Desferrioxamine     Deferiprone     Deferasirox  

  Structure    Hexadentate    Bidentate    Tridentate  

  Molecular weight    560    139    373  

  Iron – chelator complex    1   :   1    1   :   3    1   :   2  

  Plasma clearance ( t   ½  )    20   min    53 – 166   min    1 – 16 hours  

  Absorption    Negligible    Peak 45   min    Peak 1 – 2.9 hours  

  Iron excretion    Urine   +   faecal    Urine    Faecal  

  Therapeutic daily dose    40   mg/kg    75 – 100   mg/kg    20 – 30   mg/kg  

  Route    Parenteral    Oral    Oral  

  Clinical experience     > 40 years     > 20 years     > 8 years  

  Side - effects    Ototoxicity, retinal toxicity, 

growth defects, cartilage 

and bone abnormalities  

  Agranulocytosis, arthropathy, 

gastrointestinal disturbance, 

transient transaminitis, zinc 

defi ciency  

  Skin rashes, gastrointestinal 

disturbance, rising serum 

creatinine  

  Table 4.4    Monitoring for iron - induced organ damage  . 

   Cardiac function  

 ECG    ±    exercise 

 24 - hour monitoring 

 Echocardiography, MUGA    ±    stress test 

 Doppler echography, MRI 

  Liver structure and function  

 Liver function tests 

 Liver histology 

  Bone  

 Osteoporosis: bone density (Dexa scan) 

  Endocrine system  

 Diabetes: urine glucose, HbA 1c , glucose tolerance test, IGF - 1 

 Growth and sexual development: sitting and standing height, 

Tanner staging, radiography for bone age, testosterone, 

estradiol, LH, FSH, SHBG, pulsatile GnRH release, sperm tests 

 Thyroid: T 4 , TSH 

 Parathyroid: calcium, phosphate, PTH  

   ECG, electrocardiogram; FSH, follicle - stimulating hormone; 

GnRH, gonadotrophin - releasing hormone; HbA 1c , glycated 

haemoglobin; IGF, insulin - like growth factor; LH, luteinizing 

hormone; MRI, magnetic resonance imaging; MUGA, multigated 

acquisition scan; PTH, parathyroid hormone; SHBG, sex 

hormone - binding globulin; TSH, thyroid - stimulating hormone.   

if fi brosis is present. Levels greater than 15   mg/g dry weight have 
been associated in DFX - treated patients with a high risk of 
cardiac disease, liver fi brosis and cirrhosis. Levels between 7 and 
15   mg/g dry weight are associated with liver damage only if 
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there is also hepatitis C infection and have been considered 
indicative of relative safety from cardiac disease but are associ-
ated with damage to the endocrine organs. Levels less than 
7   mg/g dry weight are found in carriers of haemochromatosis 
and are considered safe. 

 MRI techniques are being increasingly used as indirect meas-
ures of liver and cardiac iron (Figure  4.3 ). They have the advan-
tage of being non - invasive and are more widely available than 
SQUID (which is suitable for liver but not cardiac iron). MRI 
is also the only practical method of performing sequential 
studies of iron in the heart, pituitary or other endocrine organs. 
Different MRI techniques have been used. They all rely on a 
shortening of relaxation time and thus reduction in signal 
intensity with iron overload. Gradient - echo imaging with the 
calculation of the T2 *  has a short total imaging time, reducing 
movement artefacts. It is also extremely sensitive and reproduc-
ible. The spin - echo technique is less sensitive to iron and 
requires longer imaging time, making it less valuable for testing 
cardiac iron.    

  Cardiac  i ron 
 As cardiac failure or arrhythmia is the usual cause of death in 
transfusional iron overload, it is essential to monitor cardiac 
iron. Iron is deposited in myocytes and interstitial fi brosis 
develops. Direct measurement of cardiac iron by endomyocar-
dial biopsy is inappropriate as the technique is highly invasive 
and inaccurate as iron localizes mainly in the ventricular myo-
cardium and epicardium. T2 *  cardiovascular magnetic reso-
nance offers a reproducible (around 5% coeffi cient of variation 
between different observers or between two studies of the same 
patient), sensitive, albeit indirect measure: the lower the T2 *  
value, the greater the cardiac iron (Figure  4.3 ). The majority of 
patients with T2 *  greater than 20   ms have normal left ventricu-
lar function. A T2 *  below 20   ms correlates with the presence of 
cardiac dysfunction detected by echocardiography (left and 
right ventricles) or by 24 - hour rhythm monitoring or the need 
for cardiac therapy (Figure  4.4 ). The great majority of patients 

who develop cardiac failure have T2 *  less than 10   ms. Poor cor-
relation has been found between myocardial iron and liver iron 
(MRI derived) or serum ferritin in patients receiving DFX, so 
serum ferritin and liver iron cannot be used as surrogate meas-
ures of cardiac iron.    

  Urine  i ron  e xcretion 
 Iron excretion after a single infusion of a standard dose of DFX 
or oral dose of deferiprone is related to body iron. Urine iron 
is derived from the labile iron pool chelated mainly extracel-
lularly with DFX and probably intracellularly with deferiprone. 
With DFX (but not deferiprone) urine iron excretion is 
increased by ascorbate and is proportionately higher if the hae-
moglobin is lower. The test is useful when commencing therapy 
with DFX or deferiprone, with which iron excretion is highly 
dose related, and for monitoring therapy, in some studies cor-
relating closely with liver and cardiac iron. However, several 
estimations must be performed at any given dose in view of the 
variability found.  

     Figure 4.3     Magnetic resonance imaging T2 *  technique. Tissue 

appearances of liver and spleen: (a) normal; (b) tissue iron 

overload; (c) severe liver iron overload with normal cardiac iron; 

(d) severe cardiac iron deposition with minimal liver iron 

deposition.  (From Anderson  et al . 2001 with permission.)   

(a) (c) (d)(b)

     Figure 4.4     Relationships of myocardial T2 *  and left ventricular 

ejection fraction in patients with thalassaemia major and iron 

overload.  (From Anderson  et al . 2001 with permission.)   
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  Non -  t ransferrin -  b ound  i ron 
 This is present in plasma in patients with gross iron overload 
and 100% saturation of transferrin. It is highly toxic, promoting 
the formation of free radicals that cause peroxidation of 
membrane lipids. Part of the early improvement in liver and 
cardiac function with chelation therapy may be due to removal 
of this fraction, even before iron burden is substantially lowered. 
Its clearance by DFX is short - lived as it reappears in plasma 
within hours of stopping an infusion. Deferasirox, with its long 
clearance time, provides 24 - hour removal of NTBI after a single 
oral dose. Deferiprone removes NTBI for about 6 hours after a 
single dose. NTBI is absent from plasma of well - chelated 
patients.   

  Tests of  o rgan  f unction 

 The tests that are usually needed are listed in Table  4.4 . Heart 
function is best tested by measurement of left ventricular ejec-
tion fraction and by tests for rhythm disturbance. Liver func-
tion assessment requires routine liver function tests as well 
as liver biopsy to assess liver structure and liver iron burden 
(histologically and chemically). The endocrine system is also 
damaged by iron and appropriate tests are listed in Table  4.4 . 
The anterior pituitary is particularly sensitive, with damage 
resulting in reduced growth and impaired sexual maturation. 
Direct damage to the ovaries or testes may also occur but is 
usually less important. Hypogonadic hypogonadism, defects of 
growth hormone secretion and in its receptor, and defi ciency 
of insulin - like growth factor mainly account for growth failure; 
DFX may also cause this. Diabetes mellitus and pre - diabetes, 
due to iron deposition in the pancreatic islets, are frequent, 
especially in patients with genetic susceptibility. Hypothyroidism 
and hypoparathyroidism are also common in poorly chelated 
patients. Osteoporosis is well recognized in iron - overloaded 
thalassaemia patients; it is due to multiple factors and is detected 
by bone density studies.  

  Iron  c helation  t herapy 

  Desferrioxamine 

  Pharmacokinetics 
 Desferrioxamine mesylate is licensed in all countries. It is not 
absorbed orally, and after parenteral injection is rapidly cleared 
from the plasma, being excreted in the urine, taken up by hepa-
tocytes or metabolized in the tissues (Table  4.3 ). This accounts 
for the much greater mobilization of iron by continuous intra-
venous or slow subcutaneous infusions, which allow more pro-
longed exposure of the drug to the chelatable iron than with 
intramuscular injection. 

 DFX is a trihydroxamic acid (hexadendate) (Figure  4.5 ), one 
molecule binding covalently to all six oxygen sites on one ferric 
ion to form the red chelate, ferrioxamine. This is excreted in 

urine and bile. Faecal iron is derived from hepatocytes. Urine 
iron also derives, at least partly, from hepatocytes, although 
other body sources, especially iron released from macrophages, 
contribute. Urinary iron excretion tends to level off at higher 
doses, but this does not occur with bile excretion so bile iron 
may therefore predominate at high doses, and this is also the 
major route of excretion when total body iron has been reduced 
to relatively low levels. Increased erythropoiesis, as in haemo-
lytic anaemias, is associated with an increase in urine iron excre-
tion in relation to body iron stores.  

  Clinical  s tudies 
 Most studies have involved thalassaemia major, but patients 
with other inherited anaemias (e.g. Diamond – Blackfan syn-
drome, Fanconi anaemia, sickle cell anaemia, sideroblastic 
anaemia) or acquired disorders, especially myelodysplasia, 
myelofi brosis, red cell aplasia or aplastic anaemia, may require 
iron chelation therapy. In these conditions, as well as in elderly 
patients with acquired, transfusion - dependent, refractory anae-
mias and otherwise good prognosis, deferasirox is widely used 
if iron overload is likely to cause signifi cant morbidity or mor-
tality. In children, tissue damage from iron may be present from 
very early life; regular iron chelation should begin in thalas-
saemia major after transfusion of about 12 units of blood or 
when serum ferritin exceeds 1000    µ g/L. In young children, 
treatment with DFX should be started at 20   mg/kg to prevent 
tissue damage due to iron without causing toxicity due to excess 
DFX. A local anaesthetic cream (e.g. EMLA) reduces pain from 
the needle insertion. Oral chelation may be preferred to DFX. 

     Figure 4.5     Chemical structures of three iron chelators: 

(a) deferasirox; (b) deferiprone; (c) desferrioxamine.  
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The standard adult dose of DFX is 40   mg/kg s.c., given as an 
8 – 12 hour infusion on at least 5 days each week. 

 Repletion of ascorbic acid defi ciency, which sometimes 
accompanies iron overload, or ascorbate therapy even in those 
with normal tissue levels of ascorbate, increases urinary iron 
excretion with DFX. Vitamin C supplements should be given at 
a dose of 100 – 200   mg per day. 

 For those with iron - induced cardiomyopathy, continuous 
intravenous DFX may be given via an indwelling catheter (e.g. 
Hickman) or Port - a - Cath chamber. Removal of liver iron is 
more rapid than removal of cardiac iron with this intensive 
chelation regimen. Combined therapy with deferiprone may 
also be used. Studies with deferasirox are in progress. 

 Body iron stores can be restricted to 5 – 10 times normal in 
well - chelated, regularly transfused patients. There is improved 
cardiac function and survival in patients who comply with DFX 
therapy. Growth and pubertal development are improved in 
many, but not all, patients; diabetes and other endocrine abnor-
malities still occur frequently. Serum ferritin levels in well -
 chelated with DFX thalassaemia major patients usually plateau 
between 1500 and 2500    µ g/L. Unfortunately, through lack of 
compliance with DFX, premature deaths usually from iron -
 induced cardiac damage may occur in a proportion of thalas-
saemia major patients. Combination therapy or orally active 
drugs alone should be used in these patients.  

  Side -  e ffects 
 These include rare generalized sensitivity reactions, local 
soreness related to the site of injection (usually due to the 
needle being inserted too superfi cially) and exacerbation of 
some infections, notably of the urinary tract and precipitation 
of  Yersinia  enterocolitis. Auditory (high - tone sensorineural 
hearing loss) and visual neurotoxicity (night blindness, visual 
fi eld loss, retinal pigmentation and changes on electrical tests) 
are relatively frequent. Growth and bone defects may also 
occur. The spine may be affected, with sitting height reduced; 
rickets - like bone lesions, genu valgum and metaphyseal changes 
are described, especially in children (Figure  4.6 ).   

 Auditory, visual and growth side - effects of DFX occur mainly 
if the body iron burden is low and doses of DFX high, particu-
larly in children. A therapeutic index can be calculated as 
follows: mean daily dose (mg/kg)/current serum ferritin ( µ g/L). 
If this is below 0.025 at all times, these side - effects of DFX do 
not occur.   

  Deferiprone 

  Pharmacokinetics 
 Deferiprone (1,2 - dimethyl - 3 - hydroxypyrid - 4 - one) is rapidly 
absorbed, appearing in plasma within 15   min of ingestion (see 
Table  4.3 ). The chelator – iron complex is excreted with the free 
drug and glucuronide derivative in urine. Its iron chelation site 

is inactivated by glucuronidation, the speed of which varies 
from patient to patient. This explains much of the individual 
variation in response. It is available both as tablets (500   mg) and 
as a liquid formulation containing 100   mg/mL. 

 Deferiprone mobilizes iron from parenchymal and reticu-
loendothelial pools and from transferrin, ferritin and hae-
mosiderin. The enhanced ability of deferiprone to cross cell 
membranes may underlie its superior ability compared with 
DFX to protect the heart from iron and also the  ‘ shuttle ’  effect 
for iron when the two drugs are given simultaneously (see p. 59 
and Figure  4.7 ). Deferiprone crosses the blood – brain barrier to 
treat neurological conditions with iron loading in the brain. 
Few balance studies have been performed. These suggest that, 
on average, deferiprone 75   mg/kg is about as effective as DFX 
40   mg/kg. Wide individual variations occur, especially with 
deferiprone. Moreover, it is easier for patients to comply with 
deferiprone than DFX on all 7 days each week.    

  Clinical  s tudies 
 The usual dose used has been 75 – 100   mg/kg daily. Serum fer-
ritin levels tend to plateau around 2000 – 2500    µ g/L. MRI studies 
suggest that liver iron may generally be higher in patients 
treated with deferiprone (75   mg/kg 7 days per week) compared 
with those treated with DFX (40   mg/kg 5 days per week). In the 
liver, DFX has the advantage of facilitated transport into cells 
by an active mechanism. Deferiprone, on the other hand, may 
have greater penetration of myocardial cells because of its lower 
molecular weight and because it is lipophilic. Retrospective and 
prospective studies have shown, on the basis of T2 *  MRI meas-
urement of cardiac iron, echocardiography, clinical incidence 
of cardiac disease, need for cardiac therapy and survival, that 

     Figure 4.6     Bone and cartilage defects due to desferrioxamine.  
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deferiprone 75   mg/kg is more effective than DFX at protecting 
the heart from iron - induced cardiomyopathy in routine clinical 
practice.  

  Side -  e ffects 
 The most severe is agranulocytosis (neutrophils  <    0.5    ×    10 9 /L 
on two consecutive counts), with an estimated incidence of 
around 0.5 – 1.0% (0.2 – 0.3 episodes per 100 patient - years). It is 
most frequent in the fi rst year of therapy. Lesser degrees 
of neutropenia (0.5 – 1.5    ×    10 9 /L) are more frequent, around 
3.5 – 8.5%, occurring more frequently in non - splenectomized 
patients. Agranulocytosis and neutropenia spontaneously 
recover when the drug is discontinued, usually within 4 – 28 days 
(median duration 9 days) but occasionally are more prolonged. 
Granulocyte colony - stimulating factor produces a faster recov-
ery. The mechanism appears to be idiosyncratic, more common 
in females, with no defi nite evidence of an immune mechanism 
established. Patients should be monitored by blood counts 
every week for at least the fi rst 8 – 12 weeks of therapy and every 
2 weeks thereafter for 2 years. Agranulocytosis may be more 
frequent in patients with stem cell or progenitor cell defects, 
for example aplastic anaemia, Diamond – Blackfan syndrome 
or myelodysplasia. Deferasirox may be safer for these 
conditions. 

 Painful joints, especially the knees, occur in around 5 – 10% 
in most large series. The incidence has been highest in Indian 
patients. Some but not all studies show that this complication 
is most frequent in the most iron - loaded patients and with 
higher doses of deferiprone. It usually, but not invariably, 
resolves with withdrawal of the drug and it is often possible to 
reintroduce the drug, commencing with lower doses. About 
2.0% of patients permanently discontinue therapy because of 
joint symptoms. 

 Gastrointestinal side - effects (e.g. nausea and abdominal 
pain) occur in about 30% of patients in the fi rst year but 
decrease to 3% in subsequent years. In most the drug can be 

reintroduced long term, initially at a lower dose. The liquid 
preparation appears to produce fewer gastrointestinal symp-
toms. Zinc defi ciency has been described in diabetic and pre -
 diabetic patients. Rarely, it can lead to clinical features, such as 
skin rashes and hair loss. It is easily treated by oral zinc therapy. 
Liver fi brosis was suggested as a complication of deferiprone 
therapy in one study, but larger studies show that liver fi brosis 
is not a consequence of deferiprone. Nevertheless, transient 
increases in liver enzymes have been associated with deferiprone 
therapy in about 7% of patients and about 1% of patients have 
been withdrawn from therapy because of a persistent rise in 
liver enzyme levels. There have been no reports of renal, cardiac 
or neurological side - effects. Embryo toxicity and teratogenicity 
have been reported in non - iron - loaded animals treated with 
deferiprone. Women of childbearing age should be counselled 
to avoid the drug or use contraception but a few uneventful 
pregnancies with healthy newborns have been reported.   

  Combination  t herapy 
 Urine iron excretion when DFX and deferiprone are given 
simultaneously is equivalent to the sum of the excretion when 
the drugs are given on separate days. There is evidence for a 
 ‘ shuttle ’  effect in which deferiprone enters cells, chelates iron 
and then returns to plasma, where the iron is transferred to 
DFX for excretion in urine or bile (Figure  4.7 ). All studies of 
combination therapy, for example deferiprone on 7 days a week 
and DFX on 2 days, have shown a signifi cant fall in serum fer-
ritin and improvement in cardiac and liver iron over 6 – 18 
months. It has been associated with improved survival and 
reversal of endocrinological complications including diabetes, 
hypothyroidism and hypogonadism. The combination has also 
proved successful in reversing severe myocardial siderosis. 
Alternating therapy has also been studied, for example 4 or 5 
days of deferiprone and 2 or 3 days of DFX each week, with 
improved compliance and improved iron status in previously 
poorly compliant (with DFX) children or adults.  

     Figure 4.7     The concept of 

combination therapy: DFO, 

desferrioxamine; DFP, deferiprone; 

NTBI, non - transferrin - bound iron.  
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  Deferasirox 

  Pharmacokinetics 
 Deferasirox, 4 - [3,5 - bis(2 - hydroxyphenyl) - 1,2,4 - triazol - 1 - yl]
benzoic acid (Figure  4.5 ), is a tridentate chelator forming a 2   :   1 
chelator – iron complex and increases predominantly faecal iron 
excretion. After a single oral dose, only 6% of iron excretion 
occurs in the urine (see Table  4.3 ). It is highly selective for iron. 
Peak plasma concentration after a single oral dose occurs at 
about 2 hours, and the drug is still detectable in plasma in 
almost all patients at 24 hours, with a mean elimination half - life 
of between 11 and 19 hours after multiple - dose administration. 
The single daily dose ranges from 20 to 40   mg/kg.  

  Clinical  s tudies 
 Deferasirox has been shown to be effective at eliminating NTBI 
in plasma and reducing serum ferritin and liver iron in heavily 
iron - loaded patients. The effect is dependent on dose and on 
transfusion requirements of the patient. The drug has been 
shown to be safe and effective in children as young as 2 years. 
The starting dose in children is 20   mg/kg daily with subsequent 
dose adjustments. In adults 30 – 40   mg/kg daily may be required 
according to iron stores. Trials lasting for up to 5 years on 
children and adults have not shown any progressive renal, 
hepatic or bone marrow dysfunction and there are no reports 
of deferasirox having negative impact on growth or sexual 
development. 

 Emerging data suggest that deferasirox is effective at remov-
ing cardiac iron and preventing cardiac siderosis in thalassae-
mia major. It has also been shown to maintain or reduce iron 
overload in transfusion - dependent patients with myelodyspla-
sia, Diamond – Blackfan anaemia and aplastic anaemia and in 
iron - loaded sickle cell anaemia patients. Adverse effects in these 
groups appear similar to those with thalassaemia major. The use 
of deferasirox is also being explored in hereditary haemochro-
matosis, chronic hepatitis C infection, porphyria cutanea tarda 
and mucormycosis. 

 The most common adverse effects have been abdominal pain, 
nausea, diarrhoea, vomiting and skin rashes. These decrease in 
frequency annually. They usually respond to dose adjustments, 
taking the drug in the evening or adding products such as 
Lactaid to the diet. Non - progressive increases in serum creati-
nine (defi ned as a rise above the mean pretreatment measure-
ment by more than 33% on two consecutive tests) occur in 
about one - third of patients. These increases are dose dependent 
and resolve spontaneously. Serum creatinine should be meas-
ured in duplicate before therapy and then monthly, with 
signifi cantly increased levels managed by dose reduction or 
interruptions.    

  Thalassaemia  i ntermedia 

 For these patients, and other severely anaemic patients who are 
not transfusion dependent or only need a few transfusions each 

year, iron loading occurs mainly through increased iron absorp-
tion. When anaemia is too severe for venesection, DFX has been 
used but oral iron chelation with deferasirox or deferiprone, 
more easily managed and with better patient compliance, has 
been shown effective in  ‘ de - ironing ’  such patients, potentially 
reducing serum ferritin and liver iron to normal. A rise in hae-
moglobin level may occur. This may be due to removal of iron 
from the renal oxygen sensor, augmenting the effect of hypoxia 
and increasing erythropoietin secretion from the kidney. The 
rise in haemoglobin may also be a result of deferiprone directly 
removing iron from erythroblasts and mature red cells, reduc-
ing ineffective erythropoiesis and haemolysis. Improved hae-
mopoiesis has also been described in myelodysplasia after 
chelation with DFX.  

  Acute  i ron  p oisoning 

 Acute oral iron poisoning produces a severe necrotizing gastritis 
and enteritis, followed by metabolic acidosis and, after a day or 
two, cardiovascular collapse and evidence of liver damage. DFX 
should be given both orally and parenterally. The instillation of 
5   g into the stomach after a 1% sodium bicarbonate gastric 
lavage (to reduce further absorption) and an injection of 1 – 2   g 
i.m. may be tried. If a large number of tablets have been taken, 
an intravenous DFX infusion up to a maximum dose of 80   mg/
kg in 24 hours should be used. Deferiprone and deferasirox 
have not yet been used in this setting.   
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  Introduction 

 The megaloblastic anaemias are a group of disorders character-
ized by the presence of distinctive morphological appearances 
of the developing red cells in the bone marrow. The cause is 
usually defi ciency of either cobalamin (vitamin B 12 ) or folate, 
but megaloblastic anaemia may arise because of inherited or 
acquired abnormalities affecting the metabolism of these vita-
mins or because of defects in DNA synthesis not related to 
cobalamin or folate (Table  5.1 ).    

  Underlying  b asic  s cience 

  Biochemical  b asis of  m egaloblastic  a naemia 

 The common feature of all megaloblastic anaemias is a defect 
in DNA synthesis that affects rapidly dividing cells in the bone 
marrow and other tissues. All conditions that give rise to mega-
loblastic changes share in common a disparity in the rate of 
synthesis or polymerization of the four immediate precursors 

of DNA: the deoxyribonucleoside triphosphates (Figure  5.1 ). In 
defi ciencies of either folate or cobalamin there is a failure to 
convert deoxyuridine monophosphate (dUMP) to deoxythymi-
dine monophosphate (dTMP). The coenzyme 5,10 - methylene 
tetrahydrofolate polyglutamate is needed for this reaction and 
the availability of this coenzyme is reduced in either cobalamin 
defi ciency or folate defi ciency (see below).   

 The reduced supply of deoxythymidine triphosphate (dTTP) 
in megaloblastic anaemia owing to folate or cobalamin defi -
ciency slows elongation of newly originated replicating seg-
ments from multiple sites of origin. Thus small fragments 
accumulate, single - stranded areas become points of weakness 
where mechanical or enzymatic breakage may occur, and the 
failure to form bulk DNA impairs contraction of newly repli-
cated lengths of DNA, leaving the chromosomes elongated, 
despirillated and with random breaks. Late - replicating DNA is 
particularly affected and some cells become arrested and die at 
this stage by apoptosis, which can be prevented  in vitro  by pre-
formed thymidine. Surprisingly, measurements of dTTP con-
centration in megaloblasts have not shown a defi ciency. This 
may be because the overall cell concentration masks a localized 
defi ciency at the multienzyme complex directly concerned with 
DNA replication. 

 An alternative hypothesis for megaloblastic anaemia in 
cobalamin or folate defi ciency is the misincorporation of uracil 
into DNA because of a build - up of deoxyuridine triphosphate 
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(dUTP) at the replication fork as a consequence of the block in 
conversion of dUMP to dTMP (Figure  5.1 ). There is a mecha-
nism for recognition of this aberrant material for excision and 
repair, but with dTTP in short supply this may not be possible. 
Repeated cycles of futile excision and misrepair may occur, with 
disruption of the normal programme of DNA synthesis leading 
to apoptotic cell death. Data on this hypothesis are confl icting. 
It does not explain megaloblastic anaemia due to defects of 
DNA synthesis at sites other than thymidylate synthesis, for 
example with drugs such as hydroxycarbamide (hydroxyurea), 
cytarabine or 6 - mercaptopurine, or with enzyme defi ciencies 
such as orotic aciduria or thiamine - responsive megaloblastic 
anaemia (see below).  

  Cobalamin –  f olate  r elationship 

 Folate is required for many other reactions in mammalian 
tissues, including two in purine synthesis (Table  5.2 ), but 
impairment of these is far less important clinically.   

 Only two reactions in the body are known to require cobala-
min (Figure  5.2 ). Methylmalonyl - CoA isomerization, which 
requires deoxyadenosyl(ado) - cobalamin, is discussed later. 
The methylation of homocysteine to methionine requires both 
5 - methyltetrahydrofolate (methyl - THF) as methyl donor and 
methylcobalamin as coenzyme (Figure  5.3 ). This reaction, 
which is almost completely irreversible, is the fi rst step in the 
pathway by which methyl - THF, which enters bone marrow and 
other cells from plasma, is converted into all the intracellular 
folate coenzymes (Figure  5.3 ). The coenzymes are all polygluta-
mated (the larger size aiding retention in the cell), but the 
enzyme folate polyglutamate synthase requires THF and not 
methyl - THF as substrate. In cobalamin defi ciency, methyl - 
THF accumulates in the plasma, while intracellular folate con-
centrations fall due to failure of formation of intracellular folate 
polyglutamates because of  ‘ THF starvation ’  or  ‘ methylfolate 
trapping ’ .   

 This theory explains the abnormalities of folate metabolism 
that occur in cobalamin defi ciency (high serum folate, low cell 
folate, reduced thymidylate synthesis, positive purine precursor 
AICAR excretion; Table  5.2 ) and also why the anaemia that 
occurs in cobalamin defi ciency will respond to folic acid in large 
doses. The explanation of why serum cobalamin falls in folate 
defi ciency may also be related to impairment of the homo-
cysteine – methionine reaction, with reduced formation of 
methylcobalamin, the main form of cobalamin in plasma, but 
other mechanisms may be responsible.   

  Clinical  f eatures 

 Many symptomless patients are detected through the fi nding of 
a raised mean corpuscular volume (MCV) on a routine blood 

  Table 5.1    Causes of megaloblastic anaemia. 

  Cobalamin defi ciency or abnormalities of cobalamin metabolism 

(Table  5.4 ) 

 Folate defi ciency or abnormalities of folate metabolism 

(Table  5.7 ) 

 Therapy with antifolate drugs (e.g. methotrexate) 

 Independent of either cobalamin or folate defi ciency and 

refractory to cobalamin and folate therapy: 

    Some cases of acute myeloid leukaemia, myelodysplasia  *   

    Therapy with drugs interfering with DNA synthesis (e.g. 

cytarabine, hydroxycarbamide, 6 - mercaptopurine, 

azidothymidine) 

    Orotic aciduria (responds to uridine) 

    Lesch – Nyhan syndrome (? responds to adenine)  

    * Folate defi ciency also occurs frequently in these diseases.   

DHF
polyglutamate

THF
polyglutamate

THF

Methyl-THF

Methyl-THF

 B12

5,10-methylene-THF
polyglutamate

dUMP

Cell membrane

Plasma

Small intestine

dTMP

Dietary folates

dTDP

dTTPdCTPdGTPdATP

DNA

Methionine

Homocysteine

Methotrexate

     Figure 5.1     Role of folate (as 5,10 - methylene - THF polyglutamate 

and methylcobalamin) in DNA synthesis. THF, tetrahydrofolate; 

MP, monophosphate; TP, triphosphate; d, deoxyribose; 

A, adenine; T, thymine; C, cytosine; G, guanine.  
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  Table 5.2    Biochemical reactions of folate coenzymes. 

   Reaction     Coenzyme form of 

folate involved  

   Single - carbon unit 

transferred  

   Importance  

   Formate activation     THF     – CHO    Generation of 10 - formyl - THF  

   Purine synthesis   

  Formation of glycinamide 

ribonucleotide  

  5,10 - Methenyl - THF     – CHO    Formation of purines needed for DNA, RNA 

synthesis, but reactions probably not rate 

limiting  

  Formylation of amino - imidazole -  

carboxamide - ribotide (AICAR)  

  10 - Formyl - THF     – CHO      

   Pyrimidine synthesis   

  Methylation of deoxyuridine 

monophosphate (dUMP) to 

thymidine monophosphate 

(dTMP)  

  5,10 - Methenyl - THF     – CH 3     Rate limiting in DNA synthesis  

  Oxidizes THF to DHF 

 Some breakdown of folate at the C - 9 – N - 10 

bond  

   Amino acid interconversion   

  Serine – glycine interconversion    THF     = CH 2     Entry of single - carbon units into active pool  

  Homocysteine to methionine    5 - Methyl - THF     – CH 3     Demethylation of 5 - methyl - THF to THF; also 

requires cobalamin, fl avine adenine 

dinucleotide, ATP and adenosylmethionine  

  Forminoglutamic acid to glutamic 

acid in histidine catabolism  

  THF     – HN – CH =     Basis of the Figlu test (now obsolete)  

   DHF, dihydrofolate; THF, tetrahydrofolate.   
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     Figure 5.2     Intracellular cobalamin 

metabolism. Cbl 1+ , Cbl 2+  and Cbl 3+  

refer to the oxidation state of the 

central cobalt atom of cobalamin. 

A – G refer to the sites of blocks 

that have been identifi ed by 

complementation analysis in infants 

with metabolic defects. AdoCbl, 

adenosylcobalamin; MeCbl, 

methylcobalamin; TC, transcobalamin. 
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indicated.  (From Lilleyman JS, Hann 

IM, Blanchette VS (eds) (1999) 

 Paediatric Haematology , 2nd edn. 

Churchill Livingstone, Edinburgh with 

permission.)   
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numbers of multinucleate and dying cells. The defi ciencies may 
cause cervical smear abnormalities.  

  Complications of  p regnancy 
 The gonads are also affected and infertility is common in both 
men and women with either defi ciency if severe. Maternal folate 
defi ciency has been implicated as a cause of prematurity and 
both folate and cobalamin defi ciency have been implicated in 
recurrent fetal loss.  

  Neural  t ube  d efects 
 Folic acid supplements at the time of conception and in the fi rst 
12 weeks of pregnancy reduce by about 70% the incidence of 
neural tube defects (NTDs)  –  anencephaly, meningomyelocele, 
encephalocele and spina bifi da  –  in the fetus. Most of this pro-
tective effect can be achieved by taking folic acid 0.4   mg daily. 
The incidence of cleft palate and harelip can also be reduced by 
prophylactic folic acid. There is no clear simple relationship 
between maternal folate status and these fetal abnormalities, 
although the lower the maternal folate, the greater the risk to 
the fetus. NTDs can also be caused by antifolate and antiepilep-
tic drugs. 

count. The main clinical features in more severe cases are those 
of anaemia. Anorexia is usually marked and there may be 
weight loss, diarrhoea or constipation. Other particular features 
include glossitis, angular cheilosis, a mild fever in the more 
severely anaemic patients, jaundice (unconjugated) and revers-
ible melanin skin hyperpigmentation, which may occur with 
either defi ciency. Thrombocytopenia sometimes leads to bruis-
ing (and this may be aggravated by vitamin C defi ciency in 
malnourished patients. The (anaemia and) low leucocyte count 
may predispose to infections, particularly of the respiratory or 
urinary tracts. Cobalamin defi ciency has also been associated 
with impaired bactericidal function of phagocytes. 

  General  t issue  e ffects of  c obalamin and 
 f olate  d efi ciencies 

  Epithelial  s urfaces 
 These defi ciencies, when severe, affect all rapidly growing 
(DNA - synthesizing) tissues. After the marrow, the next most 
affected tissues are the epithelial cell surfaces of the mouth, 
stomach, small intestine and respiratory, urinary and female 
genital tracts. The cells show macrocytosis, with increased 
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does suggest that folic acid supplementation reduces the risk 
of stroke by 18% but even this is not certain, depending on 
which data are included in the analysis. Extremely high levels 
of homocysteine ( > 50    µ mol/L) are toxic to endothelia. When 
homocysteine levels are only mildly (15 – 25    µ mol/L) or moder-
ately (25 – 50    µ mol/L) elevated, then another mechanism needs 
to be invoked to explain vascular damage or increased risk 
of thrombosis. Several mechanisms have been proposed, 
including oxidant damage through the generation of peroxide 
produced during thiol oxidation to form disulphides and 
interaction of free reduced homocysteine with cysteine residues 
on coagulation factors, platelets, adhesion molecules or 
endothelial cells. Promotion of vascular wall infl ammation 
through the generation of proinfl ammatory cytokines and 
interference with key methylation reactions are also possible 
mechanisms.  

  Malignancy 
 Prophylactic folic acid in pregnancy has been found in some 
but not all studies to reduce the subsequent incidence of 
acute lymphoblastic leukaemia (ALL) in childhood. A signifi -
cant negative association has been found with the  MTHFR  
677C → T and 1298A → C polymorphisms and the incidence of 
both paediatric and adult ALL. There are various positive and 
negative associations between polymorphisms in other folate -
 dependent enzymes and the incidence of paediatric and adult 
ALL. Other tumours that have been associated with folate poly-
morphisms or status include follicular lymphoma, breast cancer 
and gastric cancer. 

 The C677T polymorphism is thought to lead to increased 
thymidine pools and  ‘ better quality ’  of DNA synthesis by 
shunting one - carbon groups towards thymidine and purine 
synthesis. This may also explain its reported association with a 
lower risk for colorectal and gastric cancer. The incidence of 
colon cancer was also lower in subjects taking vitamin supple-
ments containing folic acid and in those with higher folate 
intake compared with control subjects in the Nurses Health 
Study, and increased folate intake may mask the protective 
effect of the C677T and A1298C polymorphisms. There is 
no correlation between pre - diagnostic plasma folate and risk 
of death in patients with colorectal cancer. One study showed 
no overall difference in incidence of colonic adenoma in sub-
jects taking folic acid or controls but a higher incidence of 
multiple ( > 3) adenomas in those taking folic acid. However, the 
statistics have been questioned and other studies have shown a 
lower incidence of colonic adenoma with higher folate intake. 
Folate defi ciency is postulated to predispose to malignancy by 
reducing the ratio of  S  - adenosylmethionine (SAM) to  S  -
 adenosylhomocysteine (SAH), causing DNA hypomethylation 
and, by resulting in uracil misincorporation into DNA, possibly 
leading to double - strand breaks. Most recent data from large 
prospective trials suggest no signifi cant effect of folic acid on 
the incidence or progress of any cancer.  

 An underlying maternal folate metabolic abnormality has 
also been postulated. One abnormality has been identifi ed: 
reduced activity of the enzyme 5,10 - methylenetetrahydrofolate 
reductase (MTHFR) (Figure  5.3 ) caused by a common 677C → T 
polymorphism in the  MTHFR  gene. In one study, the preva-
lence of this polymorphism was found to be higher in the 
parents of NTD fetuses and in the fetuses themselves: homozy-
gosity for the TT mutation was found in 13% compared with 
5% in control subjects. The polymorphism codes for a thermo-
labile form of MTHFR. The homozygous state results in lower 
mean serum and red cell folate compared with control subjects, 
as well as signifi cantly higher serum homocysteine levels. 
Tests for mutations in other enzymes possibly associated with 
NTDs, for example methionine synthase or serine – glycine 
hydroxymethylase, have been negative. Autoantibodies to folate 
receptors (see    p. 77 ) had been suggested to cause NTDs but this 
has not been confi rmed in a recent large study.  

  Cardiovascular  d isease 
 Children with severe homocystinuria (blood levels of 100    µ mol/L 
or more) due to defi ciency of one of three enzymes, methionine 
synthase, MTHFR or cystathionine synthase (Figure  5.3 ), 
suffer from vascular disease (e.g. ischaemic heart disease, cere-
brovascular disease or pulmonary embolus) as teenagers or in 
young adulthood. Meta - analysis shows a signifi cant association 
between lesser degrees of raised serum homocysteine (normal 
range 5 – 15    µ mol/L) and of homozygosity for mutated  MTHFR  
with ischaemic heart disease, stroke, deep vein thrombosis and 
pulmonary embolism. The odds ratios for a 5 -  µ mol/L increase 
in serum homocysteine were 1.42 in 72 genetic (MTHFR) 
studies and 1.32 in 20 prospective studies of serum homo-
cysteine, 1.60 for deep vein thrombosis with or without pulmo-
nary embolism in genetic studies, and for stroke 1.65 in genetic 
studies and 1.59 in prospective studies. As the genetic and pro-
spective studies do not share the same potential sources of error 
but both yield highly signifi cant results, the authors considered 
the results strong evidence of a causal association between 
homocysteine and cardiovascular disease. 

 Heterozygosity for the C677T mutation has also been shown 
to be associated with an increase in the risk of thrombosis in 
subjects heterozygous for factor V Leiden. It remains possible 
that homocysteine levels may be high as a consequence of the 
vascular damage or may merely be a marker for some other 
underlying factor that is responsible for both the vascular 
damage and the raised homocysteine. Folate defi ciency, for 
example, may be such a factor. Folate levels have been found in 
various studies to be lower in patients with myocardial infarct 
and carotid artery disease than control subjects. There are some 
reports of prevention of arterial disease recurrence or pro-
gression by prophylactic folic acid or cobalamin but the results 
are confl icting. Meta - analysis of data from large multicentre 
prospective trials of folic acid in prevention of coronary 
vascular disease do not show a positive effect. Meta - analysis 
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higher homocysteine levels and Alzheimer disease, loss of cog-
nitive function or brain volume loss have been reported. 
However, trials of supplementation with folic acid, vitamin B 12  
and vitamin B 6  have not shown a benefi t in preventing progres-
sion of the dementia compared with a control group, or in 
improving cognitive function.    

  Haematological  fi  ndings 

  Peripheral  b lood 

 Oval macrocytes, usually with considerable anisocytosis and 
poikilocytosis, are the main feature (Figure  5.4 a). The MCV is 
usually more than 100   fL unless a cause of microcytosis (e.g. 
iron defi ciency or thalassaemia trait) is present, when there is a 
raised red cell distribution width (RDW) and the fi lm is dimor-
phic. In other cases, the MCV may be normal owing to excess 
fragmentation of red cells. Some of the neutrophils are hyper-
segmented (more than fi ve nuclear lobes). Both macrocytosis 
and hypersegmented neutrophils may also occur in other situ-
ations (Table  5.3 ). Together, however, they strongly suggest 
megaloblastic haemopoiesis. There may be leucopenia due to a 
reduction in granulocytes and lymphocytes; the platelet count 
may be moderately reduced, rarely to less than 40    ×    10 9 /L. 
Occasionally, a leucoerythroblastic blood picture is seen. In the 
non - anaemic patient, the presence of a few macrocytes and 

  Other  t issues 
 Folate defi ciency causes reduced regeneration of cirrhotic liver. 
Patients with gluten - induced enteropathy and those with sickle 
cell anaemia have also been reported to show stunted growth, 
which has been improved coincidentally with commencement 
of folic acid therapy, but it is not certain how much the growth 
improvement in these children was due to folic acid and how 
much to other, simultaneously administered vitamins. In the 
fragile X syndrome, sister chromatid exchange and DNA breaks 
are increased  in vitro  in a folate - defi cient medium, apparently 
at the Xq28 site. No  in vivo  abnormality of folate metabolism 
can be detected.  

  Neurological  m anifestations 
 Cobalamin defi ciency may cause bilateral peripheral neuropa-
thy or degeneration (demyelination) of the posterior and 
pyramidal tracts of the spinal cord and, less frequently, optic 
atrophy or cerebral symptoms. The patient classically presents 
with paraesthesiae, muscle weakness or diffi culty in walking and 
sometimes dementia, psychotic disturbances or visual impair-
ment. Long - term nutritional cobalamin defi ciency in infancy 
leads to poor brain development and impaired intellectual 
development. Folate defi ciency may cause mental changes such 
as depression and slowness and has been suggested to cause 
organic nervous disease, but this is uncertain. Autoantibodies to 
the folate receptor involved in transport of folate into cerebro-
spinal fl uid have been postulated to be associated with autism -
 associated neurological abnormalities. Methotrexate injected 
into the cerebrospinal fl uid may cause brain or spinal cord 
damage. Neural tube defects in the fetus are discussed above. 

 The biochemical basis for cobalamin neuropathy remains 
obscure. Its occurrence in the absence of methylmalonic aci-
duria in transcobalamin defi ciency, and in monkeys given 
nitrous oxide (N 2 O), suggests that the neuropathy is related to 
the defect in conversion of homocysteine to methionine. 
Accumulation of SAH in the brain, resulting in inhibition of 
transmethylation reactions due to an altered SAM to SAH ratio, 
has been suggested. SAM is needed in methylation of biogenic 
amines (e.g. dopamine), as well as of proteins, phospholipids 
and neurotransmitters in the brain (see Figure  5.3 ). A reduced 
ratio of SAM to SAH is postulated to result in reduced methyla-
tion. However, measurements of methylation of arginine in 
myelin basic protein in fruit bats with cobalamin neuropathy, 
or in rats exposed to N 2 O, showed no defect of methylation. 
Psychiatric disturbance is common in both folate and cobala-
min defi ciencies. Loss of cognitive function in the elderly has 
been associated with high plasma homocysteine and low vitamin 
B 12  and folate levels. This, like the neuropathy, has been attrib-
uted to a failure of the synthesis of SAM. 

 Plasma homocysteine is a risk factor for dementia and 
Alzheimer disease, shown in a median follow - up period of 8 
years in one study of 1092 subjects. Studies showing an associa-
tion between lower serum levels of folate or cobalamin and 

  Table 5.3    Conditions in which macrocytosis or hypersegmented 

neutrophils may occur in the absence of megaloblastic anaemia. 

   Macrocytosis  

 Alcohol 

 Liver disease (especially alcoholic) 

 Reticulocytosis (haemolysis or haemorrhage) 

 Aplastic anaemia or red cell aplasia 

 Hypothyroidism 

 Myelodysplasia 

 Myeloma and macroglobulinaemia 

 Leucoerythroblastic anaemia 

 Myeloproliferative disease 

 Pregnancy 

 Newborn 

 Congenital dyserythropoietic anaemia (type II) 

 ? Chronic respiratory failure 

  Hypersegmented neutrophils  

 Renal failure 

 Congenital (familial) 

 ? Iron defi ciency  

   Note: Falsely high MCV recorded when cold agglutinins, 

paraproteins or marked leucocytosis are present.   
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malignant disease, haemolysis) and the megaloblastosis is an 
incidental phenomenon. The term  ‘ megaloblastoid ’  has several 
different connotations including the dysplastic changes seen in 
the myelodysplastic syndromes and is best avoided.  

  Chromosomes 

 Bone marrow cells, transformed lymphocytes and other prolif-
erating cells in the body show a variety of changes including 
random breaks, reduced contraction, spreading of the centro-
mere, and exaggeration of secondary chromosomal constric-
tions and overprominent satellites. Similar abnormalities may 
be produced by antimetabolite drugs (e.g. cytarabine, hydroxy-
carbamide and methotrexate) that interfere with either DNA 
replication or folate metabolism and which also cause megalob-
lastic appearances.  

  Ineffective  h aemopoiesis 

 There is accumulation of unconjugated bilirubin in plasma due 
to the death of nucleated red cells in the marrow (ineffective 
erythropoiesis). Other evidence for this includes raised urine 
urobilinogen, reduced haptoglobins and positive urine haemo-
siderin, raised serum lactate dehydrogenase to values between 
1000 and 10   000   IU/dL, and raised serum iron, non - transferrin -
 bound iron and ferritin levels. Carbon monoxide production is 
also increased. Serum lysozyme may also be raised, suggesting 
ineffective granulopoiesis. 

 In rare patients, ineffective haemopoiesis is associated with 
features of disseminated intravascular coagulation, with raised 

hypersegmented neutrophils in the peripheral blood may be the 
only abnormalities.      

  Bone  m arrow 

 In the severely anaemic patient, the marrow is hypercellular 
with accumulation of primitive cells due to selective death of 
more mature forms. The most characteristic fi nding is dissocia-
tion between nuclear and cytoplasmic development in the 
erythroblasts, with the nucleus maintaining a primitive appear-
ance despite maturation and haemoglobinization of the cyto-
plasm; fully haemoglobinized (orthochromatic) erythroblasts, 
which retain nuclei, may be seen. The nucleus of the megalob-
last has an open, fi ne, lacy appearance; the cells are larger than 
normoblasts and an increased number of cells with eccentric 
lobulated nuclei or nuclear fragments may be present (Figure 
 5.4 b). Mitoses and dying cells are more frequent than normal. 
Giant and abnormally shaped metamyelocytes and enlarged 
hyperpolyploid megakaryocytes are characteristic. Severe fl orid 
megaloblastic changes may be confused with acute erythroid 
leukaemia. Rarely, the marrow may be hypocellular or red cell 
precursors are lost almost completely from the marrow and a 
mistaken diagnosis of myeloid leukaemia may be made. Iron 
staining shows increase in both reticuloendothelial stores and 
in the developing megaloblasts. 

 In less anaemic patients, the changes in the marrow may be 
diffi cult to recognize. The terms  ‘ intermediate ’ ,  ‘ mild ’  and 
 ‘ early ’  have been used. The changes may be mild and diffi cult 
to recognize, even in a severely anaemic patient, if the anaemia 
is largely due to other factors (e.g. iron defi ciency, infection, 

(a) (b)

     Figure 5.4     Severe megaloblastic anaemia: (a) peripheral blood; (b) bone marrow.  
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humans is food of animal origin. The highest amounts are 
found in liver and kidney (up to 100    µ g per 100   g), but it is also 
present in shellfi sh, organ and muscle meats, fi sh, chicken and 
dairy products (eggs, cheese and milk) in small amounts 
(6    µ g/L). Vegetables, fruits and all other foods of non - animal 
origin are free from cobalamin unless they are contaminated by 
bacteria. Cooking does not usually destroy cobalamin. 

 A normal Western diet contains 5 – 30    µ g of cobalamin daily. 
Adult daily losses (mainly in the urine and faeces) are about 
1 – 2    µ g (about 0.1% of body stores) and because the body does 
not have the ability to degrade cobalamin, daily requirements 
are also about 1    µ g. Body stores are of the order of 2 – 3   mg and 
are suffi cient for 3 – 4 years if supplies are completely cut off.  

  Absorption 

 Two mechanisms exist for cobalamin absorption. One is passive, 
occurring equally through the duodenum and the ileum; it is 
rapid but extremely ineffi cient as less than 1% of an oral dose 
can be absorbed by this process. Passive absorption of cobala-
min can also occur through other mucous membranes such as 
the sublingual and nasal mucosae. The other mechanism is 
active; it occurs through the ileum in humans and is effi cient 
for small (a few micrograms) oral doses of cobalamin. This is 
the normal mechanism by which the body acquires cobalamin 
and is mediated by gastric intrinsic factor (IF). 

 Dietary cobalamin is released from protein complexes by 
enzymes in the stomach, duodenum and jejunum; it combines 
rapidly with a salivary glycoprotein (R binder) related to plasma 
transcobalamin I (TCI). These belong to the family of cobala-
min - binding proteins known as haptocorrins (HCs), which 
differ only in glycosylation. They are products of a single gene 
( TCN1 ), and they occur in saliva, gastric juice, bile, milk and 
other body fl uids. Subsequently, HC is digested by pancreatic 
trypsin and the cobalamin transferred to IF. Binding of cobala-
min to IF is favoured by an alkaline pH; it binds one molecule 
for one molecule. All forms of cobalamin are absorbed by the 
same IF mechanism (Figure  5.6 ). Pseudo - cobalamin com-
pounds, in which the 5,6 - dimethylbenzimidazole nucleotide is 
replaced by other nucleotides that may attach to HC, do not 
attach to IF and therefore remain unabsorbed.   

 Intrinsic factor is a glycoprotein (molecular weight 45   000) 
encoded by a gene on chromosome 11q13. It is produced in 
gastric parietal cells in the fundus and body of the stomach. The 
IF – cobalamin complex, in contrast with free IF, is resistant to 
enzyme digestion, having a more closed structure. The IF –
 cobalamin complex passes to the ileum, where IF attaches to a 
specifi c receptor (cubilin, molecular weight 460   000) on the 
microvillus membrane of the brush border surface of the ileal 
absorptive cells. Cubilin (gene located on chromosome 10p12.1) 
is also present in yolk sac and renal proximal tubular epithe-
lium. The attachment of the IF – cobalamin complex requires 
calcium ions and a pH around neutral. It is probably a physical 

serum fi brin degradation products. Thrombocytopenia, when 
it occurs, is usually caused by ineffective megakaryopoiesis. A 
weakly positive direct antiglobulin test due to complement can 
lead to a false diagnosis of autoimmune haemolytic anaemia.   

  Cobalamin 

 Cobalamin (vitamin B 12 ) exists in a number of different chemi-
cal forms. The molecule consists of two halves: a planar group 
and a nucleotide set at right angles to it (Figure  5.5 ). The planar 
group is a corrin ring and the nucleotide consists of a base, 
5,6 - dimethylbenzimidazole, and a phosphorylated sugar, 
ribose - 5 - phosphate. In nature, the vitamin is mainly in the 
5 ′  - deoxyadenosyl (ado) form. This is the main form in human 
tissues and is located in the mitochondria. It serves as the cofac-
tor for methylmalonyl - CoA mutase. The other major natural 
cobalamin is methylcobalamin, the main form in human 
plasma and cell cytoplasm. It serves as the cofactor for methio-
nine synthase. There are also minor amounts of hydroxocobala-
min, the form to which methyl -  and ado - cobalamin are rapidly 
converted by exposure to light, hydroxocobalamin having its 
cobalt atom in the fully oxidized Cbl 3+  state, whereas the cobalt 
exists as reduced Cbl 1+  in the methyl -  and ado - cobalamin forms 
(see Figure  5.2 ). A glutathionyl cobalamin form has also been 
identifi ed.   

  Dietary  s ources and  r equirements 

 Cobalamin is synthesized solely by microorganisms. Ruminants 
obtain cobalamin from the foregut but the only source for 
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     Figure 5.5     The structure of vitamin B 12  (cyanocobalamin).  
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(Figure  5.7 ). One HC (also known as TCI) is a glycoprotein. 
TCIII was a name used to describe a minor isoprotein of TCI 
in plasma. These HCs are derived primarily from the specifi c 
granules in neutrophils and are normally about two - thirds satu-
rated with cobalamin, which they bind tightly. They do not 
enhance cobalamin entry into tissues. Glycoprotein receptors 
on liver cells are concerned in the removal of HCs from plasma, 
and HC may have a role in the transport of cobalamin ana-
logues to the liver for excretion in bile. The gene,  TCN1 , is 
located on chromosome 11q11 – q12.3, has nine exons and codes 
a protein of 433 amino acids. Heterozygous, homozygous or 
compound heterozygous mutations in the gene may cause mild 
or severe reductions in serum vitamin B 12  respectively with no 
known clinical consequences.   

process, not requiring energy. Cubulin traffi cs by means of the 
protein amnionless (AMN, molecular weight 480   000). Cubulin 
and AMN are subunits of a novel complex in which AMN binds 
tightly to cubulin and directs sublocalization and endocytosis 
of cubulin with its ligand (IF – cobalamin complex). Defects in 
cubulin and AMN are implicated in autosomal recessive mega-
loblastic anaemia, characterized by intestinal malabsorption of 
cobalamin (see    p. 73 ). A third protein, megalin (LRP2), has 
been suggested to play a role in stabilizing the cubilin – AMN 
complex. 

 Cobalamin then enters the ileal cell, but the exact fate of IF 
is unknown. IF does not enter the bloodstream as such, as after 
a delay of about 6 hours absorbed cobalamin appears in portal 
blood attached to transcobalamin (TCII), which is probably 
synthesized in the ileum, either by mucosal cells or by venous 
endothelial cells in the submucosa. 

 The ileum has a restricted capacity to absorb cobalamin 
because of limited receptor sites. Although 50% or more of a 
single dose of 1    µ g of cobalamin may be absorbed, with doses 
above 2    µ g the proportion absorbed falls rapidly. Moreover, 
after one dose of IF – cobalamin complex has been presented, 
the ileal cells become refractory to further doses for about 
6 hours.  

  Enterohepatic  c irculation 

 Between 0.5 and 5.0    µ g of cobalamin enter the bile each day. 
This binds to IF and a portion of biliary cobalamin is normally 
reabsorbed together with cobalamin derived from sloughed 
intestinal cells. Bile may enhance cobalamin absorption. 
Cobalamin defi ciency develops more rapidly in individuals who 
malabsorb cobalamin than it does in vegans, who ingest no 
cobalamin but in whom reabsorption of biliary cobalamin is 
intact.  

  Transport 

 Two main cobalamin - binding proteins exist in human plasma; 
they both bind cobalamin one molecule for one molecule 

(or      CH3 or      OH or deoxyadenosyl)
(a) (b)

C0

CN

     Figure 5.6     (a) Intrinsic factor; 

(b) intrinsic factor – cobalamin 

complex. Intrinsic factor has been 

estimated to have a molecular radius 

of 3.6   nm, vitamin B 12  0.8   nm and the 

complex 3.2   nm.  
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     Figure 5.7     The serum cobalamin - binding proteins (TCs, 

transcobalamins). Dark blue rectangles indicate endogenous 

serum cobalamin; light blue rectangles indicate unsaturated 

cobalamin - binding protein; HCs, haptocorrins.  
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glycosylated; the gene is located at chromosome 19p15.2. It is 
more heavily expressed in dividing than quiescent cells, and is 
recycled to the cell surface. Megalin (LRP - 2) is also involved in 
the endocytosis of TC – cobalamin.  

  Cobalamin  a nalogues 

 Cobalamin analogues are corrinoids, which exist as cobamides 
(containing substitutions in the place of ribose, e.g. adenosyl) 
or as cobinamides (which have no nucleotide whatever). HC 
may carry analogues to the liver for excretion in the bile. It is 
unclear whether they are inert or inhibit cobalamin - dependent 
reactions. The proportion of analogues derived from diet, gut 
bacteria or endogenous breakdown of cobalamins is unknown. 
They are present in fetal blood and tissues.  

  Causes of  c obalamin  d efi ciency 

 Cobalamin defi ciency is usually due to malabsorption. The only 
other cause is inadequate dietary intake. Cobalamin defi ciency 
due to excess degradation occurs as a result of exposure to the 
anaesthetic gas N 2 O. N 2 O causes irreversible oxidation of the 
active Cbl 1+  during catalytic shunting of labile methyl groups in 
the methionine synthase reaction (see Figure  5.2 ). 

  Inadequate  d ietary  i ntake 

  Adults 
 Dietary cobalamin defi ciency arises in vegans who omit meat, 
fi sh, eggs, cheese and other animal products from their diet. The 
largest group in the world consists of Hindus, and many mil-
lions of Indians are at risk of defi ciency on a nutritional basis. 
However, not all vegans develop cobalamin defi ciency of suf-
fi cient severity to cause anaemia or neuropathy, even though 
subnormal cobalamin levels have been found in up to 50% of 
randomly selected, young, adult Indian vegans. Dietary cobala-
min defi ciency may also arise rarely in non - vegetarian subjects 
who exist on grossly inadequate diets because of poverty or 
psychiatric disturbance. Explanations of why nutritional cobala-
min defi ciency may not progress to megaloblastic anaemia 
include the following. 
  1     The diet of most vegans is probably not totally lacking 
cobalamin. The serum cobalamin level may not be an accurate 
measure of their body stores.  
  2     The enterohepatic circulation of cobalamin is still intact in 
vegans and thus losses are less (about 1    µ g daily) than in condi-
tions of malabsorption (about 2    µ g gdaily).  
  3     Daily losses of cobalamin are thought to be related to body 
stores; therefore, as the body stores become depleted, daily 
losses become smaller and the amount of cobalamin needed to 
maintain the status quo may also become smaller.     

 The other major cobalamin transport protein in plasma is 
transcobalamin (TC, also known as TCII). TC is a  β  - globulin 
(molecular weight 38   000) synthesized by liver, and by other 
tissues including macrophages, endothelial and possibly ileal 
cells. It normally carries only 20 – 60   ng of cobalamin per litre of 
plasma and readily gives up cobalamin to marrow, placenta and 
other tissues, which it enters by receptor - mediated endocytosis 
via clathrin - coated pits. TC is not reutilized. The gene is on 
chromosome 22q11 – q13.1 and, as for IF and HC, there are nine 
exons. The three proteins are likely to have a common ancestral 
origin. TC has 20% amino acid homology and more than 50% 
nucleotide homology with human HC and with rat IF. The 
regions of homology of HC, TC and IF are involved in cobala-
min binding. Five different inherited isoproteins of TC, 
separated by polyacrylamide gel electrophoresis, have been 
described; all are functionally active. TC occurs in cerebrospinal 
fl uid and binds cobalamin (approximately 10   ng/L) there. 
Alterations may occur in TC and HC levels in a variety of 
disease states (Table  5.4 ). In general, an increase in HC causes 
an increase in serum cobalamin, whereas an increase in TC does 
not.   

 The TC receptor belongs to the low - density lipoprotein 
receptor family. It is composed of 282 amino acids and is heavily 

  Table 5.4    Alterations in plasma cobalamin - binding proteins in 

disease. 

   Haptocorrin  

 Increased (usually with elevated serum cobalamin) 

    Myeloproliferative diseases, especially chronic myeloid 

leukaemia, myelosclerosis, polycythaemia vera 

    Hepatoma 

    Increased granulocyte production (e.g. infl ammatory bowel 

disease, liver abscess) 

    Eosinophilia due to hypereosinophilic syndrome 

 Congenital absence 

    Low total serum cobalamin 

    No clear clinical abnormality 

  Transcobalamin (II)  

 Increased (sometimes with no elevation of serum cobalamin) 

    Liver disease 

    Gaucher disease 

    Autoimmune disease 

    Long - continued hydroxocobalamin therapy 

 Congenital absence 

    Normal or decreased total serum cobalamin 

    Megaloblastic anaemia or pancytopenia within a few weeks of 

birth 

    Impaired cobalamin absorption, may be associated with 

defective cellular and humoral immunity  
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with premature greying, blue eyes and vitiligo, and in persons 
of blood group A. An association with human leucocyte antigen 
(HLA) - 3 has been reported in some but not all series and in 
those with endocrine disease, with HLA - B8,  - B12 and  - BW15. 
The life expectancy has been estimated as normal in women 
once regular treatment has begun. Men have a slightly subnor-
mal life expectancy as a result of a higher incidence of carci-
noma of the stomach than in control subjects.   

  Diagnosis 
 This is usually suspected from the clinical picture and the fi nd-
ings of megaloblastic anaemia due to cobalamin defi ciency. A 
lack of IF has been demonstrated by cobalamin absorption 
studies but this test is no longer available in most countries. 
Tests for circulating gastric autoantibodies are also important. 
Direct measurements on gastric juice following pentagastrin 
stimulation are now rarely performed. Hydrochloric acid or 
pepsin production and IF output were previously measured. 
The serum gastrin level is usually raised in PA ( > 200    µ g/L), the 
hormone coming from endocrine cells in the gastric fundus. 
Raised serum gastrin also occurs in simple atrophic gastritis. 
Serum pepsinogen I levels are low ( <    30    µ g/L) in over 90% of 
those affected and a low ratio of serum pepsinogen I to pep-
sinogen II correlates with the presence of chronic atrophic 
gastritis.  

  Infants 
 Cobalamin defi ciency has been described in infants born to 
severely cobalamin - defi cient mothers. These infants develop 
megaloblastic anaemia at about 3 – 6 months of age since they 
are born with low stores of cobalamin and are then fed breast 
milk of low cobalamin content. This occurs most commonly in 
Indian vegans, but a similar condition has also been described 
in unrecognized maternal pernicious anaemia and in strict 
practitioners of veganism living in Western countries whose 
offspring have shown growth retardation, impaired psychomo-
tor development and other neurological sequelae.   

  Gastric  c auses of  c obalamin  m alabsorption   
(Tables  5.5  and  5.6 )   

  Pernicious  a naemia 
 Pernicious anaemia (PA) may be defi ned as a severe lack of IF 
due to gastric atrophy. It is a common disease in northern 
Europeans but occurs in all countries and ethnic groups. The 
overall incidence is about 120 per 100   000 population in the UK, 
but there is wide variation between one area and the next. The 
prevalence rate in Western countries may be as high as 2 – 3%. 
The ratio of incidence in men and women is approximately 
1   :   1.6 and the peak age of onset is 60 years, with only 10% of 
patients presenting being less than 40 years of age. In some 
ethnic groups, notably black people and Latin Americans, the 
age of onset of PA is generally lower. The disease occurs more 
commonly than by chance in close relatives, in subjects with 
other organ - specifi c autoimmune diseases (see below), in those 

  Table 5.5    Causes of cobalamin defi ciency causing megaloblastic 

anaemia. 

   Nutritional  

 Vegans 

  Malabsorption  

 Pernicious anaemia 

  Gastric causes  

 Congenital intrinsic factor defi ciency or functional abnormality 

 Total or partial gastrectomy 

  Intestinal causes  

 Intestinal stagnant loop syndrome: jejunal diverticulosis, ileocolic 

fi stula, anatomical blind loop, intestinal stricture, etc. 

 Ileal resection and Crohn ’ s disease 

 Selective malabsorption with proteinuria 

 Tropical sprue 

 Transcobalamin defi ciency 

 Fish tapeworm  

  Table 5.6    Malabsorption of cobalamin may occur in the 

following conditions but is not usually suffi ciently severe and 

prolonged to cause megaloblastic anaemia. 

   Gastric causes  

 Simple atrophic gastritis (food cobalamin malabsorption) 

 Zollinger – Ellison syndrome 

 Gastric bypass surgery 

 Use of proton pump inhibitors 

  Intestinal causes  

 Gluten - induced enteropathy 

 Severe pancreatitis 

 HIV infection 

 Radiotherapy 

 Graft - versus - host disease 

  Defi ciency states  

 Cobalamin, folate, protein, ?ribofl avin, ?nicotinic acid 

  Drug therapy  

 Colchicine,  p  - aminosalicylate, neomycin, slow - release potassium 

chloride, anticonvulsant drugs, metformin, phenformin, 

cytotoxic drugs 

  Alcohol   
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 ATPase). The sera of PA patients may also contain an autoan-
tibody to the gastrin receptor, although this test is not used 
clinically.     

  Association with  o ther  ‘  a utoimmune ’   d iseases 
 There is a clinical association between PA and thyroid diseases, 
vitiligo, hypoparathyroidism and Addison disease. These dis-
eases are often found in close relatives of patients with overt 
disease due to one of these conditions.  

  Response to  s teroid  t herapy 
 Steroid therapy improves the gastric lesion, at least temporarily, 
in a proportion of patients with PA. There may be regeneration 
of the mucosa with a return of secretion of acid and IF, and an 
improvement in cobalamin absorption. When steroid therapy 
is withdrawn, there is relapse within a few weeks. These fi ndings 
suggest that an autoimmune process is continuously damaging 
the gastric mucosa in PA and preventing regeneration.  

  Hypogammaglobulinaemia 
 PA is found more often than by chance in patients with a defi -
ciency of IgA or with complete hypogammaglobulinaemia. 
These subjects resemble others with PA, except that they often 
present relatively early (before the age of 40 years), they have a 
lower incidence of serum IF and parietal cell antibodies, and 
they may show intestinal malabsorption. They may also have a 
history of recurrent infections. The gastric lesion is similar to 
that in other causes, except that plasma cells are absent from 
the infl ammatory cell infi ltrate and the antrum is involved. 
Serum gastrin levels are normal.    

  Juvenile  p ernicious  a naemia 
 This usually occurs in older children and resembles PA of 
adults. Gastric atrophy, achlorhydria and serum IF antibodies 
are all present, although parietal cell antibodies are usually 
absent. About half of these patients show an associated endo-
crinopathy such as autoimmune thyroiditis, Addison disease 
or hypoparathyroidism; in some, mucocutaneous candidiasis 
occurs.  

  Congenital  i ntrinsic  f actor  d efi ciency or  f unctional 
 a bnormality 
 The affected child usually shows no demonstrable IF but has a 
normal gastric mucosa and normal secretion of acid. The inher-
itance is autosomal recessive. These patients usually present 
with megaloblastic anaemia in the fi rst, second or third year of 
life when stores of cobalamin accumulated from the mother 
 in utero  are used up; a few have presented as late as the second 
decade. Parietal cell and IF antibodies are absent. Variants have 
been described in which the child is born with IF that can be 
detected immunologically but which is unstable or functionally 
inactive, being unable either to bind cobalamin or to facilitate 
its uptake by the ileum.  

  Gastric  b iopsy 
 This usually shows atrophy of all layers of the body and also 
fundal atrophy, with loss of glandular elements, an absence of 
parietal and chief cells and replacement by mucous cells, a 
mixed infl ammatory cell infi ltrate and perhaps intestinal meta-
plasia. The infi ltrate of plasma cells and lymphocytes contains 
an excess of CD4 cells. The antral mucosa is usually well pre-
served.  Helicobacter pylori  infection is infrequent in PA, but it 
has been suggested that  H. pylori  gastritis may represent an 
early phase of atrophic gastritis, which is gradually replaced, in 
some individuals, by an immune process with disappearance of 
 H. pylori  infection.  

  Immune  p henomena 
 In addition to the appearance of the gastric mucosa, there is a 
large body of evidence that suggests that immune mechanisms 
play an important role in the pathogenesis of PA. This aspect 
of the disease is discussed under four main headings. 

  Antibodies to  g astric  a ntigens 
    1     IF antibodies.     Two types of IF antibody may be found in the 
sera of patients with PA, both being IgG. One, the  ‘ blocking ’  or 
 ‘ type I ’  antibody, prevents the combination of IF and cobala-
min, whereas the other, the  ‘ binding ’ ,  ‘ type II ’  or  ‘ precipitating ’  
antibody, which attaches to IF whether joined to cobalamin or 
not, prevents attachment of IF to ileal mucosa. The blocking 
antibody occurs in the serum of about 55% of patients and the 
binding antibody in 35%. IF antibodies cross the placenta and 
cause temporary IF defi ciency in the newborn infant. Patients 
with PA also show cell - mediated immunity to IF. An increased 
CD4/CD8 lymphocyte ratio in blood has been described in PA 
patients with IF antibodies. IF antibodies are rarely found in 
conditions other than PA. Type I antibody has been detected 
rarely in the sera of patients without PA but with thyrotoxicosis, 
myxoedema, Hashimoto disease or diabetes mellitus, and in 
relatives of PA patients. IF antibodies have also been detected 
in gastric juice in about 80% of patients with PA. These anti-
bodies may reduce absorption of dietary cobalamin by combin-
ing with small amounts of remaining IF in the gastric juice. 
Achlorhydria favours the formation of this antigen – antibody 
complex.  
  2     Parietal cell and gastrin receptor antibodies.     Parietal cell anti-
body is present in the sera of almost 90% of adult patients 
with PA, but it is frequently present in other subjects. Thus, it 
occurs in as many as 16% of randomly selected female subjects 
aged over 60 years and in a smaller proportion of younger 
control subjects; it is found more frequently than in control 
subjects in relatives of PA patients. These antibodies are also 
found more frequently in patients with simple atrophic gastri-
tis, chronic active hepatitis and thyroid disorders and their rela-
tives, as well as in Addison disease, rheumatoid arthritis and 
other conditions. The parietal cell antibody is directed against 
the  α  -  and  β  - subunits of the gastric proton pump (H + /K +  -
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ciency is not usually severe in these patients and is probably 
never the cause of megaloblastic anaemia unless another lesion 
causing malabsorption of cobalamin (e.g. stagnant loop syn-
drome) is present. The absorption improves when these patients 
are treated with a gluten - free diet. 

 Selective malabsorption of cobalamin with proteinuria (also 
known as Imersl ü nd syndrome, Imersl ü nd – Grasbeck syn-
drome, congenital cobalamin malabsorption or autosomal 
recessive megaloblastic anaemia MGA1) is an autosomal reces-
sive disease and is the most common cause of megaloblastic 
anaemia due to cobalamin defi ciency in infancy in Western 
countries. More than 200 cases have been reported, with famil-
ial clusters in Finland, Norway, the Middle East and North 
Africa. The patients usually present with megaloblastic anaemia 
between the ages of 1 and 5 years, and secrete normal amounts 
of IF and gastric acid. In some cases, such as in Finland, impaired 
synthesis, processing or ligand binding of cubilin due to inher-
ited mutations, for example 391C → T (named FM1) and a 
mutation at an intron causing a truncated protein (FM2), have 
been implicated. In others, for example in Norway, mutation 
of the gene for AMN has been reported. Other tests of intestinal 
absorption are normal. Over 90% of these patients show non -
 specifi c proteinuria but renal function is otherwise normal and 
renal biopsy has not shown any consistent renal defect. A few 
of these patients have shown aminoaciduria and congenital 
renal abnormalities, such as duplication of the renal pelvis. 

 The fi sh tapeworm ( Diphyllobothrium latum ) lives in the 
small intestine of humans and accumulates cobalamin from 
food, rendering this unavailable for absorption. People acquire 
the worm by eating raw or partly cooked fi sh. Infestation is 
common around the lakes of Scandinavia, Germany, Japan, 
North America and Russia. Megaloblastic anaemia or cobala-
min neuropathy occurs only in those with a heavy infestation, 
with the worm high in the small intestine. Many carriers have 
no cobalamin defi ciency. 

 In severe chronic pancreatitis, lack of trypsin is thought to be 
the reason why dietary cobalamin attached to gastric non - IF (R) 
binder is unavailable for absorption. It has also been proposed 
that in pancreatitis, the concentration of calcium ions in the 
ileum falls below the level needed to maintain normal cobala-
min absorption. 

 Serum cobalamin levels tend to fall in patients with HIV 
infection and are subnormal in 10 – 35% of those with AIDS. 
Increased levels of apoTC, possibly derived from macrophages, 
are usual. Malabsorption of crystalline cobalamin not corrected 
by IF has been shown in some, but not all, patients with subnor-
mal serum cobalamin levels. Cobalamin defi ciency suffi ciently 
severe to cause megaloblastic anaemia or neuropathy is rare. 

 Malabsorption of cobalamin has been reported in Zollinger –
 Ellison syndrome. It is thought that there is a failure to release 
cobalamin from R binding protein due to inactivation of 
pancreatic trypsin by high acidity, as well as interference with 
IF binding of cobalamin. 

  Gastrectomy 
 Following total gastrectomy, cobalamin defi ciency is inevitable 
and prophylactic cobalamin therapy should be commenced 
immediately following the operation. After partial gastrectomy, 
10 – 15% of patients also develop this defi ciency. The exact 
incidence and time of onset are most infl uenced by the size of 
the resection and the pre - existing size of the cobalamin body 
store.  

  Simple  a trophic  g astritis ( f ood  c obalamin  m alabsorption) 
 The normal IF - mediated mechanism of cobalamin absorption 
requires adequate gastric output of acid and pepsin to ensure 
the release of food cobalamin. Failure of this mechanism is 
believed to be responsible for a condition more common in the 
elderly known as  food cobalamin malabsorption , but there is no 
defi nitive proof of this. The syndrome has also been described 
in association with  H. pylori  infection, long - term use of hista-
mine H 2  - receptor antagonists and proton - pump inhibitors, 
chronic alcoholism, pancreatic exocrine failure, Sj ö gren syn-
drome and systemic sclerosis. The syndrome is associated with 
low serum cobalamin levels, with or without evidence of cobala-
min defi ciency, such as raised serum levels of methylmalonic 
acid and homocysteine. A minority of patients with food 
cobalamin malabsorption may go on to develop clinically sig-
nifi cant cobalamin defi ciency including polyneuropathy, con-
fusion, dementia and subacute combined degeneration of the 
cord and anaemia, but the frequency of occurrence and reasons 
for this progression are not clear.   

  Intestinal  c auses of  c obalamin  m alabsorption 
 Malabsorption of cobalamin occurs in a variety of intestinal 
lesions in which there is colonization of the upper small intes-
tine by faecal organisms. This may occur in patients with jejunal 
diverticulosis, enteroanastomosis, intestinal stricture or fi stula, 
or with an anatomical blood loop due to Crohn ’ s disease, tuber-
culosis or an operative procedure. Bacterial overgrowth in the 
small intestine may also cause spurious elevation of serum 
methylmalonate (see below). Some bacteria produce copious 
quantities of propionate, the immediate precursor of methyl-
malonate. Removal of 1.2   m or more of terminal ileum causes 
malabsorption of cobalamin. In some patients, following ileal 
resection, particularly if the ileocaecal valve is incompetent, 
colonic bacteria may contribute further to the onset of cobala-
min defi ciency. 

 Nearly all patients with acute and subacute tropical sprue 
show malabsorption of cobalamin; this may persist as the prin-
cipal abnormality in the chronic form of the disease, when the 
patient may present with megaloblastic anaemia or neuropathy 
due to cobalamin defi ciency. Absorption of cobalamin usually 
improves after antibiotic therapy and, in the early stages, after 
folic acid therapy. Malabsorption of cobalamin occurs in about 
30% of untreated patients with gluten - induced enteropathy and 
correlates with the degree of steatorrhoea. Cobalamin defi -
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cobalamin - responsive methylmalonic acidaemia. In cobalamin 
(Cbl)A disease, there is failure of reduction of cobalamin III 
(Cbl 3+ ) or cobalamin II (Cbl 2+ ) to cobalamin I (Cbl 1+ ) in mito-
chondria; in CblB disease, there is a defect of an adenosyltrans-
ferase required for synthesis of ado - cobalamin (see Figure  5.2 ). 
A proportion of infants with CblA and CblB disease respond to 
cobalamin in large doses, whereas others are unresponsive. In 
those who do not respond to cobalamin, the enzyme methyl-
malonyl - CoA mutase is lacking (mut 0 ) or defective (mut  −  ). 
Some children have combined methylmalonic aciduria and 
homocystinuria due to defective formation of both cobalamin 
coenzymes. The defects are in the transfer of cobalamin from 
the endocytic compartment of lysosomes to the cytoplasm 
(CblF disease) or in the reduction of cobalamin 3 +  to cobalamin 
2 +  after transfer to the cytoplasm (CblC and CblD diseases). 
Over 100 cases of CblC disease have been described. It usually 
presents in the fi rst year of life with feeding diffi culties, devel-
opmental delay, microcephaly, seizures, hypotonia and mega-
loblastic anaemia. 

 Some patients present with homocystinuria and megaloblas-
tic anaemia, often with neurological defects but without 
methylmalonic aciduria. There is a selective defi ciency of meth-
ylcobalamin. These conditions have been termed CblE and 
CblG disease (lack of association of methylcobalamin with 
methionine synthase).  

  Acquired  a bnormality of  c obalamin  m etabolism: 
 n itrous  o xide  i nhalation 
 N 2 O irreversibly oxidizes methylcobalamin from its active, fully 
reduced Cbl 1+  state to an inactive Cbl 2+  precursor. This has been 
shown to inactivate methylcobalamin and methionine synthase. 
This occurs in both humans and experimental animals and was 
of importance in the megaloblastic anaemia that occurred in 
patients undergoing prolonged N 2 O anaesthesia (e.g. in inten-
sive care units). A neuropathy resembling cobalamin neuropa-
thy has been described in dentists and anaesthetists who are 
repeatedly exposed to N 2 O and in monkeys exposed to the gas 
for many months. In patients with low cobalamin stores, mega-
loblastic anaemia or cobalamin neuropathy may be precipitated 
after shorter exposure to N 2 O. Recovery from N 2 O exposure 
requires regeneration of methionine synthase, as this protein is 
damaged by active oxygen derived from the N 2 O – cobalamin 
reaction. Methylmalonic aciduria does not occur at fi rst as 
ado - cobalamin is not inactivated by N 2 O. Later, however, after 
generalized depletion of cobalamin, methylmalonate levels in 
serum, urine and cerebrospinal fl uid rise.    

  Diagnosis of  c obalamin  d efi ciency 

 The diagnosis of cobalamin or folate defi ciency has traditionally 
depended on the recognition of the relevant abnormalities in 
the peripheral blood and/or bone marrow and subsequent 

 Both total body irradiation and local radiotherapy to the 
ileum (e.g. as a complication of radiotherapy for carcinoma of 
the cervix) may cause malabsorption of cobalamin. Graft -
 versus - host disease commonly affects the small intestine: mal-
absorption of cobalamin due to abnormal gut fl ora, as well as 
damage to ileal mucosa, is frequent. 

 Neomycin, colchicine, phenytoin,  p  - aminosalicylic acid, 
phenformin, metformin, slow - release potassium chloride and 
alcohol have all been reported to cause malabsoption of cobala-
min; rarely, megaloblastic anaemia due to cobalamin defi ciency 
has been reported with phenformin therapy. The use of hista-
mine H 2  - blockers for treatment of peptic ulcer disease causes a 
decrease in cobalamin absorption, and continued use may lead 
to lowering of the serum cobalamin level. 

 Both severe cobalamin and folate defi ciencies affect the func-
tion of the small intestine; malabsorption of cobalamin due 
to ileal dysfunction may be found in patients with either 
defi ciency. It may take several weeks of cobalamin therapy 
to correct the ileal absorptive defect in patients with PA. 
Defi ciencies of protein, ribofl avin and pyridoxine have also 
been reported to cause malabsorption of cobalamin.  

  Abnormalities of  c obalamin  m etabolism 

  Congenital  t ranscobalamin  d efi ciency or  a bnormality 
 Infants with TC defi ciency usually present with megaloblastic 
anaemia within a few weeks of birth. Serum cobalamin and 
folate levels are normal but the anaemia responds to massive 
(e.g. 1   mg three times weekly) injections of cobalamin, which 
cause free cobalamin to enter marrow cells by passive diffusion 
in the absence of functional TC. Some cases show neurological 
complications. In some cases, the protein is present in normal 
amounts but is unable to bind cobalamin or to attach to the cell 
surface and so is functionally inert. Genetic abnormalities so far 
found include mutations of an intra - exonic cryptic splice site, 
extensive or single nucleotide deletion, nonsense mutation and 
an RNA editing defect. These infants do not show methyl-
malonic aciduria, but malabsorption of cobalamin occurs in all 
cases and reduced immunoglobulins in some. Less severe cases 
present later in childhood. Failure to institute adequate cobala-
min therapy or treatment with folic acid may lead to neurologi-
cal damage.  

  Congenital  m ethylmalonic  a cidaemia and  a ciduria 
 Infants with this abnormality are ill from birth, with vomiting, 
failure to thrive, severe metabolic acidosis, ketosis and mental 
retardation. Anaemia, if present, is normocytic and normoblas-
tic. The condition may arise as a result of a functional defect in 
either the mitochondrial methylmalonyl - CoA mutase or its 
cofactor ado - cobalamin (see Figure  5.2 ). Mutations in methyl-
malonyl - CoA mutase are not responsive, or only poorly respon-
sive, to treatment with cobalamin. Two disorders result in 
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ciency, even in the absence of haematological abnormalities or 
subnormal levels of serum cobalamin or folate. However, serum 
MMA fl uctuates in patients with renal failure. Mildly elevated 
serum MMA and/or homocysteine levels occur in up to 30% of 
apparently healthy volunteers, with serum cobalamin levels up 
to 350   ng/L and normal serum folate levels; 15% of elderly 
subjects, even with cobalamin levels above 350   ng/L, have this 
pattern of raised metabolite levels. These fi ndings bring into 
question the exact cut - off points for normal MMA and homo-
cysteine levels. It is also unclear at present whether these mildly 
raised metabolite levels have clinical consequences and how 
many of the subjects will progress to clinically overt cobalamin 
defi ciency. When cobalamin supplies to the cell are suboptimal, 
there may be preferential use of methylcobalamin for methio-
nine synthesis compared with ado - cobalamin for MMA metab-
olism. Urinary MMA excretion may also be used to screen for 
cobalamin defi ciency but this is also increased in aminoaciduria 
(e.g. Fanconi syndrome). 

 Homocysteine exists in plasma as single molecules, as two 
molecules linked together (homocystine) and as mixed homo-
cysteine – cysteine disulphides. Serum homocysteine levels are 
raised in both early cobalamin and folate defi ciency, but they 
may be raised in other conditions, for example chronic renal 
disease, alcoholism, smoking, pyridoxine defi ciency, hypothy-
roidism, therapy with steroids, ciclosporin and other drugs. 
Levels are also higher in serum than in plasma, in men than in 
premenopausal women, in women taking hormone replace-
ment therapy or oral contraceptive users and in elderly subjects 
and patients with several inborn errors of metabolism affecting 
enzymes in trans - sulphuration pathways of homocysteine 
metabolism. Thus, homocysteine levels are not widely used for 
diagnosis of cobalamin or folate defi ciency. However, homo-
cysteine levels are used in thrombophilia screening and in 
assessing for cardiovascular risk factors (see Chapter  46 ).   

  Tests for the  c ause of  c obalamin  d efi ciency 

 Studies of cobalamin absorption were used but because of the 
unavailability of radioactive cobalamin have become obsolete. 
The urinary excretion (Schilling) test is therefore only briefl y 
described here. Serum tests for gastrin and anti bodies to parietal 
cells and intrinsic factor aid in the diagnosis of PA. Upper GI 
endoscopy including gastric biopsy helps to confi rm the diag-
nosis and exclude gastric neoplasms.   

  Cobalamin  a bsorption 
 The urinary secretion (Schilling) test was carried out with an 
oral trace dose of crystalline radioactive cyanocobalamin with 
or without oral IF and a  ‘ fl ushing ’  intramuscular dose of 
hydroxocobalamin or cyanocobalamin so that any labelled 
cobalamin absorbed would appear in a 24 - hour urine. 
Radioactive cyanocobalamin is no longer available and the test 

analysis of the blood levels of the vitamins. Other causes of 
macrocytosis and hypersegmented neutrophils are listed in 
Table  5.3 . However, assays of serum methylmalonic acid and 
homocysteine (see below) have shown these to be raised in 
some subjects without haematological abnormalities, including 
a proportion with normal levels of serum cobalamin and folate 
in whom, nevertheless, the levels of the metabolites fall to 
normal with cobalamin and/or folate therapy. The signifi cance 
of these biochemical changes remains controversial. They may 
imply functional cobalamin or folate defi ciency, not refl ected 
by subnormal levels of the vitamins or by disturbed haemopoi-
esis. If so, it would imply that the accepted normal serum and 
red cell levels of the vitamins refl ect body stores which are suf-
fi ciently high to prevent haematological changes but which in 
some subjects may not be optimal for prevention of other com-
plications of the defi ciencies including vascular disease and 
NTDs in the fetus. 

  Measurement of  s erum  c obalamin 
 Serum cobalamin is usually measured by one of a number of 
enzyme - linked immunosorbent assays. These are frequently 
automated. Normal serum cobalamin levels range from 160 –
 200   ng/L to about 1000   ng/L (ng    ×    0.738    =    pmol, so 200   ng/L    =    
148   pmol/L). In patients with megaloblastic anaemia due to 
cobalamin defi ciency, the level is usually less than 100   ng/L. In 
general, the more severe the defi ciency, the lower the serum 
cobalamin level. In patients with spinal cord damage due to the 
defi ciency, levels are very low even in the absence of anaemia. 
Values of between 100 and 200   ng/L are regarded as borderline. 
They may occur, for instance, in pregnancy, in patients with 
megaloblastic anaemia due to folate defi ciency, and in patients 
with heterozygous, homozygous or compound heterozygous 
mutations of the  TCN1  gene that codes for HC (TCI). The rela-
tive concentrations of HC and TC also infl uence the total serum 
cobalamin level. Raised serum cobalamin levels (if not due to 
recent therapy) are usually due to a rise in HC (Table  5.4 ), or to 
liver or renal disease with increased saturation of HC and TC.  

  Serum  h olotranscobalamin ( holo  TCII ,  holo  TC ) 
 Since TC is the plasma cobalamin transport protein that is 
responsible for cellular uptake and delivery of cobalamin, the 
notion was put forward that measurement of circulating cobala-
min that was bound to TC (holoTC) would provide a more 
meaningful measure of cobalamin status than total serum 
cobalamin. However, measurement of holoTC is not available 
or used diagnostically except in research studies.  

  Serum  m ethylmalonate and  h omocysteine  l evels 
 In patients with cobalamin defi ciency suffi cient to cause 
anaemia or neuropathy, the serum methylmalonate (MMA) 
and homocysteine levels are raised. Sensitive methods for meas-
uring MMA and homocysteine in serum have been introduced 
and recommended for the early diagnosis of cobalamin defi -
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  Absorption 

 The principal site of folate absorption is the upper small intes-
tine, and there is a steep fall - off in absorptive capacity in the 
lower jejunum and ileum. The absorption of all forms tested is 
rapid, a rise in blood level occurring within 15 – 20   min of 
ingestion. 

 The small intestine has a tremendous capacity to absorb 
folate monoglutamates: about 90% of a single dose is absorbed 
regardless of whether this is small (100    µ g) or large (15   mg). A 
proton - coupled high - affi nity folate transporter with a low pH 
optimum, termed PCFT/HCP1, is located at the apical brush 
border of the duodenal, and to a lesser extent jejunal mucosa 
and in other cells, including the blood – brain barrier. It accounts 
for the bulk of folate absorption including of folic acid itself, 
and loss of function in hereditary folate malabsorption is not 
compensated by other folate transporters expressed on intesti-
nal cells. 

 The absorption of folate polyglutamates with higher numbers 
of glutamate residues is less. This may be due to the limited 
capacity of the small intestine to hydrolyse these compounds or 
to their limited transfer in the mucosal cell. On average, about 
50% of food folates is absorbed. 

 Polyglutamate forms are hydrolysed by pteroylpolyglutamate 
hydrolase (PPH, also known as folylpoly -  γ  - glutamate carbox-
ypeptidase) to the monoglutamate derivatives, either in the 
lumen of the intestine or within the mucosa; they do not enter 
portal blood intact. Monoglutamate or polyglutamate forms of 
dietary folate, which are already partly or completely reduced, 
are converted to 5 - methyl - THF within the small intestinal 
mucosa before entering the portal plasma. The monogluta-
mates are actively transported across the enterocyte by a carrier -
 mediated mechanism. Pteroylglutamic acid at doses greater 
than 400    µ g is absorbed largely unchanged and converted to 
natural folates in the liver. Lower doses are converted to 
5 - methyl - THF during absorption through the intestine.  

  Enterohepatic  c irculation 

 About 60 – 90    µ g of folate enters the bile each day and is excreted 
into the small intestine. Loss of this folate, together with the 
folate of sloughed intestinal cells, accelerates the speed with 
which folate defi ciency develops in malabsorption conditions.  

is obsolete, as are similar tests of food absorption using radio-
actively labelled cobalamin.    

  Folate 

  Dietary  f olate 

 Folic acid (pteroylglutamic acid) is a yellow, crystalline, water -
 soluble substance (molecular weight 441). It is the parent com-
pound of a large family of folate compounds. Pteroylglutamic 
acid consists of three parts: pteridine,  p  - aminobenzoate and 
 l  - glutamic acid (Figure  5.8 ). It is only a minor component of 
normal food folates (probably less than 1%), which differ from 
it in three respects (Figure  5.8 ): (i) they are partly or completely 
reduced at positions 4, 5, 7 and 8 in the pteridine portion to 
dihydrofolate or THF derivatives; (ii) they usually contain a 
single carbon unit of varying degrees of reduction, such as a 
methyl group at N - 5 or N - 10; and (iii) 70 – 90% of natural 
folates contain a chain of three or more glutamate residues 
linked to each other by the unusual  γ  - peptide bond and are 
called pteroyl -  or folate - polyglutamates. In human cells, four, 
fi ve and six glutamate residues are usual.   

 Most foods contain some folate. The highest concentrations 
are found in liver and yeast ( > 200    µ g per 100   g), spinach, other 
greens and nuts ( > 100    µ g per 100   g). The total folate content of 
an average Western diet is about 250    µ g daily, but the amount 
varies widely according to the type of food eaten and the method 
of cooking. Folate is easily destroyed by heating, particularly in 
large volumes of water; over 90% may be lost.  

  Body  s tores and  r equirements 

 Total body folate in the adult is about 10   mg, the liver contain-
ing the largest store. Daily adult requirements are about 100    µ g. 
Up to 13    µ g of folate is lost as such in the urine each day, but 
breakdown products of folate are also lost in urine. Losses of 
folate also occur in sweat and skin; faecal folate is largely derived 
from colonic bacteria. Stores are only suffi cient for about 
4 months in normal adults, so severe folate defi ciency may 
develop rapidly.  
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  Causes of  f olate  d efi ciency   (Table  5.7 )   

  Nutritional 
 Dietary folate defi ciency is common. Indeed, in most patients 
with folate defi ciency a nutritional element is present. Certain 
individuals are particularly likely to have diets containing inad-
equate amounts of folate, including the old, edentulous, poor, 
alcoholic and psychiatrically disturbed, and patients after gastric 
operations. In relation to the size of the total body folate stores, 

  Transport 

 Folate is transported in plasma, about one - third loosely bound 
to albumin and two - thirds unbound. In all body fl uids (plasma, 
cerebrospinal fl uid, milk, bile) folate is largely, if not entirely, 
5 - methyl - THF in the monoglutamate form. A carrier - mediated 
active process is involved in the entry of folate into cells, the 
rate of uptake being linked to the rate of folate polyglutamate 
synthesis in the cell, which in replicating cells is related to the 
rate of DNA synthesis. Reduced folates are more rapidly taken 
up than oxidized folates. In most cells, folates are retained with 
tight binding to folate - binding proteins, three of which are 
enzymes involved in methyl group metabolism (sarcosine dehy-
drogenase, dimethylglycine dehydrogenase and glycine  N  -
 methyltransferase), until the cell dies. Intact liver cells can 
release folate. Two types of folate - binding protein are involved 
in entry of methyl - THF into cells. The reduced folate carrier 
SLC19A1 is a facilitative transporter with a pH optimum of 7.4 
and the characteristics of an anion exchanger. Two glycosyl-
phosphatidylinositol (GPI) - linked folate receptors mediate 
cellular folate uptake by an endocytic mechanism, with inter-
nalization in a vesicle (caveola) which is then acidifi ed, releasing 
folate into the vesicle lumen. Folate is then carried by the mem-
brane folate transporter PCFT/HCPI into the cytoplasm; the 
caveola recycles to the cell surface, where its high - affi nity recep-
tors are reutilized. The GPI - linked transporters may be involved 
in transport of oxidized folates and folate breakdown products 
to the liver for excretion in bile.  

  Biochemical  f unctions 

 Folates (as the intracellular polyglutamate derivatives) act as 
coenzymes in the transfer of single - carbon units from one com-
pound to another (see Figure  5.3  and Table  5.2 ). Two of these 
reactions are involved in purine and one in pyrimidine synthe-
sis necessary for DNA and RNA replication. Folate is coenzyme 
in another reaction, methionine synthesis, in which cobalamin 
is also involved and THF is regenerated. THF is the acceptor of 
single - carbon units newly entering the active pool via conver-
sion of serine to glycine. Methionine, the other product of the 
methionine synthase reaction, is the precursor for SAM, the 
universal methyl donor involved in over 100 methyltransferase 
reactions. 

 During thymidylate synthesis, 5,10 - methylene - THF is con-
verted to dihydrofolate (Figure  5.3 ). The enzyme dihydrofolate 
reductase converts this to THF. The drugs methotrexate, 
pyrimethamine and, mainly in bacteria, trimethoprim inhibit 
dihydrofolate reductase, and this prevents formation of the 
active folate coenzymes from dihydrofolate. A small fraction of 
the folate coenzyme is not recycled during thymidylate synthe-
sis but is degraded at the C - 9 – N - 10 bond.  

  Table 5.7    Causes of folate defi ciency. 

   Dietary  

 Particularly in old age, infancy, poverty, alcoholism, chronic 

invalids and the psychiatrically disturbed; may be associated 

with scurvy or kwashiorkor 

  Malabsorption  

  Major causes of defi ciency  

 Tropical sprue, gluten - induced enteropathy in children and 

adults, and in association with dermatitis herpetiformis, 

specifi c malabsorption of folate, intestinal megaloblastosis 

caused by severe cobalamin or folate defi ciency 

  Minor causes of defi ciency  

 Extensive jejunal resection, Crohn ’ s disease, partial gastrectomy, 

congestive heart failure, Whipple disease, scleroderma, 

amyloid, diabetic enteropathy, systemic bacterial infection, 

lymphoma, sulfasalazine 

  Excess utilization or loss  

  Physiological  

 Pregnancy and lactation, prematurity 

  Pathological  

 Haematological diseases: chronic haemolytic anaemias, sickle cell 

anaemia, thalassaemia major, myelofi brosis 

 Malignant diseases: carcinoma, lymphoma, leukaemia, myeloma 

 Infl ammatory diseases: tuberculosis, Crohn ’ s disease, psoriasis, 

exfoliative dermatitis, malaria 

 Metabolic disease: homocystinuria 

 Excess urinary loss: congestive heart failure, active liver disease 

 Haemodialysis, peritoneal dialysis 

  Antifolate drugs  

 Anticonvulsant drugs (phenytoin, primidone, barbiturates), 

sulfasalazine 

 Nitrofurantoin, tetracycline, anti - tuberculosis (less well 

documented) 

  Mixed causes  

 Liver diseases, alcoholism, intensive care units  

   Note: In severely folate - defi cient patients with causes other than 

those listed under Dietary, poor dietary intake is often present.   
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patients have a poor diet. The usual presentation of the anaemia 
is similar to that of other megaloblastic anaemias, but occasion-
ally, when there is an associated infection, acute arrest of hae-
mopoiesis with pancytopenia may occur; this resembles aplastic 
anaemia, except that the marrow shows obvious megaloblastic 
changes. 

 A number of consequences of folate defi ciency in pregnancy 
have been described, including antenatal and postpartum 
haemorrhages, prematurity and congenital malabsorption in 
the fetus. These have not been fully established, but several 
studies have shown that prophylactic folic acid therapy reduces 
the incidence of NTDs (see    p. 64 ).  

  Prematurity 
 The newborn infant, whether full term or premature, has higher 
serum and red cell folate concentrations than the adult, but the 
newborn infant ’ s demand for folate has been estimated to be 
up to 10 times that of adults on a weight basis and the neonatal 
folate level falls rapidly to the lowest values at about 6 weeks of 
age. The falls are steepest and liable to reach subnormal levels 
in premature babies, a number of whom develop megaloblastic 
anaemia responsive to folic acid at about 4 – 6 weeks of age. This 
occurs particularly in the smallest babies ( < 1500   g birth weight) 
and in those who have feeding diffi culties or infections, or who 
have undergone multiple exchange transfusions. In these babies, 
prophylactic folic acid should be given.  

  Haematological  d isorders 
 Folate defi ciency frequently occurs in chronic haemolytic 
anaemia, particularly in sickle cell disease, autoimmune haemo-
lytic anaemia and congenital spherocytosis. In these and other 
conditions of increased cell turnover, folate defi ciency arises 
because it is not completely reutilized after performing coen-
zyme functions, and it is partly lost as pteridines in the urine 
due to cleavage at the C - 9 – N - 10 bond. Patients with primary 
myelofi brosis may develop folate defi ciency at some stage of the 
illness. There is also a high incidence of mild folate defi ciency 
in patients with leukaemia, lymphoma, myeloma or carcinoma, 
although it is unusual for this to progress to megaloblastic 
anaemia. Treatment with folic acid should be avoided (as it may 
 ‘ feed ’  the tumour) unless severe megaloblastic anaemia due to 
folate defi ciency is clinically important.  

  Infl ammatory  c onditions 
 Chronic infl ammatory diseases, such as tuberculosis, rheuma-
toid arthritis, Crohn ’ s disease, psoriasis, exfoliative dermatitis, 
bacterial endocarditis and chronic bacterial infections, cause 
defi ciency by reducing the appetite and by increasing the 
demand for folate. Systemic infections may also cause malab-
sorption of folate. Severe defi ciency is virtually confi ned to 
those patients with the most active disease and the poorest 
diet. Fever  per se  has also been suggested to interfere with 
folate metabolism by inhibiting temperature - dependent folate 
enzymes. In patients with subclinical folate defi ciency from 

which are in the order of 15 – 25   mg, the daily requirement of 
100 – 200   mg is large. Consequently, with total cessation of intake 
or absorption, depletion of stores will occur in 3 – 6 months. In 
the USA and other countries where fortifi cation of the diet with 
folic acid has been adopted to reduce the incidence of NTDs, 
the prevalence of folate defi ciency has dropped dramatically and 
is now almost restricted to high - risk groups with increased 
folate needs. Nutritional folate defi ciency occurs in kwashiorkor 
and scurvy, and in infants with repeated infections or who are 
fed solely on goats ’  milk, which has a low folate content (6    µ g/L) 
compared with human or cows ’  milk (50    µ g/L) as well as high 
concentrations of a high - affi nity folate - binding protein.  

  Malabsorption 
 Malabsorption of dietary folate occurs in tropical sprue and in 
gluten - induced enteropathy in children and in adults, when it 
is associated with dermatitis herpetiformis. In the rare recessive 
congenital syndrome of selective malabsorption of folate, there 
is an associated defect of folate transport into the cerebrospinal 
fl uid, and these patients show megaloblastic anaemia from the 
age of a few months, responding to physiological doses of folic 
acid given parenterally but not orally or large oral doses of 
5 - formyl - THF. These patients also show mental retardation, 
convulsions and other central nervous system abnormalities. 
Loss - of - function mutations, usually homozygous in the gene 
coding for the low pH transporter PCFT/HCPI, underlie the 
disease. Minor degrees of malabsorption may also occur follow-
ing jejunal resection or partial gastrectomy, in Crohn ’ s disease 
and in systemic infections but, in these conditions, if severe 
defi ciency occurs, it is usually largely due to poor nutrition. 

 Malabsorption of folate has been described in patients receiv-
ing sulfasalazine, cholestyramine and triamterene. It has also 
been associated with anticonvulsant drug therapy, alcohol 
abuse and folate defi ciency, but these relationships are less well 
established. In the intestinal stagnant loop syndrome, the pre-
dominant effect of the small intestinal bacteria is to cause a rise 
in serum, red cell and urinary folate by synthesizing folate, 
which is then absorbed.  

  Excess  u tilization or  l oss 

  Pregnancy 
 Folate requirements are increased by 200 – 300    µ g to about 
400    µ g daily in a normal pregnancy, partly because of transfer 
of the vitamin to the fetus, but mainly because of increased 
folate catabolism due to cleavage of folate coenzymes in rapidly 
proliferating tissues at the C - 9 – N - 10 bond. Megaloblastic 
anaemia due to this defi ciency is now largely prevented by pro-
phylactic folic acid therapy. It occurred in 0.5% of pregnancies 
in the UK and other Western countries, but the incidence is 
much higher in countries where the general nutritional status 
is poor. The defi ciency is more common in pregnant women 
who also suffer from iron defi ciency, probably because these 
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is intermediate. The antidote to these drugs is folinic acid 
(5 - formyl - THF).  

  Congenital  a bnormalities of  f olate  m etabolism 
 A number of infants have been described with congenital defects 
of folate enzymes (e.g. cyclohydrolase or methionine synthase). 
Some had megaloblastic anaemia.    

  Diagnosis of  f olate  d efi ciency 

  Serum  f olate 
 This is measured by an enzyme - linked immunosorbent assay 
(ELISA). The serum folate level is low in all folate - defi cient 
patients. In most laboratories, the normal range is from 2.0    µ g/L 
(11   nmol/L) to about 15    µ g/L. The serum folate is markedly 
affected by recent diet; inadequate intake for as little as 1 week 
may cause the level to become subnormal. 

 The serum folate level rises in severe cobalamin defi ciency 
because of blockage in conversion of methyl - THF, the major 
circulating form, to THF; raised levels have also been reported 
in the intestinal stagnant loop syndrome, acute renal failure and 
active liver damage. (High levels are also obtained when the 
patient is receiving folic acid therapy, when the serum is con-
taminated with folate or folate - producing bacteria or, if a 
sample is haemolysed, because of the high concentration of 
folate in red cells.)  

  Red  c ell  f olate 
 The red cell folate assay is a valuable test of body folate stores. 
It is less affected by recent diet and traces of haemolysis than is 
the serum assay. In normal adults, concentrations range from 
160 to 640    µ g/L of packed red cells. Subnormal levels occur in 
patients with megaloblastic anaemia due to folate defi ciency but 
also occur in nearly two - thirds of patients with megaloblastic 
anaemia due to cobalamin defi ciency. If cobalamin defi ciency 
is excluded, however, a low red cell folate can be used as an 
indication that severe folate defi ciency is present and warrants 
full investigation and treatment. False normal results may occur 
if the folate - defi cient patient has received a recent blood trans-
fusion (as the folate content of the transfused red cells will be 
measured) or if the patient has a raised reticulocyte count (e.g. 
due to haemorrhage or haemolytic anaemia).  

  Serum  h omocysteine   (see    p. 75 )        

  General  m anagement of  m egaloblastic 
 a naemia 

 It is usually possible to establish which of the two defi ciencies, 
folate or cobalamin, is the cause of the anaemia and to treat 
only with the appropriate vitamin. In patients who enter hos-
pital severely ill, however, it may be necessary to treat with both 

causes other than infections, intercurrent infections often pre-
cipitate severe megaloblastic anaemia.  

  Homocystinuria 
 This is a rare metabolic defect in the conversion of homo-
cysteine to cystathionine. Folate defi ciency occurring in most 
of these patients may be due to excessive utilization because 
of compensatory increased conversion of homocysteine to 
methionine.  

  Long -  t erm  d ialysis 
 As folate is only loosely bound to plasma proteins, it is easily 
removed from plasma by haemodialysis or peritoneal dialysis 
(in contrast, cobalamin is not removed from plasma by 
dialysis as it is fi rmly protein bound). The amount of body 
folate that can be removed in this way is relatively small. 
Nevertheless, in patients with anorexia, vomiting, infections 
and haemolysis, folate stores may become depleted and mega-
loblastic anaemia can supervene. Routine folate prophylaxis is 
now given.  

  Congestive  h eart  f ailure,  l iver  d isease 
 Excess urinary folate losses of more than 100    µ g per day may 
occur in some of these patients. The explanation appears to be 
release of folate from damaged liver cells.  

  Antifolate  d rugs 
 A large number of epileptics who are receiving long - term 
therapy with phenytoin (Dilantin) or primidone (Mysoline), 
with or without barbiturates, develop low serum and red cell 
folate levels. In some of these patients, megaloblastic anaemia 
supervenes. A number of mechanisms have been suggested: 
inhibition of folate absorption, inhibition of the action or syn-
thesis of folate - dependent enzymes, displacement of folate from 
its plasma transport protein and induction of folate - utilizing 
enzymes. A dietary element is present in the patients with the 
severest defi ciencies. 

 Alcohol may also be a folate antagonist, as patients who are 
drinking spirits may develop megaloblastic anaemia that will 
respond to normal quantities of dietary folate or to physiologi-
cal doses of folic acid only if the alcohol is withdrawn. Chronic 
alcohol intake is associated with macrocytosis even when folate 
levels are normal. Inadequate folate intake is the major factor 
in the development of defi ciency in spirit - drinking alcoholics. 
Beer is relatively folate - rich in some countries, depending on 
the technique used for brewing. 

 The drugs that inhibit dihydrofolate reductase include meth-
otrexate, pyrimethamine and trimethoprim. Methotrexate has 
the most powerful action against the human enzyme, whereas 
trimethoprim is most active against the bacterial enzyme and is 
only likely to cause megaloblastic anaemia when used in con-
junction with sulfamethoxazole in patients with pre - existing 
folate or cobalamin defi ciency. The activity of pyrimethamine 



Postgraduate Haematology

80

to cobalamin itself. Even when there is complete failure of the 
physiological IF - dependent mechanism, large daily oral doses 
(1000    µ g) of cyanocobalamin can be used for replacement and 
maintenance of normal cobalamin status, for example in those 
who cannot have injections. If this approach is used, it is impor-
tant to monitor compliance, particularly with elderly forgetful 
patients. Sublingual and nasal routes have also been proposed 
but no long - term follow - up data are available.  

  Treatment of  f olate  d efi ciency 

 There is probably never any need to give folic acid parenterally, 
except in patients receiving parenteral nutrition who cannot 
swallow tablets. Oral doses of 5 – 15   mg folic acid daily are satis-
factory, as suffi cient folate is absorbed from these extremely 
large doses even in patients with severe malabsorption. The 
length of time therapy must be continued depends on the 
underlying disease. It is customary to continue therapy 
for about 4 months, when all folate - defi cient red cells will 
have been eliminated and replaced by new folate - replete 
populations. 

 Before large doses of folic acid are given, cobalamin defi -
ciency must be excluded and, if present, corrected, otherwise 
cobalamin neuropathy may develop, despite response of the 
anaemia of cobalamin defi ciency to folate therapy. Studies 
suggest that there has been no increase in the proportion of 
subjects with low serum cobalamin levels and no anaemia since 
fortifi cation of the diet in the USA. 

 Long - term folic acid therapy is required when the underlying 
cause of the defi ciency cannot be corrected and the defi ciency 
is likely to recur, for instance in chronic haemolytic anaemias 
such as thalassaemia major and sickle cell anaemia, and in 
primary myelofi brosis. It may also be necessary in gluten -
 induced enteropathy if this does not respond to a gluten - free 
diet. Where mild but chronic folate defi ciency occurs, it is pref-
erable to encourage any improvement in the diet after correct-
ing the defi ciency with a short course of folic acid. In any patient 
receiving long - term folic acid therapy, it is important to measure 
the serum cobalamin level at regular (e.g. once yearly) intervals 
to exclude the coincidental development of cobalamin 
defi ciency.  

  Folinic  a cid (5 -  f ormyl -  THF ) 

 This is a stable form of fully reduced folate. It is given orally 
or parenterally to overcome the toxic effects of methotrexate 
or other dihydrofolate reductase inhibitors (as present in 
co - trimoxazole).   

  Prophylactic  f olic  a cid 

 In many countries, food is fortifi ed with folic acid (in grain or 
fl our) to reduce the incidence of NTDs. As yet there is no defi -

vitamins in large doses once blood samples have been taken for 
cobalamin and folate assay and a bone marrow has been per-
formed (if deemed necessary). Transfusion is usually unneces-
sary and inadvisable. If it is essential, packed red cells should be 
given slowly and one or two units will be ample. Exchange 
transfusion, as well as the usual treatment for heart failure, 
should be considered in patients with extreme anaemia and 
congestive heart failure. Platelet concentrates are of value in 
reducing spontaneous bleeding in the rare patients with severe 
thrombocytopenia. Potassium supplements have been recom-
mended to obviate the danger of the hypokalaemia that has 
been recorded in some patients during the initial haematologi-
cal response, but there is little evidence for this. 

  Treatment of  c obalamin  d efi ciency 

 It is usually necessary to treat patients who have developed 
cobalamin defi ciency with lifelong regular cobalamin therapy. 
In the UK, the form used is hydroxocobalamin; in the USA 
cyanocobalamin is used. In a few instances, the underlying 
cause of cobalamin defi ciency can be permanently corrected, 
for instance the fi sh tapeworm, tropical sprue or an intestinal 
stagnant loop that is amenable to surgery. 

 The indications for starting cobalamin therapy are a well -
 documented megaloblastic anaemia or neuropathy due to the 
defi ciency. It is also necessary to treat any patients with haema-
tological abnormalities due to cobalamin defi ciency, even in the 
absence of anaemia (e.g. hypersegmented neutrophils or mega-
loblastic erythropoiesis). Patients with borderline serum cobala-
min levels but no haematological or other abnormality should 
if practicable be followed, for example at yearly intervals, to 
ensure that the cobalamin defi ciency does not progress. If mal-
absorption of cobalamin or rises in serum MMA levels have also 
been demonstrated, patients should also be given regular main-
tenance cobalamin therapy. Cobalamin should be given rou-
tinely to all patients who have had a total gastrectomy or ileal 
resection. Patients who have undergone gastric reduction for 
control of obesity or who are receiving long - term treatment 
with proton pump inhibitors should be screened and given 
cobalamin replacement as necessary. 

 Replenishment of body stores should be complete with six 
1000 -  µ g intramuscular injections of  hydroxocobalamin  given at 
3 – 7 day intervals. More frequent doses are usually used in 
patients with cobalamin neuropathy, but there is no evidence 
that these produce a better response. For maintenance therapy, 
hydroxocobalamin 1000    µ g i.m. once every 3 months is satisfac-
tory. In the USA, hydroxocobalamin has not yet been approved 
and marketed for purposes of routine cobalamin replacement. 
Because of the poorer retention of cyanocobalamin mainte-
nance treatment, protocols generally use higher and more 
frequent doses (1000    µ g i.m. monthly).  

 Toxic reactions to cobalamin therapy are extremely rare and 
are usually due to contamination in its preparation rather than 
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  Other  n utritional  a naemias 

  Protein  d efi ciency 

 Anaemia is usual in children and adults with severe protein 
defi ciency (kwashiorkor). The anaemia, which may be partly 
masked by haemoconcentration, is usually normoblastic, but 
megaloblastic changes have been described in 10 – 60% of 
patients in different series. Hypoplasia, or even aplasia, of the 
marrow has also been reported. The mechanism by which 
protein defi ciency causes anaemia is not completely under-
stood. Lack of protein does not seem to reduce haemoglobin 
synthesis directly. Studies in experimental animals suggest that 
the major factor is diminution of erythropoietin secretion. This 
is probably due to a reduction in general tissue metabolism and 
therefore oxygen consumption, with a consequent reduced 
stimulus for erythropoietin secretion. In most patients, other 
factors contribute to the anaemia. These include infections, 
defi ciencies of folate and iron, and also, possibly, defi ciencies of 
vitamins C, E and B 12  and other trace substances. Ribofl avin 
defi ciency may also contribute to the anaemia and become 
apparent only during the response to protein.  

  Scurvy 

 There is usually a moderate or severe normocytic, normochro-
mic anaemia in scurvy because of external haemorrhage and 
haemorrhage into tissues, and from impaired erythropoiesis. In 
some patients, the anaemia is megaloblastic, which appears to 
be partly due to associated nutritional folate defi ciency and 
partly due to impairment of folate metabolism caused by 
vitamin C defi ciency. However, vitamin C is not established as 
playing a role in normal folate metabolism.  

  Other  d efi ciencies 

 Defi ciencies of nicotinic acid and panthothenic acid cause 
anaemia in experimental animals but have not been shown to 
do so in humans. However, ribofl avin defi ciency may cause 
anaemia in humans, resembling the anaemia of protein defi -
ciency. Copper is essential for haemopoiesis and normal iron 
metabolism, and defi ciency of copper causes an anaemia resem-
bling that in iron defi ciency in experimental animals. However, 
anaemia due to copper defi ciency has never been documented 
in humans. Copper excess (as in Wilson disease) causes a 
haemolytic anaemia.   
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nite proof that folic acid prevents cardiovascular (other than 
stroke), neurological or psychiatric disease. There is some evi-
dence it may reduce the risk of certain forms of cancer, but this 
remains controversial. 

  Pregnancy 

 Folic acid 400    µ g daily should be given as a supplement through-
out pregnancy. In women who have had a previous fetus with 
an NTD, 5   mg daily is recommended when pregnancy is 
contemplated and throughout the subsequent pregnancy. In 
women of childbearing age, a supplementary intake of folic acid 
400    µ g daily is recommended, so that this extra intake will be 
present from conception.  

  Prematurity 

 The incidence of folate defi ciency is so high in the smallest 
premature babies during the fi rst 6 weeks of life that folic acid 
(e.g. 1   mg daily) should be given routinely to babies weighing 
less than 1500   g at birth and to larger premature babies who 
require exchange transfusions or develop feeding diffi culties, 
infections or vomiting and diarrhoea.  

  Haemolytic  a naemia and  d ialysis 

 Prophylactic folic acid is usually also given to patients with 
chronic haemolytic anaemia or those who are undergoing long -
 term haemodialysis.   

  Megaloblastic  a naemia  n ot  d ue to 
 c obalamin or  f olate  d efi ciency or 
 a ltered  m etabolism 

 This may occur with many antimetabolic drugs (e.g. hydroxy-
carbamide, cytarabine, 6 - mercaptopurine) that inhibit DNA 
replication at a particular point in the supply of precursors or 
by inhibiting DNA polymerase. In the rare disease orotic aci-
duria, two consecutive enzymes in purine synthesis are defec-
tive. The condition responds to therapy with uridine, which 
bypasses the block. In thiamine - responsive megaloblastic 
anaemia, there is a genetic defect in the high - affi nity thiamine 
transport ( SLC19A2 ) gene. This causes defective RNA ribose 
synthesis through impaired activity of transketolase, a thia-
mine - dependent enzyme in the pentose cycle. This leads to 
reduced nucleic acid production and consequent induction 
of cell cycle arrest or apoptosis. It may be associated with dia-
betes mellitus and deafness and the presence of many ringed 
sideroblasts in the marrow (see    p. 44 ). The biochemical expla-
nation is unclear for megaloblastic changes in the marrow in 
patients with acute myeloid leukaemia, and other leukaemias 
and myelodysplasia in the absence of cobalamin or folate 
defi ciency.  
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  Introduction 

 The inherited disorders of haemoglobin are the commonest 
single - gene disorders, with an estimated carrier rate of 7% 
among the world population. They occur at particularly high 
frequencies in populations of the tropical and subtropical belt, 
and consist mainly of the  α  and  β  thalassaemias, and the hae-
moglobin variants S, C and E. In many developing countries, as 
economic conditions improve and infant death rates from 
infection and malnutrition fall, the genetic disorders of haemo-
globin start to place a major burden on the health services, a 
phenomenon that has already been observed in many parts of 
the world. As a result of migrations of populations, these condi-
tions are being seen with increasing frequency in many coun-
tries in which they had not been recognized previously.  

  The  s tructure,  g enetic  c ontrol and 
 s ynthesis of  h aemoglobin 

 Different haemoglobins are synthesised in the embryo, fetus 
and adult, each adapted to their particular oxygen require-
ments. They all have a tetrameric structure made up of two 
different pairs (one  α  - like and one  β  - like) of globin chains, each 

attached to one haem molecule, the moiety responsible for the 
reversible binding and transfer of oxygen (Figure  6.1 ).   

 The embryonic haemoglobins include Hb Portland ( ζ  2  γ  2 ), 
Hb Gower 1 ( ζ  2  ε  2 ), and Hb Gower 2 ( α  2  ε  2 ). In the fetus, HbF 
( α  2  γ  2 ) predominates; in adults, HbA ( α  2  β  2 ) comprises over 95% 
of the total haemoglobin, with a minor component of HbA 2  
( α  2  δ  2 ) in the red blood cells. There are two kinds of HbF com-
posed of  γ  - chains that differ in their amino acid composition at 
position 136, where they have either glycine or alanine; those 
with glycine are called  G  γ  - chains and those with alanine  A  γ  -
 chains. The  G  γ  and  A  γ  chains are the products of separate globin 
gene loci ( G  γ  and  A  γ ). These different types of haemoglobin are 
adapted to the changes in physiological requirements that occur 
during development. Fetal haemoglobin (HbF) exhibits a 
higher oxygen affi nity than adult haemoglobins  in vivo ; the 
higher oxygen affi nity of HbF relative to adult haemoglobin 
facilitates the transfer of oxygen across the placenta from the 
maternal to the fetal circulation. 

 The sigmoid shape of the oxygen dissociation curve, which 
refl ects the allosteric properties of haemoglobin, ensures that 
oxygen is rapidly taken up at the high oxygen tensions found in 
the lungs and is released readily at the low tensions encountered 
in the tissues. It is quite different to myoglobin, a molecule that 
consists of a single globin chain with haem attached to it and 
which has a hyperbolic dissociation curve. The transition from 
a hyperbolic to a sigmoid curve refl ects cooperativity between 
the four haem molecules. When one haem takes on oxygen, the 
affi nity for oxygen of the remaining haems of the tetramer 
increases markedly. This is because haemoglobin can exist in 
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oxygen affi nity and hence uptake. Oxygen affi nity is also modi-
fi ed by the level of 2,3 - diphosphoglycerate (2,3 - DPG) in the red 
cell. Increasing concentrations shift the oxygen dissociation 
curve to the right (i.e. reduce oxygen affi nity), whereas dimin-
ishing concentrations have the opposite effect. 

  Genetic  c ontrol,  r egulation and  s ynthesis 

 Human haemoglobin production is characterized by two 
 ‘ switches ’ . The switch from embryonic to fetal haemoglobin 
production begins as early as week 5 of gestation and is com-
pleted by week 10 (Figure  6.1 ). Expression of  β  - globin starts as 

two confi gurations, deoxy(T) and oxy(R) (T and R stand for 
tight and relaxed states respectively). The T form has a lower 
affi nity than the R form for ligands such as oxygen. At some 
point during the sequential addition of oxygen to the four 
haems, transition from the T to R confi guration occurs and the 
oxygen affi nity of the partially liganded molecule increases dra-
matically. The oxygen dissociation curve, which refl ects these 
changes, can be modifi ed in several ways. First, oxygen affi nity 
is decreased with increasing CO 2  tensions  –  the Bohr effect. This 
facilitates oxygen loading to the tissues, where a drop in pH due 
to CO 2  infl ux lowers oxygen affi nity. In contrast, in the lungs, 
effl ux of CO 2  and an increase in intracellular pH increases 
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elements are found in many eukaryotic promoters, the CACCC 
sequence is found predominantly in erythroid cell - specifi c 
promoters.   

 The 5 ′  untranslated region (UTR) occupies a region of about 
50 nucleotides between the 5 ′  terminus or  ‘ cap ’  site of globin 
mRNA and the initiation (ATG) codon. The cap appears to be 
important for maintaining the stability of the nuclear precursor 
mRNA. Within the 5 ′  - UTR of the various globin genes there 
are conserved sequences that are important in the regulation of 
gene expression. The 3 ′  - UTR constitutes the region between the 
termination codon and the poly - A tail. It consists of about 130 
nucleotides with one conserved sequence, AATAAA, located 20 
nucleotides upstream of the poly - A tail. The conserved hexanu-
cleotide AATAAA acts as a signal for cleavage of the 3 ′  end of 
the primary transcript and addition of the poly - A tail, which 
confers stability on the processed mRNA and enhances transla-
tion. The importance of all these  cis  elements for normal globin 
gene expression has been validated by the discovery of thalas-
saemias caused by several mutations affecting these regions, as 
well as by deletion experiments. 

 Throughout development, the appropriate genes of the  α  -  
and  β  - globin gene clusters are coordinately expressed, main-
taining a balance in the production of  α  -  and  β  - like globins 
needed for the synthesis of normal haemoglobin. The regula-
tion of globin gene expression is mediated at several levels; 
although most occurs at the transcriptional level, there is some 
fi ne - tuning during and after translation. Most DNA that is not 
involved in gene transcription is tightly packaged into a 
compact, chemically modifi ed form that is inaccessible to tran-
scription factors and polymerases and which is heavily methyl-
ated. Activity is associated with a change in the structure of the 
chromatin surrounding a gene, which can be identifi ed by 
enhanced sensitivity to nucleases. Erythroid lineage - specifi c 
nuclease hypersensitivity sites are found at several locations in 
both the  β  - globin and  α  - globin gene clusters. A set of fi ve 
DNase I hypersensitivity sites (designated HSs1 – 5), distributed 
5 – 25   kb 5 ′  of the  ε  - globin gene, constitute the  β  locus control 
region ( β  LCR) (see Figure  6.1 ). This region was originally 
implicated in the control of the  β  - globin complex by the dis-
covery of natural mutants that removed sequences upstream 
but left the globin genes intact and yet resulted in no output 
from the cluster. The human  β  LCR was the fi rst LCR to be 
identifi ed and was functionally defi ned as a DNA element that 
provides high levels of tissue - specifi c expression to a  cis  - linked 
gene in a copy number - dependent manner, and which is inde-
pendent of host - genome integration site. The corresponding 
region in the  α  - globin cluster consists of four multispecies con-
served sequence (MCS) regions lying 30 – 70   kb upstream of the 
 α  - globin genes called MCS - R1 to MCS - R4. Of these elements, 
only MCS - R2, which consists of a single DNase hypersensitive 
site, has been shown to be essential for  α  - globin expression. 
MCS - R2, which lies 40   kb upstream of the cluster, is also known 
as HS - 40. The  β  LCR establishes a transcriptionally active 

early as week 8 but synthesis remains low, increasing to approx-
imately 10% at weeks 30 – 35 of gestation with a dramatic upreg-
ulation of  β  - globin synthesis just before birth, coinciding with 
a decrease in  γ  - globin expression that constitutes the fetal to 
adult haemoglobin switch. At birth, HbF ( α  2  γ  2 ) comprises 60 –
 80% of the total haemoglobin, falling to about 5% at 6 months 
of age and eventually reaching the adult level of 0.5 – 1.0% at 2 
years. The relative synthesis of  G  γ  and  A  γ  chains also changes 
with the switch, from a  G  γ / A  γ  ratio of 3   :   1 in fetal life to a ratio 
of 2   :   3 in adults. The switch from fetal to adult haemoglobin 
production is not total, production of variable levels of HbF 
persisting throughout adult life. These residual amounts are 
unevenly distributed; erythrocytes that contain measurable 
amounts of HbF are termed F cells. 

 Each of the  α  - like and  β  - like globin chains is encoded by 
genetically distinct loci, the  α  - like cluster on the tip of chromo-
some 16p and the  β  - like cluster on chromosome 11p15.5 
(Figure  6.1 ). In both clusters, the genes are arranged along the 
chromosome in the order in which they are expressed during 
development: 5 ′  -  ε  -  G  γ  -  A  γ  -  ψ  β  -  δ  -  β  - 3 ′  and 5 ′  -  ζ  -  ψ  ζ  -  ψ  α 2 -  ψ  α 1 -  α 2 -
  α 1 – 3 ′ . The  ψ  β ,  ψ  ζ  and  ψ  α  genes are pseudogenes, that is they 
have sequences that resemble the  β ,  ζ  or  α  genes but contain 
inactivating mutations that prevent them from being expressed. 
They may be  ‘ burnt out ’  remnants of genes that were functional 
at an earlier stage of evolution. Like most mammalian genes, 
the globin genes have one or more non - coding inserts, called 
intervening sequences or introns, interrupting the coding 
sequences or exons. 

 The  β  - like globin genes have similar structures, with three 
exons (coding regions) interrupted by two intervening 
sequences or introns of 122 – 130 and 850 – 900   bp, respectively. 
The  β  genomic sequence codes for 146 amino acids; intron 1 
interrupts the sequence between codons 30 and 31, and intron 
2 between codons 104 and 105. The  α  - globin genes code for 
141 amino acids and contain similar but smaller introns between 
codons 30 and 31 and between codons 99 and 100. Within each 
 α  -  and  β  - globin complex, in addition to the primary  cis  deter-
minants of individual globin gene expression which are found 
in the immediate vicinity and within each gene, there are other 
local regulatory elements known as enhancers which are located 
at variable distances from the individual genes. 

 The local  cis  - acting sequences controlling globin gene 
expression include the promoter region, splicing donor and 
acceptors, and poly - A addition sites. The promoter, in the 5 ′  
fl anking region, includes blocks of nucleotide homology that 
are found in analogous positions in many species (Figure  6.2 ). 
The three positive  cis  - acting elements include the TATA box 
(position  − 28 to  − 31, i.e. between 28 and 31 bases upstream 
from the mRNA  ‘ cap ’  site), a CCAAT box (position  − 72 to  − 76), 
and a CACCC motif which may be inverted or duplicated (posi-
tion  − 80 to  − 140). These promoter elements are recognized by 
transcription factors and are involved in the initiation of tran-
scription. It is interesting that while the CCAAT and TATA 
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may be involved in the (still poorly understood) differential 
expression of embryonic, fetal and adult globin genes. 

 The mechanisms by which developmental regulation is con-
trolled are less clear. A dual mechanism has been proposed: 
autonomous gene silencing and gene competition for a direct 
interaction with the upstream LCR. It appears that the  ε  and  ζ  
genes are switched on in embryonic cells and autonomously 
switched off in defi nitive cells (liver and bone marrow) in which 
they cannot be substantially reactivated. The second switch, 
from  γ  to  β  gene expression, is more complex and involves both 
autonomous silencing of the  γ  genes and competition between 
the  γ  and  β  genes for the  β  LCR. The transcriptional factor 
environment is critical in determining the balance between  γ  
and  β  gene expression and is thought to be mediated by changes 
in the repertoire and/or abundance of various nuclear factors 
favouring particular promoter – LCR interactions. So far, the 
best - defi ned example of a developmental stage - specifi c regula-
tory factor is the erythroid Kr ü ppel - like factor (EKLF) without 
which the  β  genes cannot be fully activated in the defi nitive 

chromatin domain that encompasses the whole  β  - globin cluster 
and acts as a unique enhancer, whereas the  α  - globin MCS - R2 
is most similar to HS2 of the  β  LCR and acts as an enhancer. 
In  both  clusters,  expression of  the  respective  genes  is  criti -
cally dependent on the presence of the upstream regulatory 
elements. 

 Several other enhancer sequences have also been identifi ed 
in both globin gene clusters. All these regulatory regions bind 
a number of erythroid - specifi c transcription factors, notably 
GATA - 1, NF - E2 and EKLF, as well as factors that are more 
ubiquitous in their tissue distribution such as Sp1. Tissue -
 specifi c expression may be explained by the presence of binding 
sites for the erythroid - specifi c transcription factors. The binding 
of haemopoietic - specifi c factors activates the LCR, which 
renders the entire  β  - globin gene cluster transcriptionally active. 
Transcription factors also bind to enhancer and local promoter 
sequences within each gene, which work in tandem to regulate 
the expression of the individual genes in the clusters. Some of 
the transcription factors are developmental stage specifi c and 
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RNAs carry amino acids to the template, where they fi nd the 
right position by codon – anticodon base - pairing. The mRNA is 
translated from the 5 ′  to the 3 ′  end (left to right) starting with 
a specifi c initiation codon (AUG) and ending with a termina-
tion codon (UAA, UAG, UGA). When the ribosome reaches the 
termination codon, translation ceases, the completed globin 
chain is released, and the ribosomal subunits fall apart and are 
recycled. Individual globin chains combine with haem, which 
is synthesized through a separate pathway, and with themselves 
to form defi nitive haemoglobin molecules. 

 Terminations codons are also called nonsense codons because 
they do not usually encode any amino acid. Approximately 50% 
of the mutations causing  β  thalassaemia are caused by termina-
tion codons that are premature. Premature termination codons 
(PTCs) can result from different types of mutations. Single 
nucleotide substitutions can convert a sense codon to a non-
sense codon and are often referred to as nonsense mutations. 
Frameshift mutations are insertions or deletions of a few bases 
that are not multiples of three that shift the reading frame, 
resulting in a nonsense codon that is premature (i.e. PTC). 
mRNAs with PTCs lead to production of encoded truncated 
proteins that are potentially harmful. They are kept in check by 
a cellular surveillance mechanism referred to as nonsense -
 mediated mRNA decay (NMD). NMD is usually triggered when 
translation stops prematurely at PTCs, resulting in termination 
of the mutant mRNA transcript and thus absence of abnormal 
protein. However, PTCs situated less than 50 – 55 nucleotides 
upstream of the 3 ′  - most exon – exon junction or downstream of 
this junction generally fail to trigger NMD, and result in pro-
duction of abnormal mRNA species. In the case of the  β  - globin 
gene, PTCs within the last exon (exon 3) and 3 ′  half of exon 2 
result in the production of highly unstable  β  - globin variant 
chains and a dominantly inherited form of  β  thalassaemia, illus-
trating the importance of downregulating mRNAs that encode 
truncated proteins. However, there are exceptions to the 50 – 55 
rule; PTCs within  β  - globin exon 1 and a PTC within exon 2 
have been reported to fail to elicit NMD effi ciently despite 
residing more than 55 nucleotides upstream of the exon 2 – exon 
3 junction. 

 The multistep process in the conversion of DNA into protein 
offers numerous opportunities for mishaps to occur that result 
in downregulation of gene expression, clearly illustrated by the 
different mutations causing thalassaemias and haemoglobin-
opathies (Figure  6.2 ).    

  Classifi cation of the  d isorders of 
 h aemoglobin 

 Mutations in the globin genes can cause either a quantitative 
reduction in output from that gene or alter the amino acid 
sequence of the protein produced (Table  6.1 ). Quantitative 

cells. Not only is EKLF expression restricted mainly to erythroid 
cells but it is also a highly promoter - specifi c activator, binding 
with high affi nity to the  β  - globin CACCC box. Its greater affi n-
ity for the  β  - globin than the  γ  - globin promoter accelerates the 
shutdown of  γ  in transgenic mice overexpressing EKLF, which 
suggests a role for EKLF in the  γ  - globin to  β  - globin switching 
process. However, EKLF is unlikely to be the only factor because 
(i)  γ  - globin silencing can also occur in the absence of a compet-
ing  β  - globin promoter and (ii) EKLF expression is equivalent 
at all developmental stages. The erythroid - specifi c transcription 
factors can be part of multiprotein complexes that also involve 
ubiquitous transcription factors such as Sp1. 

  Transcription and  p rocessing of  m  RNA  
 Genetic information in the DNA of the globin genes is tran-
scribed into an RNA copy which is then translated into a spe-
cifi c globin chain (Figure  6.2 ). The TATA box acts as the initial 
DNA target for the progressive assembly of an initial transcrip-
tion complex, which involves the interaction of transcription 
factors, TATA - binding protein and other proteins with the  β  
LCR or  α  MCS, mediated by RNA polymerase II. 

 The primary transcript is a large mRNA precursor (pre -
 mRNA) that contains both introns and exons. While in the 
nucleus, it undergoes a number of modifi cations before it can 
be translated into protein (Figure  6.2 ). This includes the 
removal of introns by a complex series of reactions involving 
several different proteins that constitute the spliceosome, and 
splicing of the exons. Consensus sequences are universally 
found encompassing the 5 ′  (donor) and 3 ′  (acceptor) ends. 
Each intron invariantly starts with the dinucleotide GT (5 ′ ) and 
fi nishes with AG (3 ′ ). Mutations that alter the normal consen-
sus sequences or mutations that create similar consensus 
sequences at new sites in globin genes cause aberrant splicing 
and constitute the molecular basis of many types of thalassae-
mia. Other modifi cations of the nascent mRNAs include the 
addition of a  ‘ cap ’  structure at the 5 ′  end and the addition of a 
string of adenylic acid residues (poly - A) at the 3 ′  end. Proper 
cleavage of the primary RNA transcript and polyadenylation of 
the 3 ′  ends of mRNA is guided by a consensus hexanucleotide 
(AATAAA) sequence about 20 nucleotides upstream of the 
poly - A tail. The processed mRNA now moves into the cyto-
plasm to act as a template for globin chain production on 
defi ned organelles known as ribosomes.  

  Translation 
 Amino acids are transported to the mRNA template on carriers 
called transfer RNAs; there are specifi c transfer RNAs for each 
amino acid. The order of amino acids in a globin chain is deter-
mined by the order of nucleotides (reading frame); three bases 
(codon) code for a particular amino acid. The transfer RNAs 
also contain three bases, the anticodon, which are complemen-
tary to mRNA codons for particular amino acids. The transfer 
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  The  t halassaemias and  r elated  d isorders 

 The thalassaemias are the commonest single - gene disorders. 
Thalassaemia was fi rst recognized by Cooley and Lee in 1925 as 
a form of severe anaemia associated with splenomegaly and 
bone changes in children. The term  ‘ thalassaemia ’  is derived 
from the Greek  θ  α  λ  α  σ  σ  α  (meaning  ‘ the sea ’ ) since many of 
the early cases came from the Mediterranean region. However, 
it is now clear that the disorder is not just limited to the 
Mediterranean region but occurs throughout the world, preva-
lent in the tropical and subtropical regions including the Middle 
East, parts of Africa, Indian subcontinent and Southeast Asia. 
It appears that heterozygotes for thalassaemia are protected 
from the severe effects of malaria and natural selection has 
increased and maintained their gene frequencies in these malar-
ious regions. 

  Defi nition and  c lassifi cation 

 The thalassaemias are classifi ed into  α ,  β ,  δ  β ,  γ  δ  β ,  δ ,  γ  and  ε  γ  δ  β  
thalassaemias according to the type of globin chain(s) that is 
produced in reduced amounts (Table  6.1 ). The two major cat-
egories are the  α  and  β  thalassaemias while the rare forms 
include the  γ ,  δ  and  ε  γ  δ  β  thalassaemias. 

 Functionally, some thalassaemia mutations cause a complete 
absence of globin chain synthesis, and these are called  α  0  or  β  0  
thalassaemias; in others, the globin chain is produced at a 
reduced rate and these are designated  α  +  or  β  +  thalassaemias. 
The  δ  β  thalassaemias are subdivided in the same way. HPFH 
syndromes refer to the group of disorders in which the switch 
from fetal to adult haemoglobin production is incomplete and 
fetal haemoglobin levels are variably increased in otherwise 
normal individuals. Because of their concomitant increased 
HbF levels, the  δ  β  and  γ  δ  β  thalassaemias are often considered 
with the HPFH syndromes. 

 Because thalassaemia occurs in populations in which struc-
tural haemoglobin variants are common, it is not unusual to 
inherit a thalassaemia gene from one parent and a gene for a 
structural haemoglobin variant from the other. Furthermore, 
both  α  and  β  thalassaemia occur commonly in some countries, 
and individuals may co - inherit genes for both types. These dif-
ferent interactions produce a clinically diverse family of genetic 
disorders that range in severity from death  in utero  to extremely 
mild, symptomless, hypochromic anaemias. 

 Most thalassaemias are inherited in a Mendelian recessive 
fashion. Heterozygotes are mostly symptomless, although 
usually they can be recognized by simple haematological analy-
sis. More severely affected patients are either homozygotes for 
 α  or  β  thalassaemia or compound heterozygotes for different 
molecular forms of  α  or  β  thalassaemia or for one or other form 
of thalassaemia and a gene for a haemoglobin variant. Clinically, 
the thalassaemias are classifi ed according to their severity into 

defects cause thalassaemia whereas qualitative changes, referred 
to as haemoglobin variants, cause a wide range of problems 
including sickle cell disease, unstable haemoglobins, decreased 
oxygen affi nity, increased oxygen affi nity and methaemoglobi-
naemia; however, the majority of qualitative mutations cause 
no signifi cant change in haemoglobin properties or clinical 
problems. Some mutations combine both features, resulting in 
a haemoglobin variant which is made in reduced amounts; 
HbE ( β 26 Glu → Lys) is the most common example of this. 
The substitution at codon 26 (GAG → AAG) which causes 
HbE also causes alternative splicing of the  β  - globin mRNA, 
leading to a reduction in the normally spliced  β  message encod-
ing the variant, and a thalassaemia phenotype. Other haemo-
globin variants result in a thalassaemia phenotype caused by 
extreme instability and functional defi ciency of the globin chain 
variant; for example, Hb Geneva, a dominantly inherited  β  
thalassaemia. Other mutations in the globin gene complex 
might alter the switch from fetal to adult haemoglobin synthe-
sis, and result in hereditary persistence of fetal haemoglobin 
(HPFH).    

  Table 6.1    The thalassaemias and related disorders. 

    β  Thalassaemia   

   β  0   

     Deletion  

     Non - deletion  

   β  +   

   ‘ Silent ’   

  Normal HbA 2   

  Dominant  

    α  Thalassaemia   

   α  0   

   α  +   

     Deletion (/ −  α )  

     Non - deletion (/ α  T  α )  

    δ  β  Thalassaemia   

   G  γ  A  γ  ( δ  β ) 0   

   G  γ  ( A  γ  δ  β ) 0   

  ( δ  β ) +   

    γ  Thalassaemia   

    δ  Thalassaemia   

    ε  γ  δ  β  Thalassaemia   

   Hereditary persistence of fetal haemoglobin   

  Deletion  

  Non - deletion  

      A  γ   

      G  γ   
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on whether there is a marked or mild reduction in the output 
of  β  chains, respectively. 

  Transcription 
 The mutations that interfere with transcription include dele-
tions and point mutations involving the globin gene promoter 
regions. With the exception of a deletion of about 600 bases at 
the 3 ′  end of the  β  - globin gene, which is restricted to certain 
Indian populations, major deletions are uncommon. A large 
number of point mutations involve the promoters or adjacent 
regions, most of which downregulate the  β  - globin gene to 
a variable degree and cause relatively mild forms of  β  
thalassaemia. 

 A couple of  β  thalassaemia mutations in this class are  ‘ silent ’ : 
carriers do not have any evident haematological phenotypes, 
with red cell indices and HbA 2  levels within the normal range, 
the only abnormality being imbalanced globin chain synthesis. 
These  β  thalassaemia mutations have usually been  ‘ discovered ’  
in individuals with thalassaemia intermedia resulting from 
compound heterozygosity for one of those  ‘ silent ’  mutations in 
combination with a typical  β  thalassaemia mutation. In this 
case, one parent has typical  β  thalassaemia trait and the other 
is apparently normal. Overall, the  ‘ silent ’   β  thalassaemia alleles 
are uncommon except for the  − 101 C → T mutation that has 
been observed fairly frequently in the Mediterranean region, 
where it interacts with a variety of more severe  β  thalassaemia 
mutations to produce milder forms of  β  thalassaemia 
intermedia.  

  Processing 
 A wide variety of mutations interfere with processing of the 
primary mRNA transcript. Those involving the invariant GT or 
AG sequences at intron – exon junctions prevent splicing alto-
gether and cause  β  0  thalassaemia. Mutations involving the con-
sensus sequences adjacent to the GT or AG dinucleotides in the 
introns allows some normal splicing and causes  β  +  thalassaemia. 
Several  β  thalassaemia mutations involve other parts of the 
introns; alternative splicing sites are produced leading to vari-
able degrees of both normal and abnormal mRNA synthesis. An 
incorrectly spliced mRNA is not functional because it contains 
intron sequences, generating a frameshift and a PTC. Sequences 
that resemble the consensus sequences at intron – exon junctions 
are also present in exons. Mutations may activate these  ‘ cryptic ’  
sites, again leading to abnormal splicing.  

  Translation 
 About half of the  β  thalassaemia alleles completely inactivate 
the gene, mostly by generating PTCs, either by single - base sub-
stitution to a nonsense codon or through a frameshift mutation. 
As part of the surveillance mechanism that is active in quality 
control of the processed mRNA, mRNA harbouring a PTC is 
destroyed and not transported to the cytoplasm (a phenome-
non called NMD) to prevent the accumulation of mutant 

major, intermediate and minor forms. Thalassaemia major is a 
severe and transfusion - dependent disorder. Thalassaemia 
minor is the symptomless trait or carrier state. Thalassaemia 
intermedia is characterized by anaemia (with or without 
splenomegaly), though not of such severity as to require regular 
transfusion. In practice, thalassaemia intermedia encompasses 
a wide spectrum of clinical severities intermediate between the 
two extremes of thalassaemia major and trait.  

  The  β   t halassaemias 

 The  β  thalassaemias pose by far the most important public 
health problems because they are common and usually produce 
severe anaemia in their homozygous and compound hetero-
zygous states. 

  Distribution 
 The  β  thalassaemias occur widely in a broad belt, ranging from 
the Mediterranean and parts of North and West Africa through 
the Middle East and Indian subcontinent to Southeast Asia. The 
disease is particularly common in Southeast Asia, where it 
occurs in a line starting in southern China and stretching down 
through Thailand and the Malay peninsula and Indonesia to 
some of the Pacifi c island populations. In this region, and in 
some of the Mediterranean island and mainland countries, gene 
frequencies range between 2 and 30%. It should be remembered 
that  β  thalassaemia is not confi ned entirely to these high - 
incidence regions and it occurs sporadically in every racial 
group.  

  Genetic  b asis of  d isease:  m olecular  p athology 
 The  β  thalassaemias are considered to be autosomal recessive 
disorders since individuals who have inherited one abnormal  β  
gene (carrier) are asymptomatic and the inheritance of two 
abnormal  β  globin genes is required to produce a clinically 
detectable phenotype. Molecular analysis of the  β  thalassaemia 
genes has demonstrated a striking heterogeneity. Although 
almost 300  β  thalassaemia alleles (including deletions) have 
been characterized, population studies indicate that probably 
only 20  β  thalassaemia alleles account for more than 80% of the 
 β  thalassaemia mutations in the whole world. This is because 
in each of the high - frequency areas, only a few (four to six) 
mutations are common, refl ecting local selection due to malaria, 
with a varying number of rare ones. Each of these populations 
thus has its own unique group of mutations. 

 The vast majority (approximately 250) of  β  thalassaemia 
mutations are point mutations (i.e. single - base substitutions) 
and small insertions or deletions of one to two bases. These may 
involve any step in globin chain production: transcription, 
translation or post - translational stability of the globin gene 
product (Figure  6.2 ). Approximately half of these mutations 
completely inactivate the  β  gene with no  β  - globin production 
resulting in  β  0  thalassaemia. Mutations that allow the produc-
tion of some  β  - globin cause  β  +  or  β  ++  thalassaemia depending 
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common, but even that is restricted to the Sind populations of 
India and Pakistan where it constitutes about 30% of the  β  
thalassaemia alleles. The other deletions, although extremely 
rare, are of particular clinical interest because they are associ-
ated with an unusually high levels of HbA 2  and HbF in hetero-
zygotes. The increase in HbF is adequate to compensate for the 
complete absence of HbA in homozygotes for these deletions. 
The mechanism underlying the elevated levels of HbA 2  and HbF 
appears to be related to removal of the 5 ′  promoter region of 
the  β  - globin gene, which removes competition for the upstream 
 β  LCR and limiting transcription factors, resulting in increased 
interaction of the LCR with the  γ  and  δ  genes in  cis , thus 
enhancing their expression. This mechanism may also explain 
the unusually high HbA 2  levels that accompany the point muta-
tions in the  β  promoter region.    

  Unusual  c auses of  β   t halassaemia 
 These are extremely rare and are mentioned here not just for 
the sake of completeness but also to illustrate the numerous 
molecular mechanisms that downregulate the  β  - globin gene. 
Transposable elements may occasionally disrupt human genes 
and result in their activation. The insertion of such an element, 
a retrotransposon of the LI family, into intron 2 of the  β  - globin 
gene has been reported to cause  β  +  thalassaemia. Rarely, muta-
tions in other genes distinct from the  β  - globin complex can 
downregulate  β  - globin expression. Such  trans  - acting mutations 
have been described affecting the XPD protein that is part of 
the general transcription factor TF11H, and the erythroid - 
specifi c GATA - 1. Somatic deletion of the  β  - globin gene con-
tributed to thalassaemia intermedia in three unrelated families 
of French and Italian origins. The affected individuals with 
thalassaemia intermedia were constitutionally heterozygous for 
 β  0  thalassaemia but subsequent investigations revealed a somatic 
deletion of chromosome 11p15, including the  β  - globin gene 

mRNAs coding for truncated peptides. However, some in -
 phase PTCs that occur later in the  β  sequence, in the 3 ′  half of 
exon 2 and in exon 3, escape NMD and are associated with 
substantial amounts of mutant  β  mRNA, leading to synthesis 
of  β  - chain variants that are highly unstable and non - functional 
with a dominant negative effect (see next section). Other muta-
tions of RNA translation involve the initiation (ATG) codon. 
Nine of these have been described; apart from an insertion of 
45   bp, all are single base substitutions and again result in  β  0  
thalassaemia.  

  Mutations  a ffecting  p ost -  t ranslational  s tability 
 Instability of the  β  - globin gene product is the basis for the 
dominantly inherited  β  thalassaemias (Figure  6.3 ). As discussed 
earlier, in - phase PTCs within the 3 ′  half of exon 2 and in exon 
3 cannot effi ciently elicit NMD and hence abnormal mRNA 
containing the PTCs are transported to the cytoplasm and 
translated. However, these truncated variant  β  - chains are highly 
unstable, non - functional and not able to form viable tetramers. 
They precipitate in the erythroid precursors together with the 
redundant  α  chains, causing premature death of these cells, and 
accentuating the ineffective erythropoiesis. Severe anaemia and 
clinical disease results even in the heterozygous state. Highly 
unstable  β  - globin chains can also result from single - base sub-
stitutions or minor insertions/deletions that affect a critical 
amino acid of the  β  - globin peptide that is involved in  α / β  dimer 
formation or haem binding. In other cases, the minor inser-
tions/deletions lead to shifts in the reading frame resulting in 
long unstable  β  - globin gene products that form prominent 
inclusion bodies in red cell precursors.    

  Deletions  r estricted to the  β  -  g lobin  g ene 
  β  Thalassaemia is rarely caused by deletions (Figure  6.4 ). Of 
these, only the 619 - bp deletion at the 3 ′  end of the  β  gene is 
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     Figure 6.3     Heterozygous mutations in 

the  β  - globin gene and the different 

phenotypes.  



Haemoglobin and the inherited disorders of globin synthesis 

91

The end result is an extremely rigid red cell with a shortened 
survival.   

 Thus, the anaemia of  β  thalassaemia results from a combina-
tion of ineffective erythropoiesis and haemolysis. It stimulates 
erythropoietin production, which causes expansion of the bone 
marrow and may lead to serious deformities of the skull and 
long bones. Because the spleen is being constantly bombarded 
with abnormal red cells, it hypertrophies. The resulting 
splenomegaly, together with bone marrow expansion, causes a 
major increase in plasma volume, which also contributes to the 
anaemia. 

 As mentioned previously, HbF production almost ceases 
after birth. However, some adult red cell precursors retain the 
ability to produce a variable number of  γ  - chains. Because the 
latter can combine with excess  α  - chains to form HbF, cells 
which make relatively more  γ  - chains in the bone marrow of 
 β  thalassaemics are partly protected against the deleterious 
effect of  α  - chain precipitation. These F cells come under selec-
tion in the marrow and peripheral blood and thus individuals 
with  β  thalassaemia have variable increases in HbF due to selec-
tive survival of these F cells. In some cases, there is also a 
genuine increase in HbF production as well as selection of 
F cells due to co - inheritance of a genetic determinant, or 
quantitative trait locus (QTL), for increased HbF production. 
Because  δ  - chain synthesis is unaffected, the disorder is 
characterized by a relative or absolute increase in HbA 2  ( α  2  δ  2 ) 
production. 

complex, in  trans  to the mutation in a subpopulation of eryth-
roid cells. This results in a somatic mosaic: 10 – 20% of the cells 
were heterozygous with one normal copy of the  β  - globin gene, 
and the rest hemizigous (i.e. without any normal  β  - globin 
gene). In another case, thalassaemia major in a Chinese patient 
was caused by homozygosity for a paternal  β  thalassaemia allele 
due to unipaternal isodisomy of chromosome 11p15.5 that 
encompassed the  β  - globin gene cluster.   

  Pathophysiology 
 The molecular defects in  β  thalassaemia result in absent or 
reduced  β  - chain production while  α  - chain synthesis is unaf-
fected. The imbalance in globin chain production leads to an 
excess of  α  - chains. The free  α  - globin chains are highly unstable 
and precipitate in red cell precursors, forming intracellular 
inclusions that interfere with red cell maturation (Figure  6.5 ). 
Hence there is a variable degree of intramedullary destruction 
of erythroid precursors (i.e. ineffective erythropoiesis) that 
characterizes all  β  thalassaemias. Those red cells which mature 
and enter the circulation contain  α  - chain inclusions that inter-
fere with their passage through the microcirculation, particu-
larly in the spleen. However, the damage to red cell precursors 
and their progeny in  β  thalassaemia is not entirely mechanical. 
The degradation products of excess  α  - chains, particularly haem 
and iron, produce a wide range of deleterious effects on red cell 
membrane proteins and lipids, manifest by marked abnormali-
ties of electrolyte homeostasis and membrane deformability. 

β L1
1 kb

619 bp

290 bp

532 bp

1.39 kb

1.61 kb

3.5 kb

4.2 kb

7.6 kb

10.3 kb

12.0 kb

12.6 kb

30 kb

~45 kb

~67 kb

7.7 kb

δ

1

5’ 3’

2

3

4

5

6

7

8

9

10

11

12

13

14

15

As Indian

Turkish, Jordanian, Iranian

Black

Black, British

Croatian

Thai

Czech

Turk

As Indian

Australian (Anglo-Saxon)

Dutch

Vietnamese

Filipino

Italian

Cape Verde

     Figure 6.4     Deletions causing  β  

thalassaemia. The vertical bar indicates 

the  β  - globin promoter region that is 

removed in common by these 

deletions, except for the 619   bp 

deletion. The horizontal arrows 

indicate that the 3 ′  end of the deletions 

have not been defi ned.  



Postgraduate Haematology

92

 While co - inheritance of  α  thalassaemia reduces chain imbal-
ance and disease severity in individuals who have inherited 
two copies of  β  thalassaemia alleles, the increased output of 
 α  - globin through co - inheritance of extra  α  - globin genes in 
 β  thalassaemia heterozygotes increases chain imbalance, con-
verting a typically asymptomatic state to that of thalassaemia 
intermedia. The outcome depends on the number of  α  - globin 
genes inherited as one or two copies of triplicated (/ α  α  α ) or 
quadruplicated (/ α  α  α  α )  α  - globin complexes, and the type of 
 β  thalassaemia mutation ( β  0  or  β  + ). More recently, another 
mechanism of inheriting extra  α  - globin genes involving seg-
mental duplication of the whole  α  - globin gene cluster has also 
been described. 

 Tertiary modifi ers are those that affect the complications of 
disease; the severity of bone disease, iron loading and jaundice 
may be affected by polymorphisms of genes involved in the 
metabolic pathways concerned with these complications. Bone 
mass, like HbF, is a quantitative trait under strong genetic 
control involving multiple QTLs, those implicated including 
estrogen receptor gene, vitamin D receptor ( VDR ) gene, colla-
gen type  α 1 genes and transforming growth factor  β 1 ( TGFB1 ) 
gene. Studies have shown that the levels of bilirubin and inci-
dence of gallstones are related to a polymorphic variant (seven 
TA repeats) in the promoter of the uridine diphosphate glu-
curonosyltransferase 1A ( UGT1A1 ) gene, also referred to as 
Gilbert syndrome. Iron loading in  β  thalassaemia results not 
just from blood transfusion but also from increased iron 
absorption. Variants in the  HFE  gene have a modulating effect 

 It follows therefore that if the anaemia is corrected with 
blood transfusion, the erythropoietin drive is shut off, growth 
and development are normal, bone deformities do not occur 
and splenomegaly is less marked. On the other hand, each unit 
of blood contains 200 – 250   mg of iron, and with regular transfu-
sion there is steady accumulation of iron in the liver, endocrine 
glands and myocardium. Thus, although well - transfused thalas-
saemic children grow and develop normally, they die of iron 
overload unless steps are taken to remove iron.  

  Genotype –  p henotype  r elationships 
 The  β  thalassaemias show remarkable phenotypic variability, 
ranging from severe life - threatening anaemia to an extremely 
mild condition that may be identifi ed only by chance. The 
molecular basis for this diversity is at least partly understood. 

 The genetic modifi ers of the  β  thalassaemia phenotype can 
be divided into primary, secondary and tertiary (Figure  6.5 ). 
Primary modifi ers are the different mutations that affect the 
 β  - globin gene. These have variable effects on  β  - globin gene 
expression that may affect the output of  β  - globin chains, 
ranging from zero to a very mild reduction. Secondary modi-
fi ers are those that reduce the degree of imbalance of globin 
chain synthesis. They include the co - inheritance of  α  thalas-
saemia and a variety of genetic modifi ers of  γ  - chain production 
in adult life. Three major QTLs  –   Xmn 1 -  G  γ  site,  HBS1L  -  MYB  
intergenic poymorphisms ( HMIP ) on chromosome 6q, and 
 BCL11A  gene on chromosome 2  –  have recently been mapped, 
and it seems likely that many remain to be discovered. 
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     Figure 6.5     The pathophysiology of  β  thalassaemia. BM, bone marrow; Epo, erythropoietin.  (From Thein  2004  with permission.)   
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incubation with methyl violet; similar inclusions are found in 
the peripheral red cells after splenectomy. Immunoelectron 
microscopy confi rms that the inclusions in  β  thalassaemia 
consist of precipitated  α  - globin chains.   

 Haemoglobin analysis is needed to confi rm the diagnosis, 
typically using either electrophoretic or chromatographic tech-
niques. This will usually show an increased amount of HbA 2 , 
with the vast majority of the remainder consisting of HbF; small 
amounts of HbA may be present depending on the  β  - globin 
mutation, the age of the child and whether the child has been 
transfused. Absence of HbA confi rms a diagnosis of  β  0  thalas-
saemia, while presence of HbA (pre - transfusion sample) con-
fi rms  β  +  thalassaemia. Testing of the parents should confi rm the 
diagnosis, both typically being carriers of  β  thalassaemia, with 
HbA 2  levels greater than 3.5% and MCH below 27   pg. These 
fi ndings are suffi cient to make a diagnosis of severe  β  thalas-
saemia, although where DNA analysis is available it is often used 
to identify the mutations and confi rm the diagnosis.  

  Management of  s evere  β   t halassaemia 
 Any child presenting in the fi rst year of life with the features 
described above is likely to require regular red cell transfusions 
to grow and develop normally; this is referred to as thalassaemia 
major. If such children are not transfused regularly, as hap-
pened historically in all countries, and as happens currently in 
many poorer areas, progressive deterioration occurs. Growth 
and development continue to be severely impaired. The child 
often has muscle wasting due to increased metabolic demands, 
and in particular may become folate defi cient. The spleen and 
liver become progressively enlarged; the spleen can become 
massive with hypersplenism and resulting cytopenias. There 
is marked erythroid hyperplasia with bony distortion and 
extramedullary haemopoiesis. Bones become enlarged, and 
this is most apparent in the face, with maxillary hyperplasia, 
dental malocclusion and development of a  ‘ tower ’  skull. 
Extramedullary haemopoiesis is typically paraspinal and may 

on iron absorption, and as other genes in iron homeostasis 
become uncovered, it is likely that there will be genetic variants 
in these loci that infl uence the different degrees of iron loading 
in  β  thalassaemia. Similarly, it seems very likely that the pro-
pensity to infection is modifi ed by polymorphisms involving 
the immune system and its regulation. Finally, it should be 
remembered that environmental factors, long neglected, may 
also play an important role in modifying the  β  thalassaemic 
phenotype.  

  Clinical  fi  ndings in  s evere  β   t halassaemia 
 In many developed countries, neonatal screening programmes 
will fi rst identify infants with more severe forms of  β  thalas-
saemia, before the development of any symptoms; in some 
cases, antenatal screening of the parents and possibly prenatal 
diagnosis will have identifi ed the infant to be at high risk of  β  
thalassaemia before birth. Mutations in the  β  - globin gene 
almost never cause clinical symptoms  in utero  or neonatally due 
to the predominance of  γ  - globin at this stage. In many coun-
tries, neonatal screening programmes do not exist and diagnosis 
in the child will depend on their symptomatic presentation. 
Severe  β  thalassaemia usually presents in the fi rst year of life. 
Typically there is failure to thrive, with poor weight gain and 
growth with developmental delay. The parents may have noticed 
that the infant is pale and jaundiced, with a protruding abdomen. 
There may be a family history of severe anaemia, and typically 
the family will not be of northern European origin. Examination 
confi rms the pallor and jaundice, with palpable hepatosplenom-
egaly. There may be evidence of marked erythroid hyperplasia, 
with signs of the typical  ‘ thalassaemic facies ’  including expan-
sion of the skull vault and maxillary bones. The symptoms and 
signs are not specifi c and differential diagnoses include gas-
trointestinal or hepatic disease, and malignancy.  

  Laboratory  d iagnosis of  s evere  β   t halassaemia 
 The full blood count shows a low haemoglobin, usually less 
than 5   g/dL. Mean corpuscular haemoglobin (MCH) and mean 
corpuscular volume (MCV) are low, with a very wide red cell 
distribution width. The nucleated cell count may be very high 
due to the presence of large numbers of nucleated red cells. A 
blood fi lm shows marked anisopoikilocytosis, with basophilic 
stippling and small red cell fragments (Figure  6.6 ). The reticu-
locyte count is elevated but less than expected for the degree of 
anaemia, in keeping with the ineffective erythropoiesis. Renal 
function is normal, but liver function tests show elevation of 
bilirubin, aspartate aminotransferase and lactate dehydroge-
nase, with a normal alanine aminotransferase. Erythropoietin 
levels will be high, with soluble transferrin receptor levels up to 
30 time greater than normal. White cell and platelet counts 
should be normal unless there is hypersplenism. A bone marrow 
aspirate is not essential to make the diagnosis, but if performed 
shows very marked erythroid hyperplasia, with dyserythropoi-
esis. Many of the erythroid precursors show inclusions after 

     Figure 6.6     The peripheral blood appearances in  β  thalassaemia.  
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13 – 15   g/dL. If venous access is diffi cult, as is often the case in 
young children, it is sometimes benefi cial to insert a semi -
 permanent central venous access device, such as a Portacath or 
Hickman line. The majority of thalassaemia patients are treated 
with simple top - up transfusions as described. An alternative 
involves regular exchange transfusion in which blood is both 
venesected and transfused; this can be performed either manu-
ally or automatically using an apheresis machine. The main 
advantages are that transfusion can be less frequent, at intervals 
of up to 6 weeks, and iron loading is signifi cantly less as blood 
is also removed. Disadvantages include increased expense and 
time, increased donor exposure with risk of infection and 
alloimmunization, and diffi culties with venous access. 

 Ideally transfusions are with packed red cells. Leucodepleted 
blood reduces the risk of transfusion reactions and cytomega-
lovirus infection, and should be used where available. When the 
ethnicity of the blood donor population differs from that of 
the recipient thalassaemia population, as occurs in northern 
Europe, the USA and Australia, the transfused red cells should 
be matched for an extended range of blood groups to minimize 
the risk of alloimmunization; typically, full matching for all Rh 
and Kell groups, in addition to ABO, is of benefi t. Before start-
ing transfusions the patient should be vaccinated against hepa-
titis B, and ideally also hepatitis A.  

  Iron  o verload 
 Iron overload inevitably complicates regular blood transfusions 
and is the source of many serious complications. Each unit of 
transfused blood contains about 200 – 250   mg iron, compared 
with the 1   mg iron normally absorbed each day. Despite the 
increased iron, serum hepcidin remains inappropriately low, 
which further contributes to iron loading through increased 
intestinal iron absorption. Recent studies show that the low 
hepcidin is caused by an inhibitory effect of growth differentia-
tion factor (GDF) - 15 that is secreted by erythroid precursors 
and signifi cantly increased in patients with thalassaemia major 
(see Chapter  4 ). Iron is initially stored in macrophages 
within the liver, and is chaperoned around the body bound to 
transferrin. As transferrin becomes saturated, labile, more toxic 
forms of iron appear in cells and plasma, referred to as non -
 transferrin - bound iron (NTBI). It is thought that NTBI is 
responsible for most of the iron toxicity, including iron loading 
into cardiac and endocrine tissues. Once in cells, the iron causes 
oxidative tissue damage, mostly through the generation of free 
radicals. 

 Iron overload and chelation is discussed in more detail in 
Chapter  4 . Before iron chelation was available, most regularly 
transfused thalassaemics died in their late teens, mainly from 
cardiac iron deposition. Endocrine failure was also inevitable, 
with diabetes mellitus, hypothyroidism, hypoparathyroidism, 
hypogonadism and pituitary failure all occurring. With good 
iron chelation life expectancy is open - ended, and there is an 

cause compression of spinal nerves with resulting symptoms; 
intracranial haemopoiesis may cause cranial neuropathies and 
symptoms of raised intracranial pressure. There is an increased 
tendency to infection, and without transfusion the child typi-
cally dies from either infection or high - output cardiac failure. 
Radoigraphy may show lacey trabecular patterns in long bones 
and a  ‘ hair - on - end ’  appearance of the skull (Figure  6.7 ).   

 This picture is completely transformed by an appropriate 
transfusion regimen. Occasional blood transfusions may be 
necessary because of an acute exacerbation of anaemia, often 
related to infection. It is a bigger decision to institute a regular 
transfusion regimen, in that typically transfusions are then con-
tinued lifelong. Stopping transfusions in a child or adult who is 
adapted to a high haemoglobin level inevitably results in a pro-
longed period of symptomatic anaemia and ill health which 
may not be tolerated. Regular transfusions should be started if 
the child is failing to thrive, or if erythroid expansion is causing 
bony distortion or hypersplenism; abnormal facial appearances, 
if allowed to progress, may be irreversible without maxillofacial 
surgery. 

  Blood  t ransfusions 
 The aim of regular transfusions is to correct anaemia and sup-
press the abnormal erythroid hyperplasia. Correcting anaemia 
improves oxygen delivery to the tissues and facilitates normal 
growth and development. Suppression of erythropoiesis stops 
bony distortion, limits excessive iron absorption and reduces 
extramedullary haemopoiesis. Measurement of soluble trans-
ferrin receptor levels, which are proportionate to the size of the 
erythron, suggest that suppression of erythropoiesis requires 
trough haemoglobin to be kept above 9.5   g/dL; in practice this 
means aiming for a pretransfusion haemoglobin of 9 – 10   g/dL. 
This can usually be achieved by regular red cell transfusions 
every 2 – 4 weeks, with a post - transfusion haemoglobin target of 

     Figure 6.7     Radiograph of a skull of a thalassaemia major patient 

showing  ‘ hair - on - end ’  appearance.  
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stored iron in the liver and can be used to effectively monitor 
iron overload, particularly if serial measurements are used. 
Ferritin is artifi cially elevated by any infl ammatory process, 
which can cause misleading results. Liver iron can be accurately 
assessed using liver biopsy, but this is invasive with a risk 
of complications. Increasingly, magnetic resonance imaging 
(MRI) is used to quantitate liver iron, with the R2 method being 
approved by both European and North American authorities. 
Cardiac MRI is also emerging as an important way of identify-
ing those thalassaemics with signifi cant cardiac iron, which 
allows chelation to be targeted to that organ, using either con-
tinuous intravenous desferrioxamine or one of the oral iron 
chelators. Iron monitoring and chelation is very expensive and 
not available to most patients in the world with thalassaemia 
major.  

  Monitoring and  a nnual  r eview of  p atients with 
 t halassaemia  m ajor 
 The aim of regular transfusions is to allow the child to grow and 
develop normally, and for the quality and quantity of life to be 
as close to normal as possible. This requires the child to be 
closely monitored, and this is ideally done in a centre with 
expertise in the condition, often in the form of an annual 
review. Each year the volume of transfused blood (expressed as 
mL/kg) should be recorded; if the transfusion requirement is 
high, exceeding 200 – 250   mL/kg, this suggests the possibility of 
hypersplenism, and if the spleen is enlarged splenectomy may 
signifi cantly reduce the rate of transfusion and iron loading. 
Splenectomy would not normally be considered before the age 
of 6 years, and there is emerging concern that it may increase 
the risk of pulmonary hypertension and other vascular compli-
cations in later life. 

 Growth should be carefully monitored in children, including 
annual measurement of sitting height to assess spinal growth; 
desferrioxamine toxicity has been specifi cally linked to impaired 
spinal growth. Blood tests should be performed each year to 
look for endocrinopathy, including fasting glucose, thyroid -
 stimulating hormone, parathyroid hormone, insulin - like 
growth factor 1 and sex hormone levels. Hepatic and renal func-
tion should be monitored regularly, together with hepatitis 
serology. Cardiac assessment should include an ECG, echocar-
diogram and increasingly MRI, which can assess both ejection 
fraction and iron loading; MRI is not tolerated by children 
under the age of 7 years without general anaesthesia or sedation, 
and is not usually justifi ed at this age unless there is strong 
suspicion of cardiac or other problems. Osteopenia is more 
common in children and adults with thalassaemia major, and 
vitamin D levels should be measured, with bone densitometry 
from the age of about 10. There is evidence that osteopenia with 
falling bone density may benefi t from treatment with bisphos-
phonates. All patients on iron chelation should also be moni-
tored regularly for audiometric, ocular and retinal toxicity. 

established link between the effi cacy of iron chelation and life 
expectancy. 

 The body has no mechanism for excreting iron and iron -
 chelating drugs are necessary to avoid toxic iron accumulation. 
Iron chelation is usually started after about 1 year of monthly 
blood transfusions. Ideally, children delay starting chelation 
until they are 3 years old, as drug toxicity is thought to be 
highest in the young; it is usually necessary to start chelation 
earlier in children who start transfusions in the fi rst year of life, 
although in general low doses are used. 

 Currently, three drugs are used for iron chelation: desferri-
oxamine, deferiprone and deferasirox. Desferrioxamine has 
been in clinical use since the 1970s and is known to be safe and 
effective; side - effects seem only to occur when the drug is used 
in high doses or iron stores are low. Important side - effects 
include ocular and retinal toxicity, growth impairment and car-
tilaginous dysplasia.  Yersinia enterocolitica  infection is increased 
in iron overload, particularly if desferrioxamine is also in use. 
Regular use of desferrioxamine has been found to prolong sur-
vival in several observational studies. The main problem is that 
it has to be given by injection; the most commonly used regimen 
involves subcutaneous infusions given over 8 hours using a 
syringe driver or balloon - pump. To achieve negative iron 
balance in a regularly transfused person requires a dose of 
40   mg/kg fi ve times a week, and this is usually given overnight. 
The subcutaneous route is inevitably a cause of poor adherence 
to treatment regimens because of the pain and inconvenience. 
Historically, therefore, many patients have developed life -
 threatening iron overload despite the availability of desferriox-
amine, with median age of death being 30 – 40 years. Deferiprone 
was developed in the UK about 30 years ago and was licensed 
in Europe in 1999. Initial trials demonstrated its effi cacy, 
although subsequent studies suggested that there may be indi-
vidual variation in response requiring higher dosage up to 
100    µ g/kg instead of 75    µ g/kg. Arthropathy and agranulocytosis 
are potentially serious side - effects and it is currently recom-
mended that people taking the drug have full blood counts 
every week. Despite concerns about its safety and effi cacy, 
deferiprone seems to be particularly effective at removing 
cardiac iron, which is possibly linked to improved cardiac func-
tion and reduced cardiac mortality. It is increasingly used in 
combination with desferrioxamine. Deferasirox is a rationally 
designed oral iron chelator that has been approved in the USA 
and Europe since the mid - 2000s. Large clinical trials have dem-
onstrated its effi cacy in thalassaemia. It effectively removes 
hepatic iron, with increasing evidence that it also removes 
cardiac iron to some extent. 

 It is important to monitor iron stores regularly in transfu-
sion - dependent patients who are receiving iron chelation. 
Monitoring the volume of transfused blood allows the iron 
input to be calculated, which can guide what dose of iron chela-
tor to use. Serum ferritin is proportional to the amount of 
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Palpable splenomegaly is rare. Carriers may have mild anaemia; 
haemoglobin values are in the range 9 – 12   g/dL. The red cells 
show hypochromia and microcytosis with characteristically low 
values. The reticulocyte count is normal. The bone marrow 
shows moderate erythroid hyperplasia with corresponding 
increase in soluble transferrin receptor levels. The characteristic 
fi nding is an elevated HbA 2  level, usually greater than 3.5%. 
There is a slight elevation of HbF in the 1 – 3% range in about 
50% of cases. Silent or near - silent carriers of  β  thalassaemia 
occur fairly rarely, in which the HbA 2  level is normal with only 
slight hypochromia; this is typically associated with mildly tha-
lassaemic mutations in the promoter region of the gene. Failure 
to identify this state antenatally can result in signifi cant and 
unexpected thalassaemia in the offspring, if the partner also 
carries  β  thalassaemia.  

   β  Thalassaemia in  a ssociation with  h aemoglobin 
 v ariants 
 In many populations, because there is a high incidence of both 
 β  thalassaemia and various haemoglobin variants, it is quite 
common for an individual to inherit a  β  thalassaemia allele 
from one parent and a gene for a structural haemoglobin variant 
from the other. Although numerous interactions of this type 
have been described, only three are common: HbS/ β  thalas-
saemia, HbC/ β  thalassaemia and HbE/ β  thalassaemia. 

   H  b  S / β   t halassaemia 
 HbS/ β  thalassaemia causes sickle cell disease, with the severity 
varying from very mild to severe. This interaction does not 
result in the thalassaemia phenotype. The principal determi-
nant of the severity of sickle cell disease is the nature of the  β  
thalassaemia mutation, and to what extent  β  A  is reduced com-
pared with normal. HbS/ β  0  thalassaemia is broadly similar in 
severity to HbSS, with no HbA present and an average haemo-
globin of 7 – 8   g/dL. It differs in that red cells are markedly 
hypochromic and contain excess  α  - globin chains. Clinically 
marked splenomegaly is more common than in HbSS, affecting 
up to 30% of adults. The severity of HbS/ β  +  thalassaemia varies 
from severe to very mild, depending on how much HbA is 
produced. Some  β  +  thalassaemia alleles produce less than 10% 
of the normal HbA output and result in a clinical picture identi-
cal to HbS/ β  0  thalassaemia. At the other end of the spectrum, 
promoter mutations typically reduce HbA output by only 10% 
and result in a condition which is only marginally more symp-
tomatic than sickle cell carriers. These mild forms of HbS/ β  +  
thalassaemia occur most often in populations of African origin, 
whereas the more severe forms are most often found in 
Mediterranean countries and India.  

   H  b  C / β   t halassaemia 
 This is restricted to West Africans and some North African and 
southern Mediterranean populations. It is largely asymptomatic 
and characterized by a mild haemolytic anaemia associated with 

Dietary and psychological support are also often benefi cial. In 
general, the organization and provision of all this care requires 
a multidisciplinary team, including paediatricians, haematolo-
gists, cardiologists, endocrinologists, nurse specialists and 
psychologists.  

  Bone  m arrow  t ransplantation in  s evere  t halassaemia 
 Bone marrow transplantation is generally seen as the treatment 
of choice if there is an HLA - identical sibling and it is clear that 
the child is transfusion dependent. The success of bone marrow 
transplantation is generally reduced as children get older, iron 
overload increases and iron - related organ damage increases. In 
optimal circumstances the transplant is successful in more than 
90% of cases. The main complications are severe infection 
during the period of transplantation and either acute or chronic 
graft - versus - host disease. Signifi cantly reduced fertility is also 
almost inevitable. Recent improvements in the outcome of 
medical treatment, related to oral iron chelation and better 
cardiac monitoring, have possibly shifted the balance away 
from transplantation. One limitation of transplantation is the 
availability of suitable donors; cord blood transplants are 
potentially important in this respect. In a small number of cases 
preimplantation genetic diagnosis has allowed the selection of 
HLA - matched embryos to produce siblings who can act as bone 
marrow donors. Efforts are also being made to develop mini -  
and micro - transplants, which may be less toxic, preserve fertil-
ity and potentially allow the use of alternative donors, such as 
haploidentical or matched unrelated donors.  

  Prognosis in  s evere  t halassaemia 
 In theory, with adequate transfusion and effective chelation, 
survival in thalassaemia major should approach that of the 
normal population, although historically this has never been 
the case because of the diffi culties patients encounter in 
adhering to subcutaneous chelation regimens. In Europe and 
North America, median survival has improved with each decade 
since the introduction of desferrioxamine in the 1970s. Most 
deaths are related to cardiac iron overload and improved sur-
vival is primarily related to earlier and more rational use of 
chelation. Recent studies suggest that death of cardiac origin 
has become much less common in the last 5 – 10 years, probably 
related to improved treatment of iron - related cardiomyopathy 
with intravenous desferrioxamine and combination therapy 
with both desferrioxamine and deferiprone. Earlier detection, 
using cardiac T2 *  MRI, and prevention of cardiac iron 
loading, with oral chelation, seem likely to improve prognosis 
further.   

  Heterozygous  β   t halassaemia 
 Carriers for  β  thalassaemia are usually symptom - free except in 
periods of stress such as pregnancy, when they may become 
more anaemic. Transfusion is sometimes necessary during 
pregnancy but no other treatment or follow - up is necessary. 
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thalassaemia. Heterozygotes do not have any evident haemato-
logical phenotype, the only abnormality being a mild imbalance 
of globin chain synthesis. 

  β  Thalassaemia occasionally follows a dominant pattern of 
inheritance, whereby it is symptomatic in heterozygotes (see 
Figure  6.3 ). The clinical picture is characterized by a moderate 
degree of anaemia and splenomegaly with marked thalassaemic 
changes of the red cells, and ineffective erythropoiesis with 
intracellular inclusion bodies. Although not usually transfusion 
dependent, such individuals develop iron overload from 
hyperabsorption due to ineffective erythropoiesis and may 
develop liver or endocrine damage. The common denominator 
of these dominantly inherited  β  thalassaemias is the synthesis 
of hyperunstable  β  - chain variants, caused by a spectrum of 
mutations; those resulting from PTCs are typically found in 
exon 3 of the  β  - globin gene. Unlike the recessive forms that 
are prevalent in malarious regions, dominantly inherited  β  
thalassaemias are rare, occurring in dispersed geographical 
regions. Most of the dominant  β  thalassaemia alleles have been 
described in single families, many as  de novo  mutations. 
Dominantly inherited  β  thalassaemia should be suspected in 
any patient with a thalassaemia intermedia phenotype, even if 
both parents are haematologically normal, and the patient is 
from an ethnic background where  β  thalassaemia is rare. The 
diagnosis is confi rmed by DNA sequence analysis of the  β  -
 globin genes.   

   δ  β  Thalassaemia and  h ereditary  p ersistence 
of  f etal  h aemoglobin 

 HPFH and  δ  β  thalassaemia are much less common than  β  
thalassaemia and manifest as a range of disorders characterized 
by decreased or absent HbA production and a variable compen-
satory increase in HbF synthesis. The distinction between them 
is subtle and originally made on what appeared to be clear - cut 
clinical and haematological grounds. However, as more cases 
became recognized and their underlying mutations delineated, 
it became evident that there is considerable overlap between the 
two groups of disorders. 

 The level of compensatory increase is higher in HPFH com-
pared with  δ  β  thalassaemias. HPFH heterozygotes have essen-
tially normal red cell indices, normal HbA 2  levels and HbF levels 
of 10 – 35%, whereas heterozygotes for  δ  β  thalassaemia have 
hypochromic microcytic erythrocytes and normal HbA 2  levels 
and the HbF increases are lower (5 – 15%). A distinguishing 
feature is the heterocellular distribution of HbF in  δ  β  thalas-
saemia compared with a pancellular (or homogeneous) distri-
bution in HPFH, although the intercellular distribution of HbF 
may be a refl ection of the magnitude of increase and the sensi-
tivity of the technique used to stain F cells. Clinically, HPFH 
homozygotes are asymptomatic with slightly reduced MCV and 
MCH, and compound heterozygotes with  β  thalassaemia have 
very mild disease. Compound heterozygotes of  δ  β  thalassaemia 

splenomegaly. The peripheral blood fi lm shows numerous 
target cells and thalassaemic red cell changes with a moderately 
elevated reticulocyte count. Haemoglobin electrophoresis 
shows a preponderance of HbC. The diagnosis is confi rmed by 
fi nding the HbC trait in one parent and the  β  thalassaemia trait 
in the other.  

   H  b  E / β   t halassaemia 
 This the commonest severe form of thalassaemia in Southeast 
Asia and parts of the Indian subcontinent. The  β  E  allele is mildly 
thalassaemic due to the activation of a cryptic splice site, and 
when it is inherited together with  β  0  thalassaemia, there is a 
marked defi ciency of  β  - chain production. HbE is slightly unsta-
ble  in vitro , although it is not clear that this has any clinical 
signifi cance. The clinical and haematological changes are vari-
able. There is nearly always anaemia and splenomegaly, with 
typical thalassaemic bone changes. Haemoglobin values are in 
the range 4 – 9   g/dL, with an average of 6 – 7   g/dL; in developed 
countries about half of the patients with this condition are regu-
larly transfused. There are thalassaemic red cell changes and the 
bone marrow shows marked erythroid hyperplasia. 

 Although little is known about the natural history of this 
disorder, it is clear that in many parts of Southeast Asia and 
India it causes a very high mortality in early life. Clinically it is 
indistinguishable from other forms of  β  thalassaemia, although 
the link between genotype and phenotype is less predictable, 
with some patients having thalassaemia major and others 
growing and developing with few complications. 

 The diagnosis is confi rmed by fi nding only HbE and HbF on 
haemoglobin electrophoresis and by demonstrating HbE trait 
in one parent and  β  thalassaemia trait in the other. In other 
cases of HbE/ β  +  thalassaemia, variable quantities of HbA are 
present and the condition is milder.   

  Variant  f orms of  β   t halassaemia 
 Despite the vast heterogeneity of mutations, the increased levels 
of HbA 2  in  β  thalassaemia heterozygotes is remarkably uniform, 
in the range 3.5 – 5.5%, and rarely exceeds 6%. Unusually high 
HbA 2  levels in excess of 6.5% seem to characterize the subgroup 
caused by lesions (point mutations or small deletions) that 
affect the regulatory elements in the promoter region of the 
 β  - globin gene (see Figure  6.4 ). The unusually high HbA 2  levels 
are usually accompanied by higher than usual increases in HbF, 
resulting in a milder thalassaemia phenotype despite the absence 
of HbA 2  in some cases. Otherwise, the haematological picture 
is identical to the common forms of  β  thalassaemia. Some  β  
thalassaemia heterozygotes have normal HbA 2  levels despite the 
typical hypochromic microcytosis. In most cases, this is due to 
the co - inheritance of  δ  thalassaemia. Other cases of normal 
HbA 2   β  thalassaemia are extremely mild forms of  β  thalassae-
mia that is completely silent in heterozygotes and is only 
identifi ed when it is co - inherited with a common form of  β  
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characterized by production of a hybrid  A  γ  β  - globin chain and 
increased  G  γ  - chain (Figures  6.8  and  6.10 ). The fi rst type of  δ  β  
thalassaemia to be described was Hb Lepore, which consists of 
hybrid  δ  β  - globin chains produced by misaligned crossing - over 
between the  δ  and  β  globin genes (Figures  6.8  and  6.10 ). 
Heterozygotes for Hb Lepore have hypochromic microcytic red 
cells, normal HbA 2  and variably increased HbF. The more 
common forms of  δ  β  thalassaemia result from different length 
deletions of the  β  - globin gene cluster (Figure  6.8 ). Deletions 
that leave both the  γ  - globin genes intact are called  G  γ  A  γ  ( δ  β ) 0  
thalassaemias, and they all include parts or all of the  δ  and  β  
globin genes.  G  γ ( A  γ  δ  β ) 0  thalassaemia deletions include part or 
all of the  A  γ  - globin gene and hence produce HbF containing 

with  β  thalassaemia, and  δ  β  thalassaemia homozygotes have 
disease severity that ranges from mild anaemia to transfusion 
dependence. 

 Two types of mutations underlie this group of disorders: 
deletions that remove substantial regions of the  β  - globin cluster, 
including the  β  - globin gene (Figure  6.8 ), and point mutations 
in the promoters of either of the  γ  - globin genes ( G  γ  or  A  γ ) 
(Figure  6.9 ). Six deletion forms of HPFH have been described 
in Africans, Mediterraneans, Indians and Southeast Asians, with 
deletions ranging from 13 to 86   kb in size. The commonest 
forms are Black HPFH - 1 and HPFH - 2, the latter also referred 
to as Ghanaian HPFH. Included within the HPFH conditions 
is Hb Kenya, a rare condition found largely in East Africa and 

 % HbF in
β Thalassaemia heterozygotes

 Small deletions 0.2–6.9

 1 Turkish 1.9–2.0
 2 Filipino 1.0–9.1
 3 UK Asian 3.2–4.7
 4 Dutch 4–11
 5 Australian 2.5–7.2
 6 Southern Italian 9.0
δβ fusion
 7 Hb Lepore 0.5–6.5
δ Thalassaemia
 8 Corfu 1.1–2.8
γβ fusion
 9 Hb Kenya 5–10
Gγ Aγ (δβ)˚ Thalassaemia
 10 Mediterranean 5.9–19.0
 11 SE Asian 9.9–20.0
 12 E European 13.0–24.0
 13 Black 25.0*
 14 Macedonian/Turkish 4.2–13.5
 15 Indian 16.6
 16 Spanish 5.0–13.0
 17 Japanese 7.0–8.0
Gγ (Aγδβ) ˚ Thalassaemia
 18 Black 4.0–16.5
 19 Chinese 9.3–23.0
 20 Belgian 14.2–23.0
 21 Indian 9.7–18.1
 22 Yunnanese 9.3–16.7
 23 Malaysian 2
 24 German 9.9–12.5
 25 Turkish 10.0–13.5
 26 SE Asian 17.2–22.9
 27 Italian ?
Gγ Aγ(δβ) ˚ HPFH
 28 Black 18.6–31.0
 29 Ghanaian 22.4–26.6
 30 Indian 17.0–25.0
 31 Italian 1 14.0–30.0
 32 Italian 2 16.0–20.0
 33 Vietnamese/SEA 14.1–26.6
(εGγ Aγδβ) ˚ Thalassaemia
 34 Anglo-Saxon
 35 Dutch
 36 English
 37 Scottish-Irish
 38 Hispanic
 39 Mexican,
  Canadian, Yugoslavian

-40 -30 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

Kbε Gγ Aγ ψβ δ β

     Figure 6.8     The deletions that underlie  δ  β  thalassaemia and hereditary persistence of fetal haemoglobin. The upper arrows represent 

DNase I - hypersensitive sites.  (From Weatherall  &  Clegg  2001  with permission.)   
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     Figure 6.9     Non - deletion HPFH due to mutations in  G  γ  and  A  γ  promoter regions.  (From Weatherall  &  Clegg  2001  with permission.)   
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     Figure 6.10     The mechanisms for the production of haemoglobin Lepore and related variants.  
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only  G  γ  - chains. A couple of the ( δ  β ) 0  thalassaemias include two 
deletions separated by an inverted region.   

 Non - deletion HPFH is caused by mutations within the pro-
moters of either of the  γ  - globin genes, and lead to variably 
increased HbF with a preponderance of only one of the  γ  - chains 
(Figure  6.9 ). The mutations (single - base substitutions or minor 
deletions) are clustered in three regions of the promoters, 
around positions  − 114,  − 175 and  − 200. These regions contain 
binding sites for ubiquitous and erythroid - specifi c factors. 
Altered binding pattern of the transcription factors due to the 
point mutations are thought to be the cause of the elevated HbF 
levels, which vary from 5 to 35% in heterozygotes. Deletion and 
non - deletion HPFH and  δ  β  thalassaemias are clearly inherited 
in a Mendelian pattern as alleles of the  β  - globin gene complex. 
Heterozygotes have signifi cant elevations of HbF ranging from 
10 to 40%. 

 Inherited increases in HbF have also been reported in families 
with  β  thalassaemia and sickle cell disease; these increases had 
a modulating effect on the severity of disease and the inherit-
ance appeared to segregate independently of the  β  - globin gene 
cluster. Healthy members of the families may also have slight 
increases in HbF, and historically these individuals were said to 
have co - inherited heterocellular HPFH. Heterocellular HPFH 
was originally recognized in a group of Swiss army recruits; the 
HbF elevation was modest and unevenly distributed among the 
erythrocytes, the distinct HbF - carrying red blood cells being 
termed F cells. Hence Swiss HPFH was also referred to descrip-
tively as heterocellular HPFH. It is now clear that HbF is a 
highly variable quantitative trait, and that heterocellular HPFH 
represents the upper tail of the natural continuous distribution 
that includes approximately 10% of the population with HbF 
levels between 0.8 and 5%. Unlike the Mendelian forms caused 
by major deletions or point mutations in the  γ  - globin promot-
ers, the inheritance of heterocellular HPFH is complex with an 
overwhelming genetic contribution. The sequence variant 
(C → T) at position  − 158 of the  G  γ  - globin gene, also referred to 
as the  Xmn 1 -  G  γ  site (or rs74821440), was the fi rst QTL to be 
implicated through family studies. Subsequent genetic associa-
tion studies have confi rmed  Xmn 1 -  G  γ  as one of the three major 
QTLs modulating HbF production in adults, the other two 
being the  HBS1L  -  MYB  intergenic region on chromosome 6q 
and  BCL11A  on chromosome 2p. These three QTLs account for 
a relatively large proportion (20 – 50%) of the common variation 
in HbF levels, not only in healthy adults but also in patients 
from diverse ethnic groups with  β  thalassaemia and sickle cell 
disease. In African - American patients with sickle cell disease, 
the three loci contribute more than 20% to the HbF variation 
with a corresponding reduction in frequency of acute pain. Co -
 inheritance of the  Xmn 1 -  G  γ  site delays transfusion requirements 
in  β  thalassaemia. In Sardinia,  β  thalassaemia patients who have 
co - inherited certain  BCL11A  variants have higher HbF levels 
and a milder disease.  

   ε  γ  δ  β  Thalassaemia 

 These are rare conditions and result from large deletions of the 
 β  - globin gene cluster that involve the  β  LCR. The deletions fall 
into two categories: group I removes all, or a greater part of, the 
complex including the  β  - globin gene and the  β  LCR, and group 
II removes extensive upstream regions including the  β  LCR but 
leaving the  β  - globin gene itself intact. There is no output from 
the globin genes of the affected cluster. Clearly, the homozygous 
state would not be compatible with survival. Heterozygotes 
have severe haemolytic disease of the newborn, with anaemia 
and hyperbilirubinaemia. The severity of anaemia and haemo-
lysis is variable, even within a family, and in some cases blood 
transfusions are necessary during the neonatal period. If they 
survive the neonatal period, the infants grow and develop nor-
mally; in adult life they have the haematological picture of het-
erozygous  β  thalassaemia, with mild anaemia, hypochromic 
microcytic red cells and a haemoglobin pattern of normal HbA 2  
 β  thalassaemia.  

  The  α   t halassaemias 

  Distribution 
 The  α  thalassaemias follow a similar distribution to the  β  
thalassaemias, extending throughout sub - Saharan Africa, the 
Mediterranean region, the Middle East, the Indian subconti-
nent and Southeast Asia, in a line stretching from southern 
China through Thailand, the Malay peninsula and Indonesia, 
to the Pacifi c Island populations. 

 In some prevalent areas, carrier frequency for the mild form 
( α  + ) reaches 80% or more. The more severe forms ( α  0  thalas-
saemias) reach their highest frequency in Southeast Asia, where 
carrier frequency can reach 10%.  

  Genetic  b asis of  d isease:  m olecular  p athology 
 Normal individuals have four  α  - globin genes arranged as linked 
pairs,  α 2 and  α 1, at the tip of each chromosome 16, the normal 
 α  genotype being represented as  α  α / α  α  (Figure  6.11 ). The  α  
thalassaemias can be classifi ed as  α  0  thalassaemia, in which no 
 α  - chains are produced from the linked pair, and  α  +  thalassae-
mia, in which production of  α  - chain from the affected chromo-
some is reduced.   

 The  α  0  thalassaemias are caused by deletion of both  α  - globin 
genes (Figure  6.12 ). The deletions vary in size and tend to be 
geographically isolated, with two particularly common ones 
in Southeast Asia (/ −     −  SEA ) and the Mediterranean region 
(/ −     −  MED ). Rarely,  α  0  thalassaemia can also arise from deletions 
of the upstream  α  - globin regulatory elements (MCS) in which 
the  α  - globin genes remain intact but completely inactivated. In 
other cases, more extensive deletions are associated with mono-
somy for a segment of the tip of chromosome 16p that result 
in the syndrome of  α  thalassaemia and mental retardation 
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different stages of gene regulation and expression. Almost 70 
types of non - deletional  α  thalassaemia have been described; 
more than two - thirds of these are found on the dominant  α 2 
gene, less than one - third on the  α 1 gene, and the others on an 
/ −  α  chromosome (/ −  α  T ). In general, the non - deletional  α  +  tha-
lassaemia variants (/ α  T  α ) give rise to a more severe reduction 
in  α  - chain output than the single  α  gene deletion (/ −  α ) due to 
the lack of compensatory increase in  α  output from the linked 
 α 1 gene as observed in deleted cases. One particularly common 
form of non - deletional  α  thalassaemia found in Southeast Asia 
is Hb Constant Spring (/ α  CS  α ), which is due to a single - base 
substitution (TAA → CAA) in the  α  2  - globin termination codon. 
Instead of terminating at the stop codon, mRNA is read through 
the 3 ′  - UTR until another in - phase termination codon is 
encountered 31 codons later. This results in an elongated  α  -
 globin chain of 172 residues, 31 amino acids from the natural 
arginine at codon 141. Of the six predicted  α  2  - chain termina-
tion variants, fi ve have been described: Hb Constant Spring 
( α 142 Gln), Hb Icaria ( α 142 Lys), Hb Koya Dora ( α 142 Ser), 
Hb Seal Rock ( α 142 Glu) and Hb Pakse ( α 142 Tyr). Hb 
Constant Spring is by far the most common of these variants, 
reaching frequencies of up to 4% in Thailand. 

 Non - deletional  α  thalassaemia can also arise from single -
 base substitutions causing structural  α  - globin variants that are 
highly unstable, for example Hb Quong Sze  α 125 Leu → Pro 
(/ α  QS  α ).  

  Unusual  c auses of  α   t halassaemia 
 This includes a single case report of  α  0  thalassaemia arising 
from a deletion involving the  α 1 gene that also inactivated the 
intact linked  α 2 gene. Subsequent studies showed that the dele-
tion results in juxtaposition of a downstream gene ( LUC7L ) 
next to the structurally normal upstream  α 2 gene. Transcription 
of antisense mRNA from  LUC7L  led to silencing of the linked 
 α 2 gene. Another novel form of non - deletional  α  thalassaemia 
results from a single nucleotide substitution in a non - genic 
region between the  α  - globin genes and their upstream regula-
tory elements. The single - base substitution leads to the creation 
of a new promoter - like element that interferes with normal 
activation of all the downstream  α  - like globin genes, resulting 
in  α  0  thalassaemia.  

  Pathophysiology 
 The pathophysiology of  α  thalassaemia is different to that of  β  
thalassaemia. A defi ciency of  α  - chains leads to the production 
of excess  γ  or  β  chains, which form Hb Bart ’ s ( γ  4 ) and HbH ( β  4 ), 
respectively. These soluble tetramers do not precipitate exten-
sively in the bone marrow and hence erythropoiesis is more 
effective than in  β  thalassaemia. However, HbH is unstable and 
precipitates in red cells as they age. The inclusion bodies cause 
red cell membrane damage and obstruction in the spleen 
leading to shortened red cell survival. Furthermore, both Hb 

(ATR - 16). The molecular basis of the  α  +  thalassaemias is more 
complicated; the commonest forms result from deletions that 
remove one of the linked pairs of  α  - globin genes, leaving the 
other intact ( −  α / α  α ). The linked  α  - globin genes are embedded 
in two highly homologous duplicated units of 4   kb within which 
are three homologous subsegments designated X, Y and Z 
(Figure  6.13 ), Misalignment and recombination between the Z 
segments, which are 3.7   kb apart, produces chromosomes with 
one  α  - globin gene (/ −  α  3.7  or  rightward  deletion) and others with 
three  α  - globin genes (/ α  α  α  anti - 3.7 ). Similarly, crossover between 
the X boxes, which are 4.2   kb apart, produces the  leftward  dele-
tion / −  α  4.2  and the / α  α  α  anti - 4.2  allele.   

 Less commonly, both the  α  - globin genes are intact and  α  +  
thalassaemia results from a point mutation that partially or 
completely inactivates one of them ( α  T  α / α  α ). In contrast to the 
 β  thalassaemias, non - deletional mutations are much less 
common causes of  α  thalassaemia but like those that cause  β  
thalassaemia, the non - deletional  α  thalassaemia variants act at 
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     Figure 6.11     The genetics of  α  thalassaemia.  
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Bart ’ s and HbH have a very high oxygen affi nity and their 
oxygen dissociation curves resemble myoglobin. Thus, the 
severe forms of  α  thalassaemia are due to defective haemo-
globin production, the synthesis of homotetramers that are 
physiologically useless and a haemolytic component.  

  Genotype –  p henotype  r elationship 
 Loss of one functioning  α  gene ( α  α / −  α ) is almost completely 
silent, with normal or only slightly hypochromic red cells. Loss 
of two  α  genes ( −   − / α  α  or  −  α / −  α ) produces a mild hypochro-
mic microcytic anaemia, the  α  thalassaemia trait. Homozygotes 
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pregnancy and obstetric complications due to the large 
placenta.  

  Haemoglobin  H   d isease 
 This condition is characterized by a variable degree of anaemia 
and splenomegaly but it is unusual to fi nd severe thalassaemic 
bone changes or growth retardation. Patients usually survive 
into adult life, although the course may be interspersed with 
severe episodes of haemolysis associated with infection or wors-
ening of the anaemia due to progressive hypersplenism. In addi-
tion, oxidant drugs may increase the rate of precipitation of 
HbH and exacerbate the anaemia. Haemoglobin values range 
from 7 to 10   g/dL and the blood fi lm shows typical thalassaemic 
changes. There is a moderate reticulocytosis and, on incubation 
of the red cells with brilliant cresyl blue, numerous inclusion 
bodies are generated by precipitation of HbH under the redox 
action of the dye. After splenectomy large preformed inclusions 
can be demonstrated on incubation of blood with methyl violet. 
Haemoglobin analysis reveals 5 – 40% HbH, together with HbA 
and a normal or reduced level of HbA 2 .  

   α  Thalassaemia  t raits 
  α  0  Thalassaemia trait is characterized by very mild hypochro-
mic anaemia with red cell indices similar to those of  β  thalas-
saemia trait; the MCH is less than 25   pg and the HbA 2  level is 
normal. Occasional HbH bodies may be present in the red cell 
on supravital staining. There are no diagnostic tests with which 
to identify this condition with certainty except DNA analysis. 
Deletional  α  +  thalassaemia carriers have near - normal haemato-
logical fi ndings. The heterozygous states for the non - deletional 
forms of  α  +  thalassaemia are sometimes associated with very 
mild hypochromic anaemia; the type associated with Hb 
Constant Spring can be identifi ed by the presence of trace 
amounts of the variant on haemoglobin electrophoresis at an 
alkaline pH. 

  α  0  Thalassaemia carriers can be identifi ed with more cer-
tainty in the neonatal period, when they have 5 – 10% Hb Bart ’ s, 
which disappears over the fi rst few months of life and is not 
replaced by HbH. Some  α  +  thalassaemia carriers have slightly 
increased levels of Hb Bart ’ s, in the 1 – 3% range, but its absence 
does not exclude the diagnosis.  

  Other  f orms of  α   t halassaemia 
 There are several other forms of  α  thalassaemia that are com-
pletely unrelated in their pathogenesis and distribution to the 
conditions described in the previous sections. They comprise 
the  α  thalassaemia mental retardation syndromes and the asso-
ciation of  α  thalassaemia with myelodysplasia. 

   α  Thalassaemia with  m ental  r etardation  s yndromes 
 There are two forms of  α  thalassaemia associated with mental 
retardation, one encoded on chromosome 16 (ATR - 16), the 
other on the X chromosome (ATR - X). ATR - 16 results from 

for  α  0  thalassaemia ( −   − / −   − ) have a lethal condition with intra-
uterine haemolytic anaemia called Hb Bart ’ s hydrops fetalis 
syndrome (see Figure  6.11 ). As Hb Bart ’ s hydrops fetalis syn-
drome follows the homozygous inheritance of  α  0  thalassaemia, 
this condition occurs only in populations in which  α  0  thalas-
saemia is common, notably those of Southeast Asia and the 
Mediterranean islands. Defi ciency of  α  - chains gives rise to an 
excess of  γ  - chains (in fetal life) or  β  - chains (in adult life), which 
form  γ  4  tetramers (Hb Bart ’ s) or  β  4  tetramers (HbH). The pres-
ence of Hb Bart ’ s or HbH is thus diagnostic of  α  thalassaemia. 
Due to their very high oxygen affi nity, Hb Bart ’ s and HbH are 
not functional haemoglobins; HbH is unstable and precipitates 
in older red cells forming H inclusions. 

 HbH disease lies between the two ends of the clinical spec-
trum, the asymptomatic  α  thalassaemia trait and Hb Bart ’ s 
hydrops fetalis. As in  β  thalassaemia intermedia, HbH disease 
spans a wide range of clinical and haematological phenotypes, 
with equally heterogeneous genotypes, varying with the geo-
graphic distribution of the different  α  thalassaemia variants. 
HbH disease most commonly results from the interaction of  α  0  
and  α  +  thalassaemia ( −   − / −  α ) and thus, similar to Hb Bart ’ s 
hydrops syndrome, is also restricted to populations where  α  0  
thalassaemia is common. Less often, it can result from the 
interaction of  α  0  thalassaemia with non - deletional forms of  α  
thalassaemia (/ α  T  α ) or from homozygous non - deletional  α  
thalassaemia ( α  T  α / α  T  α ). HbH disease in Southeast Asia com-
monly arises from homozygosity or compound heterozygosity 
for Hb Constant Spring ( α  CS  α / α  CS  α  or  α  CS  α / −   − ). 

 As the non - deletional forms of  α  +  thalassaemia tend to have 
a more severe phenotype than the deletional forms, in some 
cases the homozygous state ( α  T  α / α  T  α ) may be associated 
with the phenotype of HbH disease. In a small number of 
cases, Hb Bart ’ s hydrops syndrome can arise from the 
genotype    −     − / α  T  α .  

  Haemoglobin Bart ’ s  h ydrops  s yndrome 
 This is a common cause of fetal loss throughout Southeast Asia 
and is also encountered in the eastern Mediterranean. There is 
no production of  α  - chains and hence neither fetal nor adult 
haemoglobin. The fetus is usually stillborn between 28 and 40 
weeks or, if liveborn, takes a few gasping respirations and then 
expires within the fi rst hour after birth. Affected neonates show 
the typical picture of hydrops fetalis, with gross pallor, general-
ized oedema and massive hepatosplenomegaly. There is an 
increased frequency of congenital abnormalities and a very large 
friable placenta. All these fi ndings are due to severe intrauterine 
anaemia. The haemoglobin is in the range 6 – 8   g/dL and there 
are gross thalassaemic changes of the red cells, with many nucle-
ated forms in the blood. The haemoglobin consists of approxi-
mately 80% Hb Bart ’ s and 20% Hb Portland ( ζ  2  γ  2 ). It is believed 
that these infants survive to term because they continue to 
produce embryonic haemoglobin. Apart from fetal death, this 
syndrome is characterized by a high incidence of toxaemia of 
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increasing age, due to iron loading because of increased intes-
tinal absorption and decreased tolerance of anaemia because of 
reduced cardiovascular fi tness. A wide range of other problems 
are particularly associated with thalassaemia intermedia, includ-
ing pulmonary hypertension, hypercoagulability, pseudoxan-
thoma elasticum and other connective tissue disorders, 
hypersplenism, leg ulceration, folate defi ciency, extramedullary 
haemopoietic tumour masses in the chest and skull, gallstones 
and a marked proneness to infection. Because of the heteroge-
neity of these disorders, management is highly dependent on 
the course that evolves in an individual patient; all patients 
should be followed up very carefully from early childhood. The 
haemoglobin constitution of the intermediate forms of  β  thalas-
saemia depends on the contributing genotypes, and in many 
cases is similar to that found in the major forms.  

  Treatment 
 Intermittent blood transfusions are often necessary due to falls 
in haemoglobin caused by fever and infection, particularly with 
parvovirus B19, which causes reticulocytopenia. It can be dif-
fi cult to decide who would benefi t from more regular blood 
transfusions and when to start them. In countries with a ready 
supply of safe blood, there is an increasing tendency to start 

large chromosomal rearrangements and extensive deletion of 
1 – 2   Mb from the subtelomeric end of the short arm of chromo-
some 16. Affected children usually have a relatively mild degree 
of mental retardation and no dysmorphic features. On the other 
hand, ATR - X, which because of its mode of inheritance affects 
boys, is associated with widespread dysmorphic features and 
severe mental retardation. It results from many different muta-
tions of the  ATRX  gene, which is located on the X chromosome. 
The ATRX protein has many features in common with DNA 
helicases, transcription factors that are involved in the model-
ling of chromatin and gene regulation. ATRX also appears to 
play an important role in the transcription of the  α  - globin 
genes and undoubtedly many other genes during early develop-
ment. The  ATRX  gene has also been reported to be involved in 
a considerable number of X - linked mental retardation syn-
dromes without an  α  thalassaemia phenotype.  

   α  Thalassaemia  a ssociated with  m yelodysplasia 
 An  α  thalassaemic phenotype is also found in association with 
forms of myelodysplasia in elderly patients. The blood fi lms of 
such patients show dimorphic features, with populations of red 
cells containing HbH inclusion bodies and a variable level of 
HbH in peripheral blood. Acquired mutations in the  ATRX  
gene have been identifi ed in the blood cells of patients with this 
syndrome. The relationship of the mutations in  ATRX  to the 
neoplastic phenotype remains to be determined.    

  Thalassaemia  i ntermedia 

  Defi nition and  m olecular  p athology 
 The term  thalassaemia intermedia  is used to describe patients 
with the clinical picture of thalassaemia which, although not 
transfusion dependent, is associated with a much more severe 
degree of anaemia than is found in carriers for  α  or  β  thalas-
saemia. Whether a patient is classifi ed as having thalassaemia 
intermedia or thalassaemia major depends on a doctor deciding 
that the patient would benefi t from regular blood transfusions; 
this decision is based not only on the clinical factors mentioned 
in the section on thalassaemia major, but also on non - clinical 
factors such as the availability of blood transfusions, the experi-
ence of the clinician and the wishes of the patient. Many 
different genotypes may underlie thalassemia intermedia, as 
mentioned earlier, with HbE/ β  thalassaemia perhaps being the 
commonest (Table  6.2 ). HbH disease is sometimes considered 
as a type of thalassaemia intermedia, but its pathophysiology is 
quite different to that caused by  β  thalassaemia.    

  Clinical and  h aematological  c hanges 
 At one end of the spectrum are individuals who, except for mild 
anaemia, are symptom - free. At the other, there are patients 
who have haemoglobin values of 5 – 7   g/dL and who develop 
marked splenomegaly, osteopenia and skeletal deformities due 
to expansion of bone marrow; the severity may change with 

  Table 6.2    Molecular basis of  β  thalassaemias intermedia. 

   Homozygous or compound heterozygous state for  β  thalassaemia   

  Inheritance of mild  β  thalassaemia alleles (homozygous or 

compound heterozygotes)  

  Compound heterozygosity for a mild and a more severe allele  

  Co - inheritance of  α  thalassaemia  

  Increased HbF response  

      β  - Globin gene promoter mutations (deletional or 

non - deletional)  

     Co - inheritance of HbF quantitative trait loci  

        Linked:  Xmn 1 -  G  γ  polymorphism  

        Unlinked:  BCL11A  gene (chromosome 2p),  HBS1L  -  MYB  

intergenic polymorphisms (chromosome 6q)  

   Heterozygous state for  β  thalassaemia   

  Co - inheritance of extra  α  - globin genes as triplicated (/ α  α  α ) or 

quadruplicated (/ α  α  α  α ) globin complexes or segmental 

duplication of entire  α  - globin cluster  

  Dominantly inherited  β  thalassaemia (hyperunstable  β  - globin 

chain variants)  

   Compound heterozygosity for  β  thalassaemia and  β  - chain variants   

  HbE/ β  thalassaemia  

   Compound heterozygosity for  β  thalassaemia and HPFH or  δ  β  

thalassaemia   

   Homozygosity for  δ  β  thalassaemia   
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of pregnancy. This is done by varying combinations of blood 
tests and identifying women at high risk of carrying thalassae-
mia based on their ethnic origin; this latter approach is particu-
larly effective in areas with a low prevalence of thalassaemia in 
the native population, such as northern Europe. If a woman is 
found to be a carrier, screening is then offered to her partner, 
and if both are carriers, they are counselled about the risk of the 
fetus inheriting a severe form of thalassaemia and offered pre-
natal diagnosis (PND). 

 PND of the thalassaemias was fi rst carried out by fetal blood 
sampling, typically for  β  thalassaemia, between 18 and 20 weeks ’  
gestation. At about 20 weeks in the normal fetus,  β  - globin syn-
thesis constitutes about 10% of the total haemoglobin, giving a 
 β / γ  ratio of 0.1. A fetus heterozygous for  β  thalassaemia has a 
 β / γ  ratio of about 0.05, while one with  β  thalassaemia major 
produces either none or traces of  β  - globin with a  β / γ  ratio of 
less than 0.025. Fetal blood sampling has now been replaced by 
fetal DNA analysis. DNA analysis was applied to PND of the 
haemoglobinopathies in the late 1970s and early 1980s. Fetal 
DNA is obtained at 11 – 12 weeks ’  gestation by chorionic villus 
sampling or amniocentesis. Initially, detection of the mutations 
was indirect, relying on linkage analysis of restriction fragment 
length polymorphisms (RFLPs) and Southern blot hybridiza-
tion, which required relatively large amounts of DNA and the 
whole procedure took 7 – 10 days. The development of polymer-
ase chain reaction (PCR) for specifi c amplifi cation of DNA has 
revolutionized the molecular diagnostic fi eld, and mutations 
can now be detected directly using PCR - based techniques in 1 
day, enabling PND to be carried out rapidly within 3 days. 

 Couples can then make an informed choice as to whether to 
terminate the pregnancy if the fetus is affected. Some couples 
fi nd PND helpful in preparing for the birth of a potentially ill 
child, even though they would not contemplate termination. 
The main complication of invasive PND is the increased risk of 
miscarriage of about 1%. This has led to research to develop 
non - invasive methods of PND based on maternal blood sam-
pling. Maternal blood contains small numbers of fetal cells and 
also cell - free fetal DNA, both of which could potentially be used 
to diagnose fetal thalassaemia. The low concentration of fetal 
material relative to maternal has made this technically very dif-
fi cult, although advances in methods of DNA analysis seem 
likely to make this feasible in the near future. 

 Some couples want to avoid having a fetus without thalas-
saemia but fi nd PND and selective termination unacceptable. 
Preimplantation genetic diagnosis involves the use of  in vitro  
fertilization techniques to generate 5 – 15 embryos; at the eight -
 cell stage, one embryonic cell can be removed and tested for 
thalassaemia alleles; it is then possible to only implant embryos 
without thalassaemia. While appealing, it is currently a diffi cult, 
stressful and expensive procedure, with only 10 – 20% of couples 
taking home a baby. Again, advances in reproductive biology 
and DNA technology seem likely to make this more applicable 
in the future.  

regular transfusions even in children, maintaining the haemo-
globin at greater than 8   g/dL in order to avoid the emerging 
complications of skeletal deformities, pulmonary hypertension 
and osteopenia. There is also some evidence that this improves 
the quality of life, particularly with emerging options for oral 
iron chelation. This is not possible in much of the world and 
management consists of reserving transfusion for severe symp-
tomatic anaemia. 

 Pharmacological treatment to increase HbF and total haemo-
globin levels is potentially applicable to thalassaemia interme-
dia, in that relatively small increases in haemoglobin levels with 
a corresponding reduction in ineffective erythropoiesis could 
help a patient thrive who would otherwise require regular trans-
fusions. Hydroxycarbamide (hydroxyurea) is the most widely 
used drug in this context, and while some patients undoubtedly 
benefi t, in general results are disappointing. Butyrate and other 
short - chain fatty acids also promote HbF synthesis and have 
been used with limited clinical success in thalassaemia interme-
dia. A number of newer drugs are being developed which may 
boost HbF to a greater extent, most notably the new generation 
of short - chain fatty acid derivatives and immunomodulatory 
drugs such as pomalidomide and lenalidomide.   

  Screening for  t halassaemias 

 Pre - conception, antenatal and neonatal screening programmes 
are important in the clinical care and public health manage-
ment of haemoglobinopathies. Thalassaemia is prevalent in 
many developing and poorer countries, where either treatment 
is not available or the cost of regular blood transfusions and 
chelation is a major drain on limited medical resources. In other 
countries, including parts of Europe, Australia and North 
America, it is important to identify the antenatal risk of 
having a baby with thalassaemia to provide informed parental 
choice. Apart from bone marrow transplantation, there is no 
defi nitive treatment, and many countries in which the disease 
is common are putting a major effort into programmes for its 
prevention. 

  Premarital and  p re -  c onception  s creening 
 Ideally, individuals know their thalassaemia status before they 
decide to have children, and potentially use this information to 
choose a suitable partner. Some areas therefore concentrate on 
screening teenagers at school. Other countries insist that a 
couple are screened for thalassaemia status before they can get 
married; this latter approach has been successful in Cyprus, 
where social pressures have reduced the number of at - risk 
marriages.  

  Antenatal  s creening,  p renatal  d iagnosis and 
 p reimplantation  g enetic  d iagnosis 
 Many screening programmes concentrate on identifying preg-
nant women who are thalassaemia carriers in the fi rst trimester 
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tation with the formation of Heinz bodies. Their true incidence 
is not known and there have been several well - documented 
instances in which patients with one of these variants have had 
no affected relatives, suggesting that they have arisen by a new 
mutation.   

  Molecular  p athology and  p athogenesis 
 Most of the unstable haemoglobins result from single amino 
acid substitutions or small deletions. For example, substitutions 
in or around the haem pocket can disrupt its anatomy and 
allow in water, with subsequent oxidative damage to haem, 
leading to precipitation of haemoglobin. Some substitutions, 
such as those involving proline residues, cause a marked distur-
bance of the secondary structure of globin chains. A few vari-
ants result from deletions of either single amino acids or several 
residues. For example, in Hb Gun Hill, fi ve amino acids are 
missing, including the haem - binding site. As the unstable hae-
moglobins precipitate in the red cells or their precursors, they 
produce intracellular inclusions (Heinz bodies) which, together 
with oxidant damage to their membranes, make the cells 
more rigid and hence cause their premature destruction in the 
microcirculation.  

  Clinical  f eatures 
 All these conditions are characterized by a haemolytic anaemia 
and splenomegaly. Like all chronic haemolytic anaemias, there 
is an increased incidence of pigment gallstones with their asso-
ciated complications; the risk is particularly high if there is 
co - inheritance of Gilbert syndrome (polymorphic variant in the 
promoter of the  UGT1A1  gene). The condition may become 
worse during periods of infection and, in the more severe forms, 
such episodes are associated with life - threatening anaemia that 
requires blood transfusion. Some oxidant drugs may increase 
the rate of haemolysis, and parvovirus B19 infection may cause 
temporary reticulocytopenia. Apart from icterus and splenom-
egaly, there are no characteristic physical fi ndings.  

  Laboratory  d iagnosis 
 The peripheral blood fi lm shows typical features of haemolysis 
but the red cell morphology may be normal. Occasionally, there 
is mild hypochromia and microcytosis. Heinz bodies are present 
in the peripheral blood after splenectomy. The most character-
istic feature of the unstable haemoglobins is their heat instabil-
ity. If a dilute haemoglobin solution is heated at 50 ° C for 
15   min, the unstable haemoglobins precipitate as a dense cloud. 
A similar effect can be induced by isopropanol at lower tem-
peratures. Some of these variants can be seen on haemoglobin 
electrophoresis but others, because they result from a neutral 
amino acid substitution, produce no electrophoretic changes 
and can be demonstrated only by the heat precipitation test. 
DNA analysis can provide defi nitive diagnosis, typically by 
sequencing of the  α  or  β  globin genes.  

  Neonatal  s creening 
 It is possible to detect the majority of babies with severe thalas-
saemia by neonatal testing, either as cord blood or more com-
monly from the neonatal blood spot, which is taken up on a 
piece of blotting paper and also screened for other conditions 
such as phenylketonuria. If haemoglobin analysis shows HbF 
only, with no HbA or other haemoglobin variants, it is likely 
that the baby has inherited a severe form of  β  thalassaemia and 
may be transfusion dependent; less severe possibilities include 
thalassaemia intermedia and homozygosity for HPFH. Babies 
identifi ed in this way can then be followed up closely rather 
than waiting until they present following a period of prolonged 
illness. Parents can also be tested and given advice concerning 
the risk to future pregnancies.    

  Structural  h aemoglobin  v ariants  r elated 
to  t halassaemia   (Table  6.3 )   

  The  u nstable  h aemoglobin  d isorders 

 The unstable haemoglobin disorders are a rare group of inher-
ited haemolytic anaemias that result from structural changes in 
the haemoglobin molecule, which cause its intracellular precipi-

  Table 6.3    Diseases due to structural haemoglobin variants. 

   Sickle syndromes causing haemolysis and vaso - occlusion   

  HbSS  

  Compound heterozygosity for HbS with other  β  haemoglobin 

variants (HbS/C, HbS/D Punjab, HbS/O Arab)  

  Compound heterozygosity for HbS with  β  thalassaemia (HbS/ β  

thalassaemia)  

   Haemolytic anaemia   

  Unstable haemolytic variants  

   Congenital polycythaemia   

  High - oxygen - affi nity haemoglobin variants  

   Congenital cyanosis   

  Low - oxygen - affi nity haemoglobin variants  

  M haemoglobins  

   Hypochromic microcytic anaemia (thalassaemia phenotype)   

  Variants with ineffi cient synthesis due to alternative splicing, e.g. 

HbE  

  Lepore haemoglobins  

  Unstable chain termination variants, e.g. Hb Constant Spring  

   Drug - induced haemolysis   

  e.g. Hb Zurich  
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  Low -  o xygen -  a ffi nity  h aemoglobin  v ariants 

 More than 50 haemoglobin variants with reduced oxygen affi n-
ity have been identifi ed, often associated with other abnormal 
properties such as instability. The fi rst to be described, Hb 
Kansas ( β 102 Asn → Thr), was found in a mother and son with 
unexplained cyanosis. The subjects were asymptomatic and had 
normal haemoglobin levels without any evidence of haemolysis. 
Like many of the high - affi nity variants, the amino acid substitu-
tion in this variant was at the interface between the  α  and  β  
globin chains. For reasons that are not clear, some substitutions 
in this region give rise to variants with a relatively low oxygen 
affi nity. This condition should be thought of in any patient with 
unexplained congenital cyanosis.  

  Congenital  m ethaemoglobinaemia  d ue to 
 h aemoglobin  v ariants 

 Several  α  and  β  globin variants associated with methaemoglo-
binaemia have been discovered. These disorders, unlike the 
genetic methaemoglobinaemias due to enzyme defects, follow 
a dominant pattern of inheritance. The patients are blue in 
colour, and may have mild polycythaemia as methaemoglobin 
does not carry oxygen. Diagnosis is based on measuring meth-
aemoglobin levels, and analysis of haemoglobin and DNA.   
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  Introduction 

 Sickle cell disease (SCD) is an inherited chronic haemolytic 
anaemia whose clinical manifestations arise from the tendency 
of the haemoglobin (HbS or sickle haemoglobin) to polymerize 
and deform red blood cells into the characteristic sickle 
shape. This property is due to a single nucleotide change in 
the  β  - globin gene leading to substitution of valine for glutamic 
acid at position 6 of the  β  - globin chain ( β  6glu → val  or  β  s ). The 
homozygous state (HbSS or sickle cell anaemia) is the most 
common form of sickle cell disease, but interaction of HbS with 
thalassaemia and certain variant haemoglobins also leads to 
sickling. The term  ‘ sickle cell disease ’  is used to denote all enti-
ties associated with sickling of haemoglobin within red cells 
(Table  7.1 ).    

  Geographic  d istribution of  s ickle 
 m utation 

 Several distinct  β  - globin gene haplotypes are associated with the 
sickle mutation, and their distribution provides evidence for 

origin of the mutation in several locations within Africa (the 
Senegal, Benin and Bantu haplotypes) and Asia (the Arab –
 Indian haplotype). The sickle trait bestows survival benefi t in 
areas endemic for falciparum malaria, and the distribution of 
SCD historically paralleled this disease. The sickle haemoglobin -
 containing red cells inhibit proliferation of  Plasmodium falci-
parum , and are more likely to become deformed and removed 
from the circulation. In recent times, the dissemination of the 
sickle mutation in different areas of the world took place from 
the movement of populations via trade routes and the slave 
trade (Table  7.2 ). The prevalence of SCD varies tremendously 
among ethnic and tribal groups within a geographic area. The 
disease is observed occasionally among the white population: 
10% of patients with HbSS identifi ed by the California newborn 
screening programme are not of African descent.    

  Pathophysiology 

  Molecular  b asis of  s ickling 

 Deoxygenation of HbS leads to a conformational change that 
exposes a hydrophobic patch on the surface of the  β  s  - globin 
chain at the site of  β  6  valine (Figure  7.1 ). Binding of this site to 
a complementary hydrophobic site on a  β  - subunit of another 
haemoglobin tetramer triggers the formation of large polymers. 
The polymers consist of staggered haemoglobin tetramers that 
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nucleation). The newly formed fi bre provides nuclei on its 
surface for aggregation of haemoglobin tetramers to form 
several more fi bres (heterogeneous nucleation).   

 The polymerization of HbS in the circulating red cells is 
infl uenced by the oxygenation status, the intracellular haemo-
globin concentration and the presence of non - sickle haemo-
globins. Acidosis and elevated level of 2,3 - diphosphoglycerate 
(2,3 - DPG) promote polymer formation by reducing the oxygen 
affi nity of haemoglobin. The presence of HbA within the red 
cells, as in sickle trait, inhibits polymerization by diluting HbS. 
The inhibitory effect of HbF on polymerization of HbS is more 
profound owing to the greater amino acid disparity between the 
 β  s  -  and  γ  - globin chains.  

  Effect on  e rythrocytes 

 Red cells acquire the sickle or elongated shape upon deoxygena-
tion as a result of intracellular polymerization of HbS, a phe-
nomenon that is reversible on reoxygenation. Even in the 
normally shaped red cells, however, the presence of HbS 
polymer reduces deformability, with consequent increase in 
blood viscosity. Repeated or prolonged sickling progressively 
damages the red cell membrane, which is a phenomenon of 
primary importance in the pathophysiology of SCD. Membrane 
damage causes movement of potassium ions and water out of 
the cell by the Gardos pathway and potassium – chloride cotrans-
port, leading to dehydration of red cells. The intracellular hae-
moglobin concentration rises (producing dense cells), which 
shortens the delay time to sickle polymer formation. A second 
key consequence of membrane damage is alteration of the 
chemistry of the red cell membrane. Perturbation of lipid 
organization causes negatively charged phosphatidylserine to 

  Table 7.1    The sickling syndromes. 

   Genotype     Mean haemoglobin 

(g/dL)  

   MCV     Haemoglobin electrophoresis (%)  

   S     A     F     A 2      Other  

  SS    8.1    N    80 – 95     –     2 – 20    N     –   

  SS  –  α / α  α , SS  –  α / –  α     8.6, 9.2     ↓ ,  ↓     80 – 90, 80 – 90     – ,  –     2 – 20, 2 – 20    3.3 – 3.8, 3.3 – 3.8     – ,  –   

  SC    11.0     ↓     40 – 50     –     1 – 4        C: 40 – 50  

  S/ β  0  thalassaemia    8.8     ↓     75 – 90     –     2 – 20    4 – 6     –   

  S/ β  +  thalassaemia    11.5     ↓     50 – 85    5 – 30    2 – 20    4 – 6     –   

  SD Punjab    8.2    N    40     –     2.5 – 5    2 – 3    D Punjab: 50  

  SO Arab    8.1    N    45     –     4 – 7        O Arab: 45  

  S Lepore    11.0     ↓     75     –     3.5 – 40    2    Lepore: 10  

  SE    13.0     ↓     60     –     4        E: 30 – 35  

  S/HPFH    13.7    N or  ↓     60 – 70     –     25 – 35    1.5 – 2.5     –   

  AS  *      N    N    30 – 45    50 – 65    2 – 5    N     –   

    * Sickle cell trait is asymptomatic.  

  MCV, mean corpuscular volume.   

  Table 7.2    Areas of high prevalence of sickle mutation. 

   Geographic region     Heterozygote rate (%)  

  Africa      

     Northern    1 – 2  

     Western    10 – 30  

     Central    7 – 37  

     Southern    0 – 5  

  Mediterranean      

     Northern Greece    1 – 27  

     Southern Italy      

  Americas      

     United States: African ancestry    8  

     Caribbean: African ancestry    10  

     Brazil: non - white    7  

  Asia      

     Saudi Arabia: south - west    5  

     Saudi Arabia: eastern province    25  

     India: central India  –  tribal population    20 – 30  

aggregate into 21 - nm diameter helical fi bres, with one inner and 
six peripheral double strands. The polymerization proceeds 
after a delay, the length of which is extremely sensitive to the 
intracellular deoxy - HbS concentration. Even a small increase in 
deoxy - HbS concentration, such as might occur with cellular 
dehydration, profoundly shortens the delay time and augments 
sickling. The process of polymerization is highly cooperative 
and its kinetics are best explained by the double nucleation 
model. The haemoglobin tetramers fi rst aggregate into a 
nucleus, which rapidly expands into a fi bre (homogeneous 
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and is promoted by leucocytosis, platelet activation and infl am-
matory cytokines. Genetic infl uences independent of the sickle 
mutation probably modulate the tendency for vaso - occlusion 
in individuals and account for some phenotypic variation seen 
in this disease.    

  Haemolysis 

 SCD is characterized by chronic intravascular and extravascular 
haemolysis. Sickling - induced membrane fragmentation and 
complement - mediated lysis cause intravascular destruction of 
red cells. Membrane damage also leads to extravascular haemo-
lysis through entrapment of poorly deformable cells or uptake 
by macrophages. The red cell survival measured by  51 Cr assay is 
4 – 25 days, with dense cells surviving for a considerably shorter 
time than red cells containing some HbF (F cells). Patients have 
greatly expanded bone marrow space, but the serum erythro-

appear on the red cell surface instead of its normal location in 
the inner monolayer. In addition, the red cells become abnor-
mally adherent to the vascular endothelium through vascular 
cell adhesion molecule (VCAM) - 1, thrombospondin and 
fi bronectin.  

  Vaso -  o cclusion 

 Several processes contribute to development of vaso - occlusion 
in SCD. Slowing of blood fl ow arises from abnormal regulation 
of vascular tone as a result of diminished nitric oxide (NO) -
 induced vasodilatation. This is aggravated by increase in blood 
viscosity, resulting from less deformable red cells, a phenome-
non called abnormal rheology. Vaso - occlusion is initiated by 
adhesion of young deformable red cells to the vascular endothe-
lium, and is followed by trapping of rigid irreversibly sickled 
cells (Figure  7.2 ). Adhesion occurs in the post - capillary venules 
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     Figure 7.1     Induction of red cell sickling. As red cells traverse the 

microcirculation, oxygen is released from oxy - HbS (red circles), 

generating deoxy - HbS (purple circles). Conformational change 

exposes a hydrophobic patch at the site of the  β  6  - valine 

replacement, shown as a projection (left column), which can 

bind to a complementary hydrophobic site on a subunit of 

another haemoglobin tetramer, shown as an indentation. Only 

one of the two  β  6  - valine sites in each HbS tetramer makes this 

contact. The middle column shows the assembly of deoxy - HbS 

into a helical 14 - strand fi bre, shown as a twisted rope - like 

structure. The delay time is inversely proportional to the 

intracellular haemoglobin concentration raised to the 15th 

power. As deoxy - HbS polymerizes and fi bres align, the red cell is 

distorted into an elongated banana or  ‘ sickle ’  shape (right 

column).  (From Bunn  1997  with permission.)   
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with HbSS or HbS/ β  0  thalassaemia than in those with HbS/ β  +  
thalassaemia or HbSC disease. The Arab – Indian haplotype pro-
duces a less severe disease than the African haplotypes. The 
co - inheritance of one or two  α  - gene deletions also modifi es the 
clinical picture. The high HbF level observed in hereditary per-
sistence of fetal haemoglobin (HPFH) is associated with very 
mild disease. However, for poorly recognized reasons, the 
disease severity varies enormously even within the subgroup of 
patients with HbSS. 

 In countries with inadequate healthcare, SCD is associated 
with high mortality in the fi rst 3 years of life as a result of sepsis 
and splenic sequestration. In the developed world, the typical 
patient with SCD has moderately severe anaemia, leads a rela-
tively normal life interrupted by  ‘ crises ’  as a result of vaso -
 occlusion, and has a life expectancy of over 45 years. 

poietin level is lower than expected for the extent of anaemia 
because of the decreased oxygen affi nity of HbS. Individuals 
with concomitant deletion of one or two  α  - globin genes, or the 
Senegal or Arab – Indian haplotypes, have higher baseline 
haemoglobin levels. The signifi cance of chronic intravascular 
haemolysis in SCD extends beyond anaemia, since the release 
of free haemoglobin causes depletion of NO in the plasma. This 
is linked to endothelial dysfunction and the development of 
several complications including pulmonary hypertension.   

  Clinical  m anifestations 

 Clinical symptoms vary tremendously between patients with 
SCD for several reasons. The disease is more severe in patients 
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     Figure 7.2     Endothelial red cell adhesion and vaso - occlusion in 

sickle cell disease. Adhesive sickle reticulocytes initiate vaso -

 occlusion by becoming attached to the endothelium of vessel 

walls. Thereafter, poorly deformable red cells begin to accumulate 

behind the site of adhesion, ultimately resulting in an occluded 

vascular segment containing many sickled red cells. The inset 

shows the site of red cell attachment to an endothelial cell and 

several adhesion mechanisms that could participate in the 

vaso - occlusive process. On the red cell, the relevant adhesion 

receptors include CD36, which binds thrombospondin (TSP), 

and integrin  α  4  β  1 , which binds both fi bronectin (FN) and 

vascular cell adhesion molecule (VCAM) - 1. On the endothelial 

cell, the receptors include CD36; integrin  α  v  β  3 ; the complex of 

glycoproteins Ib, IX and V (gp Ib – IX – V), which binds von 

Willebrand factor (VWF); and VCAM - 1. Adhesive interactions 

between the red cell and endothelial cells may be direct ( α  4  β  1  to 

VCAM - 1) or mediated by a plasma factor (CD36 to TSP to  α  v  β  3 ). 

The list of molecules identifi ed as involved in mediating adhesion 

continues to increase and redundancy in the system is likely. 

Question marks indicate unidentifi ed receptors.  (From Hebbel 

RP (2000) Blockade of adhesion of sickle cells to endothelium by 

monoclonal antibodies.  New England Journal of Medicine   342 : 

1910 – 12 with permission.)   
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with life - threatening anaemic episodes. Parent education to 
detect splenic enlargement and seek early medical attention 
signifi cantly reduces the risk of death from sequestration 
crisis.  

  Acute  p ainful  e pisode 

 Acute episode of pain due to vaso - occlusion is the most fre-
quent symptom for which patients with SCD seek medical 
attention. More frequent painful episodes are observed in 
patients with HbSS, low HbF level,  α  thalassaemia and higher 
baseline haemoglobin levels. Painful episodes are more common 
in young adults and tend to diminish in older patients. One -
 third of the patients with SCD rarely experience pain, whereas 
a small subgroup of patients suffer from recurrent episodes. 
When patients maintain a pain diary, painful events are noted 
on up to half of the days but are not severe enough to require 
visit to a physician. Painful episodes vary in intensity and gener-
ally last for a few days. The majority of the episodes have no 
identifi able cause, although some attacks are precipitated by 
cold, dehydration, infection, stress or menses. 

 In young children, the initial pain episode typically presents 
as dactylitis or hand – foot syndrome, with swelling over the 
dorsal surface of hands and feet. It arises from bone infarction 
affecting the small bones and the swelling subsides over 1 – 2 
weeks. The radiographs show thinning of cortex and destructive 
changes of the affected small bones several weeks after onset. In 
older children and adults, the common sites of pain are the 
back, chest, extremities and abdomen. Chest pain is of special 
signifi cance as it can precede development of acute chest syn-
drome. Frequent incapacitating painful episodes that are inad-
equately managed have adverse psychosocial consequences and 
stress the physician – patient relationship.  

  Growth and  d evelopment 

 Children with SCD are born with normal weight but fall behind 
other children by the end of the fi rst year. The weight defi cit 
persists through adulthood and imparts a thin habitus to the 
typical patient, although obesity is seen in some cases. The rate 
of growth is lower than normal in SCD patients, and the puber-
tal growth spurt is delayed by 1 – 2 years, but the fi nal adult 
height is normal. Delays also occur in skeletal maturation and 
onset of puberty, and female patients achieve menarche 1 – 2 
years later than their peers.  

  Infections 

 Early loss of splenic function from recurrent vaso - occlusion and 
the inability to make specifi c IgG antibodies to polysaccharide 
antigens increases the risk of fulminant sepsis. Pneumococcal 
infection is a serious problem in SCD, particularly in children 

  Anaemia 

 The underlying  β  - globin genotype primarily determines the 
baseline haemoglobin value in SCD, but exacerbation of 
anaemia can occur for numerous reasons. Patients with more 
severe anaemia at baseline have a greater probability of develop-
ing stroke and renal dysfunction. On the other hand, a higher 
haemoglobin level is associated with a higher incidence of 
painful episodes, avascular necrosis and acute chest syndrome. 
Infants with SCD have lower than normal haemoglobin levels 
after the neonatal period, and the decline continues until it 
reaches a nadir between 12 and 15 months of age. Boys are 
slightly more anaemic than girls in the fi rst decade, whereas 
adult men have higher haemoglobin values than women. 
Gradual exacerbation of anaemia is observed in both sexes 
beginning in the fi fth decade. 

 A gradual decrease in haemoglobin level from the baseline 
value may indicate an underlying folate or iron defi ciency. In 
older patients, however, inadequate erythropoietin production 
due to chronic renal insuffi ciency is the most important aetiol-
ogy of worsening anaemia. Many such patients will become 
transfusion dependent, although recombinant human erythro-
poietin therapy can improve the anaemia. 

 Acute exacerbations of anaemia are observed with aplastic 
crises and splenic sequestration. The transient arrest of eryth-
ropoiesis and the resultant reticulocytopenia in aplastic crisis is 
most often due to parvovirus B19 infection. Severe anaemia is 
the consequence of the shortened lifespan of red cells and the 
course is similar to other chronic haemolytic anaemias. Aplastic 
crisis is typically preceded by fever and upper respiratory or 
gastrointestinal symptoms, and several family members may fall 
ill over a period of days. The reticulocytopenia begins 5 days 
after exposure, lasts for 7 – 10 days and is followed by recovery 
with reticulocytosis and normoblasts in peripheral blood. Blood 
transfusion is often required in the short term. Parvovirus B19 
infection is followed by development of lifelong protective 
immunity. 

 Splenic sequestration is a serious complication in young chil-
dren whose spleen has not yet undergone fi brosis due to recur-
rent vaso - occlusion. The peak incidence of fi rst episode of 
sequestration is between 6 and 12 months of age and it affects 
30% of all patients. Approximately 15% of patients die during 
the acute episode and the condition recurs in half of the survi-
vors. Episodes may be triggered by a viral illness and the rapid 
acute enlargement of the spleen traps a signifi cant proportion 
of the blood volume. Clinically, the child presents with acutely 
worsening anaemia ( >    2   g/dL fall in haemoglobin), reticulocy-
tosis, enlarging spleen and hypovolaemic shock. Prompt resto-
ration of the blood volume and correction of anaemia is 
required. Splenectomy is recommended following a sequestra-
tion crisis due to the risk of recurrences. Chronic transfusion 
therapy or partial splenectomy is sometimes used in infants 
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under 3 years (Figure  7.3 ). Meningitis can accompany pneumo-
coccal sepsis, and the overall mortality rate is 20 – 50%. Patients 
who have had previous pneumococcal sepsis are at increased 
risk for recurrent episodes and must remain on lifelong penicil-
lin prophylaxis.  Haemophilus infl uenzae  type B is the next most 
common organism and affects older children. There is consid-
erable variation in the relative incidence of bacterial organisms 
causing sepsis in young children with SCD in various regions 
of the world. In Africa,  Salmonella  spp.,  Klebsiella  spp., 
 Escherichia coli  and  Staphylococcus  spp. are more commonly 
isolated from the blood of febrile children than  Streptococcus 
pneumoniae . Pneumococcal infections are particularly infre-
quent in the eastern province of Saudi Arabia and Nigeria. 
Furthermore, the incidence of pneumococcal and  H. infl uenzae  
sepsis has declined as a result of penicillin prophylaxis and vac-
cination of infants. The risk of death during septic episodes has 
decreased considerably owing to empirical use of antibiotics to 
treat fever in SCD.   

 Of the other infections, pneumonia is particularly common 
in SCD and can be diffi cult to differentiate from non - infective 
causes of acute chest syndrome. The most frequent organisms 
responsible for pneumonia are  Mycoplasma pneumoniae , 
 Chlamydia pneumoniae ,  S. pneumoniae  and  H. infl uenzae . Lung 
infections can also arise due to respiratory viruses. In adults, 
bacteraemia and urinary tract infections due to  E. coli  and other 
Gram - negative organisms are more frequent. Patients with 
SCD are susceptible to osteomyelitis caused by bone infarction 
resulting from vaso - occlusion. The infection is typically due to 
 Salmonella  spp. or  Staphylococcus aureus .  

  Neurological  c omplications 

 Neurological complications are an important cause of morbid-
ity in SCD. Transient ischaemic attacks or stroke due to cerebral 
infarction or haemorrhage occur in 25% of patients with SCD 
(Figure  7.4 a). The risk of stroke is increased with lower baseline 
haemoglobin, low HbF level, high leucocyte count or high 
systolic blood pressure. Vascular damage results from elevated 
cerebral blood fl ow velocities and interaction of rigid or adher-
ent sickle cells with the vessel wall. Angiography demonstrates 
stenosis or occlusion of vessels in the circle of Willis and inter-
nal carotid arteries, sometimes with aneurysm formation or 
development of moya moya disease (Figure  7.4 b). Increased 
blood fl ow velocity due to stenosis can be detected by transcra-
nial Doppler ultrasonography in asymptomatic patients, and 
fl ow rates in excess of 200   cm/s correlate with a high risk of 
stroke.   

(a)

(b)

(c)

     Figure 7.3     Overwhelming pneumococcal sepsis in a 7 - year - old 

child. (a) Numerous bacteria in the blood adjacent to the right 

ventricular wall. Massive sequestration of the spleen (b) and the 

liver (c).  
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(a) (b)

(c)

(d)

(e)

     Figure 7.4     Complications of sickle cell disease: (a) stroke; 

(b) moyamoya transformation; (c) acute chest syndrome; 

(d) avascular necrosis of hip joint; (e) chronic leg ulcer.  
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  Table 7.3    Presenting symptoms of acute chest syndrome. 

   Symptom     Children (%)     Adults (%)  

  Fever    86    70  

  Shortness of breath    31    58  

  Chest pain    27    55  

  Extremity pain    22    58  

  Rib pain    14    30  

   Adults are more likely than children to have pain preceding the 

onset of pulmonary symptoms.   

 Stroke due to infarction is more frequent in younger children 
and those over 30 years of age, whereas haemorrhage is more 
common between 20 and 30 years. Stroke is rare in infants, 
increases to 1 in 100 patients per year between 2 and 9 years, 
and then diminishes to half that incidence in older patients. The 
incidence of stroke is 5 – 10 times greater in HbSS compared 
with HbSC, HbS/ β  +  thalassaemia or HbS/ β  0  thalassaemia. Focal 
seizures or transient ischaemic attacks are common presenting 
symptoms of stroke, followed by hemiparesis, coma and speech 
or visual disturbances. The site of bleeding in haemorrhagic 
stroke is frequently subarachnoid, and these patients present 
with severe headache, vomiting and coma. Death can occur 
during the acute event, particularly with haemorrhagic stroke. 
Patients with neurological symptoms should be evaluated by 
computed tomography (CT) or magnetic resonance imaging 
(MRI) to distinguish thrombosis from haemorrhage. Immediate 
exchange transfusion to lower HbS level to less than 30% is 
required. Patients with haemorrhage may require surgical inter-
vention to ligate accessible aneurysms. Surgical vascular bypass 
procedure with extracranial arteries (encephalodural synangi-
osis) should be considered in children with moyamoya disease. 

 As stroke recurs in two - thirds of the survivors within 3 years, 
all such patients should be maintained on regular transfusions 
to lower HbS level for several years. Development of fi rst stroke 
in children at risk, who are identifi ed by elevated cerebral 
Doppler blood fl ow velocity, can be prevented effectively 
through regular transfusions. As an alternative to transfusions, 
hydroxycarbamide (hydroxyurea) treatment can also reduce 
the high cerebral blood fl ow velocity, and its use for primary or 
secondary prevention of stroke is being explored. Even in the 
absence of overt stroke, silent cerebral infarcts are commonly 
observed on MRI in SCD and are linked to progressive neu-
ropsychiatric and neurological damage, and poor school per-
formance. Early detection and treatment is important in 
preventing further neurocognitive impairment.  

  Pulmonary  c omplications 

 Acute and chronic pulmonary complications are the leading 
cause of death in older patients. The acute chest syndrome is 
characterized by hypoxia, tachypnoea, fever, chest pain and 
pulmonary infi ltrate on chest radiography (Figure  7.4 c). Acute 
chest syndrome often follows a painful event, particularly in 
adults (Table  7.3 ). The pathogenesis of acute chest syndrome 
involves vaso - occlusion, infection or embolization of bone 
marrow fat. Infections due to  Mycoplasma ,  Chlamydia , 
 Legionella , pneumococcus,  H. infl uenzae  and viruses are more 
likely in children. Fat - laden pulmonary macrophages in the 
airways due to fat embolization from the bone marrow are 
present in half of the cases. Hypoxia due to acute chest syn-
drome can result in widespread sickling and vaso - occlusion, 
with risk of multiorgan failure. Patients should receive supple-
mental oxygen, incentive spirometry and antibiotic therapy 

directed towards the common organisms. One commonly used 
regimen consists of cefuroxime and erythromycin, although 
antibiotics should be guided by local experience. Most patients 
have a bronchoreactive component and should receive bron-
chodilator therapy. Patients require close monitoring for per-
sistent hypoxia or worsening lung consolidation for which 
blood transfusion should be provided. Partial exchange transfu-
sion and mechanical ventilation is sometimes needed in rapidly 
progressive cases. NO and steroids may be benefi cial in life -
 threatening cases.   

 Chronic pulmonary problems seen in SCD are restrictive and 
obstructive lung disease, hypoxaemia and pulmonary hyperten-
sion. Chronic complications are more frequent in patients with 
a history of acute chest syndrome. Echocardiography can detect 
elevated pulmonary artery systolic pressure ( >    35   mmHg), 
which is observed in 20% of patients. Pulmonary hypertension 
is more frequent among patients with high rates of chronic 
haemolysis, refl ected by marked elevation in plasma lactate 
dehydrogenase (LDH). The diagnosis of pulmonary hyperten-
sion is associated with a 10 - fold increase in relative risk of dying 
compared with patients who have normal pulmonary artery 
systolic pressure, although most deaths are not from cardiac 
failure. Hydroxycarbamide therapy should be strongly consid-
ered in SCD patients with pulmonary hypertension. Severely 
affected patients have been treated with regular transfusions, 
vasodilators, anticoagulation and oxygen inhalation.  

  Hepatobiliary  c omplications 

 The liver can be affected by intrahepatic trapping of sickle cells, 
transfusion - acquired infection and transfusional haemosidero-
sis. Episodes of cholestasis due to intrahepatic sickling can lead 
to liver failure in rare instances. Pigmented gallstones are seen 
in two - thirds of patients, particularly those with HbSS, and can 
occur in young children. Patients with abdominal symptoms 
attributable to gallstones should undergo cholecystectomy, 
although the management of asymptomatic gallstones is less 
clear. Laparoscopic cholecystectomy can be safely performed, 
but associated common duct bile stones fi rst require endoscopic 
retrograde cholangiopancreatography.  
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pism requires intravenous hydration and opioid analgesia. If 
priapism persists for more than 2 – 3 hours, aspiration and irri-
gation of the corpora with dilute phenylephrine or etilefrine 
solution should be performed. A simple intracavernosal injec-
tion with these agents tried early may induce detumescence and 
avoid the need for aspiration and irrigation.  

  Ocular  c omplications 

 Vaso - occlusion of retinal and other vascular beds in the eye can 
lead to grave complications. Patients with SCD can develop 
abnormal (comma - shaped) conjunctival vessels, iris atrophy, 
retinal pigmentary changes and retinal haemorrhages. However, 
much more serious is neovascularization causing proliferative 
retinopathy, appearing as a  ‘ sea fan ’ , with its potential for vitre-
ous haemorrhage and retinal detachment. Such patients are 
treated with laser photocoagulation or vitrectomy. The inci-
dence of proliferative changes is substantially higher in HbSC 
and HbS/ β  +  thalassaemia patients than in HbSS. All patients 
with SCD should have annual ophthalmological evaluation, 
beginning in the second decade. 

 Sudden change in vision in a patient with SCD is an ocular 
emergency. Central retinal artery occlusion requires immediate 
treatment with hyperoxygenation and reduction of intraocular 
pressure, but the prognosis for vision is poor. Hyphaema, which 
can arise after minor trauma, leads to glaucoma due to sickling 
of blood in the anterior chamber. The elevated intraocular pres-
sure causes ischaemic optic atrophy and retinal artery occlu-
sion. Individuals with sickle trait are also vulnerable to this 
complication. Urgent surgical attention is required to wash out 
blood from the anterior chamber.  

  Bone  c omplications 

 The chronic haemolytic process results in expansion of the 
medullary space, although the resultant bony changes are less 
pronounced than in thalassaemia. Bone infarction due to vaso -
 occlusion produces tenderness, warmth and swelling, which can 
be diffi cult to distinguish from osteomyelitis. In such cases, 
cultures from blood and direct aspiration are negative and radi-
ography later shows patchy sclerosis and cortical thickening. 
Collapse of vertebral end plates due to infarction produces the 
codfi sh appearance. Patients are managed with analgesia and 
hydration until resolution of symptoms. 

 Avascular necrosis of the femoral head is a serious complica-
tion that is diffi cult to treat and leads to chronic disability and 
pain (Figure  7.4 d). Patients with coexisting  α  thalassaemia have 
a higher incidence of osteonecrosis at a younger age. The condi-
tion also affects the humeral head but with less functional 
consequences. The outcome is better in young patients with 
immature capital epiphysis, who should be treated with analge-
sics and avoidance of weight - bearing for 3 – 6 months. In older 
adolescents and adults the condition is more likely to progress 

  Pregnancy 

 The steady - state haemoglobin level falls in SCD during preg-
nancy, similar to the decline in haemoglobin observed in 
normal pregnant women. Folate defi ciency can exacerbate the 
anaemia and supplements should be provided throughout 
pregnancy. Painful episodes become more common in the last 
trimester. The incidence of pre - eclampsia is higher than normal 
in SCD patients and there is a slight increase in maternal mor-
tality. Risk to the fetus from abortion, stillbirth, low birth 
weight and neonatal death is also increased. Prophylactic trans-
fusions during pregnancy or the type of delivery do not alter 
the outcome for mother or newborn. It is safe to use oral con-
traceptives for birth control in SCD.  

  Renal  c omplications 

 The hypoxic, acidotic and hypertonic renal medulla favours 
vaso - occlusion, leading to destruction of the vasa recta and 
hyposthenuria in the fi rst year of life. It presents clinically as 
enuresis or nocturia, and patients are susceptible to dehydra-
tion in hot weather. Haematuria as a result of papillary necrosis 
usually originates from the left kidney. Management is generally 
by bed rest and hydration, although sometimes blood transfu-
sion and  ε  - aminocaproic acid are required. The prevalence of 
essential hypertension in SCD is lower than in the general popu-
lation, although elevated systolic blood pressure is a risk factor 
for stroke. Proteinuria due to glomerular injury precedes devel-
opment of nephrotic syndrome and eventual chronic renal 
insuffi ciency in one - quarter of adults. The progression to renal 
failure can be delayed by angiotensin - converting enzyme inhib-
itors. Careful control of blood pressure, avoidance of non - 
steroidal anti - infl ammatory drugs (NSAIDs) and aggressive 
treatment of urinary tract infection and anaemia are important 
objectives for patients with chronic renal insuffi ciency. Patients 
with end - stage renal disease are treated with dialysis and renal 
transplantation. Some renal complications, such as hypost-
henuria and haematuria, are also observed in individuals with 
sickle trait, as is the rare renal medullary carcinoma.  

  Priapism 

 Priapism occurs in two - thirds of males with SCD, with a peak 
incidence in the second and third decades. It is caused by vaso -
 occlusion leading to obstruction of venous drainage from the 
penis. It typically affects the corpora cavernosa alone, resulting 
in a hard penis with a soft glans. Episodes can be brief (stutter-
ing) or prolonged, when they last for longer than 3 hours. 
Recurrent priapism leads to fi brosis and eventual impotence. 
Young boys require explanation of symptoms and the need to 
seek early help for priapism. At the onset of priapism, patients 
should drink extra fl uids and attempt to urinate. An oral dose 
of pseudoephedrine or terbutaline can be given. Persistent pria-
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supplementation. Genetic counselling should be provided to 
individuals with sickle cell trait.  

   H  b  SC   d isease 

 HbC is found among individuals of African descent and the 
compound heterozygote state HbSC accounts for 25 – 50% of 
patients with SCD. The vaso - occlusive complications seen in 
patients with HbSC resemble those seen in patients with HbSS 
but are less severe. Splenomegaly and the risk of sequestration 
can persist into adult life. Of particular note is the higher inci-
dence of proliferative retinopathy in HbSC beginning in the 
second decade. The haemoglobin level (10 – 12   g/dL) is higher 
than in HbSS, and the red cells are relatively microcytic with a 
higher mean corpuscular haemoglobin concentration (MCHC). 
Peripheral blood smear reveals frequent target cells, intraeryth-
rocytic crystals and rare sickle cells. The pathogenesis of sickling 
in HbSC involves membrane damage with resultant water and 
cation loss and increase in intraerythrocytic concentration of 
HbS. Equal amounts of HbS and HbC are present in the red 
cells and the solubility test for sickle haemoglobin is positive. 
The electrophoretic appearance of HbSC, HbSE and HbSO 
Arab at pH 8.4 is similar, but a distinction can be made based 
on ethnicity and by performing isoelectric focusing or agar gel 
electrophoresis at pH 6.5.  

  Sickle  c ell/ β   t halassaemia 

 Sickle cell/ β  thalassaemia compound heterozygotes account for 
less than 10% of patients with sickle syndromes. The majority 
of these patients have the  β  +  phenotype, with the proportion of 
HbA ranging from 3 to 25%. The clinical phenotype is mild and 
disease severity correlates with the amount of HbA present. The 
clinical manifestations of the less frequent HbS/ β  0  genotype are 
similar in severity to those of HbSS. The red cells are microcytic 
and hypochromic, and variable numbers of target cells and 
sickle cells are observed. Reticulocytosis (10 – 20%) is present 
and the level of HbA 2  is elevated.  

  Sickle  c ell  a naemia with  c oexistent  α  
 t halassaemia 

 Co - inheritance of  α  thalassaemia ( −  α / α  α  or  −  α / −  α ) with SCD 
is common, and such patients have less severe anaemia and 
demonstrate hypochromia and microcytosis. In general, the 
clinical severity is similar to that seen in HbSS patients with a 
normal complement of  α  - globin genes.  

  Sickle  c ell/ HPFH  

 Approximately 1 in 100 patients with HbSS has an elevated HbF 
level due to deletional or non - deletional mutations that main-
tain  γ  - globin gene expression after birth. Such individuals have 

to degenerative arthritis with conservative management. 
Aggressive physical therapy or combination of early core 
decompression followed by physical therapy can postpone the 
need for additional surgical intervention. Hip arthroplasty may 
be required for patients with severe symptoms.  

  Leg  u lcers 

 Chronic leg ulcers are frequent in adult patients with SCD, 
particularly affecting males with the HbSS genotype (Figure 
 7.4 e). Ulcers arise near the medial or lateral malleolus and may 
be single or multiple. Occlusion of skin microvasculature from 
sickle red cells predisposes to ulcers, which are made worse by 
trauma, infection or warm climate. Ulcers are always colonized 
with pathogenic bacteria ( Pseudomonas aeruginosa ,  S. aureus  
and  Streptococcus  spp.) and acute infection can occur. The 
ulcers are painful and resistant to healing, and although bed rest 
and elevation of the leg are effi cacious, they may not be practical 
owing to the chronic nature of the problem. Treatment requires 
d é bridement, elastic dressings, zinc sulphate and, in some cases, 
red cell transfusions and skin grafting.   

  Variant  s ickle  c ell  s yndromes 

  Sickle  c ell  t rait 

 Sickle cell trait (HbAS) is a benign condition that has no hae-
matological manifestations and is associated with normal 
growth and life expectancy. The ratio of HbA to HbS is 60   :   40, 
owing to the greater affi nity of  α  - globin chains for  β  A  - globin 
chains. Sickle cell trait affects 8 – 10% of African - Americans and 
up to 25 – 30% of the population in West Africa. Sickle trait 
reduces the risk of severe falciparum malaria, but not the preva-
lence of parasitaemia. There appears to be no effect on infec-
tions with other forms of malaria. Impaired urine - concentrating 
ability and haematuria can occur, and an increased incidence 
of urinary tract infection is observed in pregnant women with 
sickle cell trait. Splenic infarction is possible at very high alti-
tudes, and varies in severity from mild discomfort to occasional 
splenic rupture. A slight risk of sudden death during exercise 
has been reported predominantly in two settings. Army recruits 
with sickle cell trait have a 25 - fold higher rate of unexplained 
death, with greatest risk during basic training or at high altitude. 
The second risk group is young athletes engaged in intensive 
exercise that leads to dehydration, hyperthermia and acidosis. 
Sickling and vaso - occlusion under these extreme circumstances 
cause rhabdomyolysis, acute renal failure and cardiac arrhyth-
mias. These individuals are advised to gradually increase exer-
cise intensity, avoid dehydration, and to stop physical activity 
with the onset of muscle cramp or fatigue. Treatment of sudden 
collapse consists of rapid intravenous hydration and oxygen 
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The white cell count is elevated (12 – 20    ×    10 9 /L) as a result of 
an increase in mature neutrophils. The platelet count is also 
elevated to 300 – 500    ×    10 9 /L as a result of decreased splenic 
function.    

  Other  l aboratory  t ests 

 The measurement of clotting factors in SCD indicates mild 
ongoing activation of the coagulation system, even in the steady 
state. The erythrocyte sedimentation rate is consistently low. 
Serum levels of unconjugated bilirubin and LDH are elevated, 
and haptoglobin is decreased.  

  Haemoglobin  e lectrophoresis 

 HbS can be identifi ed by cellulose acetate electrophoresis at pH 
8.4 (Table  7.1  and Figure  7.5 b). HbD and HbG have the same 
electrophoretic mobility with this method, but can be distin-
guished using citrate agar electrophoresis at pH 6.2 or thin - layer 
isoelectric focusing. Distinction cannot be made between HbSS 
and HbS/ β  0  thalassaemia on electrophoresis. The diagnosis of 
HbS/ β  0  thalassaemia is suggested by microcytosis and elevated 
HbA 2 , and confi rmed by fi nding  β  thalassaemia trait in one of 
the parents. HbA and HbS are observed upon electrophoresis 
in both sickle cell trait and HbS/ β  +  thalassaemia; however, the 
HbA fraction is greater than 50% in the former, but ranges from 
5 to 30% in the latter. The level of HbF is variably elevated, with 
higher levels observed in patients with the Arab – Indian and 
Senegal haplotypes.  

  Other  t ests to  d etect  s ickle  h aemoglobin 

 Sickling of red cells can be induced by sealing a drop of blood 
under a coverslip to exclude oxygen or by adding 2% sodium 
metabisulphite. The solubility test for HbS utilizes a reducing 
agent such as sodium dithionite, which is added to the haemo-
lysate. Deoxy - HbS is insoluble and renders the solution turbid 
(Figure  7.5 c). Both these tests are unable to distinguish sickle 
cell trait from sickle cell anaemia and cannot be used for primary 
diagnosis. They are useful aids in the identifi cation of an abnor-
mal electrophoretic band as HbS and for identifying sickle cell 
trait in units of red cells prior to transfusion. High performance 
liquid chromatography (HPLC) can be used instead of 
electrophoresis to identify and quantitate HBS and other 
haemoglobins.  

  Newborn  s creening 

 Universal newborn screening is recommended for identifying 
SCD in the neonatal period. The effi cacy of penicillin prophy-
laxis in preventing death from early sepsis in SCD provided the 
rationale for development of screening programmes. Blood 
samples obtained by heel prick are spotted onto fi lter paper and 

20 – 30% HbF and less than 2.5% HbA 2 . The haemoglobin level 
is normal with microcytosis, and target cells are observed in 
the peripheral smear. The clinical course is benign, and vaso -
 occlusive complications are rare because of the inhibition of 
sickling by elevated HbF.  

  Other  s ickling  s yndromes 

  Sickle  c ell/ H  b  Lepore  d isease 
 Co - inheritance of Hb Lepore with sickle cell mutation produces 
a clinical picture similar to that of HbS/ β  thalassaemia but with 
a low HbA 2  level.  

  Sickle  c ell/ H  b  D   d isease 
 Of all the D or G haemoglobins, HbD Punjab (D Los Angeles) 
alone interacts with HbS to produce moderately severe haemo-
lytic anaemia in compound heterozygotes. Target cells and irre-
versibly sickled cells (ISCs) are observed in the peripheral smear, 
and the clinical manifestations resemble mild sickle cell anaemia.  

  Sickle  c ell/ H  b  O  Arab  d isease 
 HbO Arab resembles HbC on alkaline electrophoresis and pro-
duces a moderately severe haemolytic anaemia in association 
with HbS. The disease is more severe than HbSC, and numerous 
sickled erythrocytes are observed on the peripheral smear.  

  Sickle  c ell/ H  b  E   d isease 
 HbSE disease causes mild haemolysis and no remarkable abnor-
mality of red blood cell morphology. HbE comprises only 30% 
of the total haemoglobin because of the thalassaemic nature of 
the mutation. Patients are generally asymptomatic, although 
occasionally signifi cant vaso - occlusive complications and 
anaemia have been observed.    

  Diagnosis 

  Peripheral  b lood  fi  ndings 

 The peripheral blood picture depends on the type of sickle cell 
syndrome. The haemoglobin level is normal in the newborn 
period, but anaemia develops and sickle or cigar - shaped ISCs 
can be observed in the peripheral blood by 3 – 4 months of age 
as HbF declines. In HbSS disease, the red cells are normocytic 
and normochromic, with polychromasia, many ISCs and fewer 
target cells (Figure  7.5 a). The average reticulocyte count is 10% 
(4 – 20%) and normoblasts may be observed. Red cells are 
microcytic in the presence of coexisting  α  thalassaemia or iron 
defi ciency. In HbS/ β  thalassaemia, ISCs, target cells and 
hypochromic microcytic red cells are prominent. The red cell 
morphology in HbSC disease is characterized by predominant 
target cells and rare ISCs. The occasional Howell – Jolly body, 
indicative of loss of splenic function in SCD, may be observed. 
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  Prenatal  d iagnosis 

 Prenatal diagnosis is available through direct detection of 
the GAG → GTG mutation responsible for SCD in fetal cells. 
Genetic counselling is diffi cult owing to the marked variability 
in clinical manifestations within the same genotype, and the 
lack of ability at present to predict individual phenotype. 
Preimplantation diagnosis and selection of healthy embryos 
may offer a solution to this ethical problem.   

tested by electrophoresis or chromatography. Neonates with 
HbSS disease and HbS/ β  0  thalassaemia have an FS pattern (the 
order of haemoglobins indicates their relative abundance in the 
sample). In sickle cell trait, the haemoglobin pattern is FAS, 
whereas newborns with HbS/ β  +  thalassaemia have an FSA 
pattern. Finally, the presence of the FSC pattern suggests HbSC 
disease. Family studies help to make the defi nitive diagnosis 
and, when both parents are unavailable, DNA - based testing is 
useful.  

A
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(a)

(b)

(c)

     Figure 7.5     (a) Peripheral blood smear from an individual with 

sickle cell anaemia. (b) Haemoglobin electrophoresis showing 

standard (lane a), HbSS (lanes b and c), HbSC (lane d) and sickle 

trait (lane e). (c) Sickle solubility assay is positive (tube a) in all 

three conditions.  
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 In cases when diagnosis is made on newborn screening, the 
infant should be seen within 1 – 2 months to instruct parents 
about infections and splenic enlargement. Routine immuniza-
tion should include pneumococcal,  H. infl uenzae , hepatitis B 
and infl uenza vaccines. All children receive prophylactic peni-
cillin (phenoxymethylpenicillin orally twice daily or benzathine 
benzylpenicillin by intramuscular injection once per month), 
which may be stopped after the age of 5 years in the absence of 
any episode of pneumococcal sepsis or splenectomy. Folic acid 
supplementation (1   mg daily) is recommended. Evaluation of 
cerebral blood fl ow by transcranial Doppler should be per-
formed on all children after 2 years to identify those at risk for 
stroke. Annual retinal examination is begun at 10 years. Sexually 
active women should have routine pelvic examinations and 
receive instructions about birth control.  

  Infections 

 Fever in children with SCD requires urgent attention in the 
offi ce or emergency room. A complete blood count, blood and 
urine cultures and chest radiographs should be obtained, and 
lumbar puncture should be performed if meningitis is sus-
pected. Very young children with fever or older children who 
appear septic should be hospitalized for intravenous antibiotics. 
The choice of antibiotics depends on causative agents prevalent 
locally and the pattern of resistance. In the USA, cefuroxime or 
ceftriaxone are preferred, whereas high - dose penicillin is used 
in several other countries. Many patients older than 2 years who 
do not look septic or seriously ill can be managed at home after 
receiving ceftriaxone in the emergency department. Antibiotics 
should continue for 1 week when bacteraemia is documented. 
In the presence of pneumonia, a macrolide should be added to 
cover  Mycoplasma  or  Chlamydia . Antibiotics for osteomyelitis 
should provide coverage for  Salmonella  and  S. aureus  and are 
given for a period of 4 – 6 weeks.  

  Transfusion  t herapy 

 Blood transfusion in SCD is used to treat severe anaemia or to 
reduce the amount of circulating sickle haemoglobin. Only 
sickle - negative blood, which can be identifi ed by negative sickle 
solubility test, is used for transfusions. The blood should also 
be leucodepleted, and matched for common minor E, C and 
Kell antigens. A simple transfusion is used to treat severe 
anaemia that is often associated with aplastic crisis and splenic 
sequestration. Older patients with renal failure may also need 
transfusions for declining haemoglobin level. 

 Dilution of circulating sickle haemoglobin can be accom-
plished by simple transfusion if the baseline haemoglobin level 
is low. Exchange transfusion or erythrocytapheresis is required 
to prevent hyperviscosity from the signifi cant rise in haemo-
globin when the patient has high baseline haemoglobin or when 

  Therapy 

 This section discusses general issues in the management of 
sickle cell disease. The treatment of specifi c complications is 
addressed in the section Clinical manifestations. 

  Routine  h ealthcare 

 The majority of children with SCD can be managed by paedia-
tricians or community physicians in coordination with a hae-
matologist. Adults with SCD should also continue to have 
routine offi ce visits. Patients who suffer from more severe com-
plications or who need therapy to modify the course of SCD 
require specialized care at experienced centres. 

 The level of healthcare available to patients with SCD varies 
tremendously in different countries. Where resources are 
limited, the primary focus should be on penicillin prophylaxis, 
vaccination, education and analgesia for painful episodes. 
Where comprehensive care is available, both medical and psy-
chosocial needs should receive attention (Figure  7.6 ). Sickle cell 
centres should have specialists in several fi elds who are available 
to address complications that may affect different organs.   
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     Figure 7.6     Comprehensive care of patients with sickle cell 

disease.  
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goals. Chronic pain is rare in SCD and may require long - acting 
narcotics for management.  

  Hydroxycarbamide 

 Hydroxycarbamide is a tremendously important drug in the 
management of patients with SCD who have severe clinical 
manifestations. Hydroxycarbamide inhibits ribonucleotide 
reductase, leading to S - phase arrest of replicating cells, and is 
used in SCD because of its ability to stimulate production of 
HbF. Hydroxycarbamide increases HbF as a result of stress 
erythropoiesis induced by its myelosuppressive effect. Patients 
show variable response in the degree of rise in HbF, and some 
experience no change from the baseline value. Other biological 
effects of hydroxycarbamide play an equally signifi cant role 
in the benefi cial clinical effects observed during therapy. 
Erythrocytes of patients on hydroxycarbamide have increased 
water content and deformability and decreased adherence to 
vascular endothelium. There is elevation of the haemoglobin 
level, mean corpuscular volume (MCV), HbF and F cells, 
whereas total white cell and neutrophil count, reticulocyte 
count and the number of dense sickle cells decrease. Patients on 
hydroxycarbamide experience 50% reduction in the incidence 
of acute painful episodes and acute chest syndrome. Transfusion 
needs, frequency of hospital admissions and the risk of death 
are also decreased. Hydroxycarbamide does not improve leg 
ulcers, while the effect on priapism is unclear. Hydroxycarbamide 
may reduce risk of stroke, and its role in children with elevated 
cerebral blood fl ow velocities and previous stroke is under 
intense study. 

 The effi cacy of hydroxycarbamide therapy is now well estab-
lished in adults and there is growing evidence to support its 
use in children. Prospective trials are underway to evaluate 
safety and effi cacy in infants, and to specifi cally examine if end -
 organ damage to spleen, brain and kidney can be reduced. In 
young patients with severe disease, stem cell transplantation 
should also be considered as an alternative to chronic transfu-
sions or long - term hydroxycarbamide therapy. The overall 
benefi t of hydroxycarbamide to the patient is closely related 
to compliance, for which monitoring in the clinic and psycho-
logical support should be provided. Patients should be made 
aware that 3 – 6 months may elapse before clinical benefi ts are 
realized. Hydroxycarbamide is offered to patients (adults and 
children over 6 years) with frequent pain episodes or acute chest 
syndrome. It is started at a dose of 20   mg/kg per day and 
increased by 5   mg/kg every 2 – 3 months until the absolute neu-
trophil count is close to 2.5    ×    10 9 /L. Compliance with pre-
scribed dose should be ascertained before each dose escalation, 
up to the maximum dose of 35   mg/kg or 2000   mg/day. Patients 
require frequent monitoring of blood counts, as well as renal 
and hepatic function. Myelosuppression is the most commonly 
encountered side - effect and temporary cessation of therapy and 
dose reduction is required for neutropenia, thrombocytopenia, 

a greater reduction in HbS is desired. The fi nal haemoglobin 
level should not exceed 12   g/dL after simple or exchange trans-
fusion. Conditions in which a reduction in the proportion of 
HbS is required include stroke, progressive acute chest syn-
drome, persistent priapism or preparation for general anaesthe-
sia. Longer - term reduction in HbS through regular transfusions 
is advocated to prevent recurrence of stroke and sequestration, 
and in selected patients with leg ulcers or chronic pain. Routine 
blood transfusion is not needed for pain episodes, infections, 
minor surgery or uncomplicated pregnancy. 

 It is possible to eliminate most complications of SCD with 
the use of chronic transfusions to suppress endogenous sickle 
haemoglobin production. However, alloimmunization, iron 
overload and transmission of viruses are signifi cant risks that 
limit the use of transfusions to the management of severe com-
plications. In addition, because of the limited availability and 
decreased safety of blood, criteria for transfusion are more 
stringent in less developed countries. The high incidence of 
alloimmunization from minor blood group incompatibility 
(Rh, Kell, Duffy and Kidd) between donors and recipients can 
be avoided by use of phenotypically matched units. Patients on 
long - term transfusions develop iron overload, which requires 
chelation with desferrioxamine or deferasirox. The prevalence 
of iron - induced organ damage appears to be lower in SCD 
compared with thalassaemia despite similar amounts of iron 
burden. Liver biopsies or MRI are usually necessary to measure 
iron burden because the serum ferritin is unreliable. Because 
iron accumulation can be reduced or prevented by erythrocyta-
pheresis, this technique is now preferred when venous access is 
available.  

  Pain  m anagement 

 Prompt management of pain is essential, given its frequent 
occurrence and potential adverse psychological consequences. 
Patients with recurrent pain are best managed in a familiar 
ambulatory setting rather than the emergency ward. The patient 
should be evaluated for potential infectious, traumatic or surgi-
cal causes of pain. Pain assessment tools are available for young 
patients and are also helpful in older patients to follow the 
response to therapy. Adequate hydration should be provided, 
along with analgesia using narcotics and NSAIDs. Several nar-
cotic agents are available for oral and parenteral use and the 
choice of medicine depends on local experience as well as the 
patient ’ s preference. The use of incentive spirometry reduces 
the potential for developing hypoxia and acute chest syndrome 
secondary to hypoventilation. Under - treatment of pain can be 
avoided by using patient - controlled analgesia, which has the 
added benefi t of reducing apparent drug - seeking behaviour. 
Narcotic addiction is no more frequent in sickle cell patients 
than in others requiring analgesia. NSAIDs improve pain 
control with or without narcotics. Providing psychosocial 
support and reassurance, and allaying anxiety are important 
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reticulocytopenia or fall in haemoglobin. Dose modifi cation is 
necessary for patients with renal failure. Skin pigmentation 
affecting the nails, palms and soles is commonly observed. 
There may be a temporary decline in sperm production among 
men while on hydroxycarbamide treatment. Despite concerns 
about the leukaemogenic and teratogenic effects of hydroxy-
carbamide, no convincing increase has been reported in SCD 
so far. Men and women should practise contraception while 
taking hydroxycarbamide, and women who become pregnant 
should stop the drug. No decrease in growth rate is observed 
in children over 5 years using hydroxycarbamide, while the 
growth effects of the drug in younger children are under 
evaluation. Overall, the risks  associated with hydroxycar -
bamide therapy appear to be low and are certainly tolerable 
compared with the perils of untreated SCD in the severely 
affected patient.  

  New  t herapeutic  m odalities 

 A better appreciation of the pathophysiology of SCD will make 
it possible to exploit new therapeutic mechanisms (Table  7.4 ). 
Agents under development include membrane - active chemicals 
that improve hydration of sickle cells by blocking Gardos chan-
nels and potassium – chloride cotransport, or inhibit red cell 
adherence to endothelium. Decreased availability of NO has an 
important role in vaso - occlusion in SCD, and agents that 
correct NO defi ciency may have signifi cant therapeutic benefi t. 
Newer agents to induce HbF synthesis that are being studied 
include orally effective butyrate compounds and decitabine, an 
analogue of 5 - azacytidine. Decitabine can improve HbF level in 
patients who do not respond to hydroxycarbamide.    

  Haemopoietic  s tem  c ell  t ransplantation 

 Allogeneic haemopoietic stem cell transplantation (HSCT) 
from a matched sibling donor cures 85% of children with SCD 
less than 16 years of age. Both bone marrow and umbilical cord 
blood from related donors are suitable sources for the stem 
cells. Studies are underway to evaluate the use of unrelated 
donors or reduced intensity conditioning regimens. However, 
5% of patients die of complications related to HSCT and 
another 10% experience graft rejection with the return of SCD 
(Figure  7.7 ). Additional long - term risks after HSCT are infertil-
ity and second malignancy. Selection of candidates for HSCT is 
complex owing to the uncertain long - term course of the disease. 
HSCT should be considered in children (age  <    16 years) with 
SCD (any genotype) who have a human leucocyte antigen 
(HLA) - identical related donor and evidence of target organ 
damage involving the brain, lungs, kidneys or eyes. Children 
who are placed on long - term blood transfusions for any indica-
tion should also be evaluated for HSCT. Although it is clear that 
high - risk patients benefi t from this treatment, the role of HSCT 
in asymptomatic children is not defi ned. Severe organ dysfunc-

  Table 7.4    Advances in the management of sickle cell disease. 

   Category     Intervention  

  Newborn screening    Counselling  

  Comprehensive care  

  Infection    Prophylactic penicillin  

  Immunization  

  Brain injury prevention    Screening with TCD, MRI  

  Neurocognitive testing  

  Chronic transfusions  

  Transfusion safety and 

iron overload 

prevention  

  Phenotypically matched red cells  

  Erythrocytapheresis  

  Iron chelation  

  Lung injury prevention    Incentive spirometry  

  Antibiotics (including macrolides)  

  Transfusion  

  Echocardiographic screening for PHT  

  Prevention with hydroxycarbamide  

  Surgery/anaesthesia    Preoperative transfusion  

  Avascular necrosis of 

the hip  

  Physical therapy  

  Hip joint replacement  

  Priapism    Adrenergic agonist  

  Antiandrogen therapy  

  Pain    Prevention with hydroxycarbamide  

  Patient - controlled analgesic devices  

  Non - steroidal anti - infl ammatory 

drugs  

  Renal    ACE inhibitors for proteinuria  

  Improved renal transplantation  

  Gallbladder disease    Laparoscopic cholecystectomy  

  Severe disease    Allogeneic bone marrow 

transplantation  

  Chronic transfusions  

  Hydroxycarbamide  

   ACE, angiotensin - converting enzyme; MRI, magnetic resonance 

imaging; PHT, pulmonary hypertension; TCD, transcranial 

Doppler.   

tion increases the risks from the procedure, and hence discus-
sion for HSCT should be started early when eligible indications 
are identifi ed.    

  Gene  t herapy 

 Correction of SCD by gene therapy requires effi cient insertion 
of a gene into repopulating haemopoietic cells and regulated 
expression in erythropoietic lineages. An anti - sickling haemo-
globin, constituting 20 – 30% of the total haemoglobin, would 
be enough to produce clinical response. Mouse models of sickle 
cell disease have considerably helped in the effort to develop 
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gene therapy, and correction of the sickling phenotype has been 
demonstrated in such animals.  

  Psychosocial  i ssues 

 Recurrent pain and the unpredictable course of the illness place 
SCD patients at higher risk of depression and poor family rela-
tionships. Despite this, with integrated medical care and social 
support most patients with SCD are well adjusted. Addiction to 
narcotics is an uncommon phenomenon and is the result of 
social infl uences rather than analgesic therapy. Attention to 
psychological well - being as well as educational and vocational 
support are important components of the care provided to SCD 
patients.   
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  Introduction 

 This chapter and the next deal with genetically determined dis-
orders of the red cell, other than those of haemoglobin, which 
cause its premature destruction. In this chapter, genetic changes 
that affect the structure and function of the red cell membrane 
are described. Chapter  9  describes the inherited defects in red 
cell metabolism that shorten red cell survival. 

 Whereas the primary genetic changes underlying these disor-
ders are quite heterogeneous, many of the manifestations are 
similar, as they result mainly from the increased rate of red cell 
destruction and from the consequent hyperactivity of the eryth-
roid component of the bone marrow. Therefore, the description 
of individual conditions will be prefaced with a brief considera-
tion of the pathophysiology of haemolysis.  

  Haemolysis 

  Defi nitions 

 Haemolysis indicates that the destruction of red cells is acceler-
ated. Normally, in adults, the bone marrow output is well below 
its maximal capacity. Red cell production can be increased 
about sixfold in the adult by increasing the cellularity of existing 
haemopoietic marrow, as well as by expansion of haemopoietic 

marrow into the long bones. In the newborn, and during 
infancy, marrow expansion depends on expanding the medul-
lary cavity of bones, leading to thinning of cortical bone. These 
bony changes are most extreme in the  β  thalassaemia syn-
dromes, but some skeletal changes, usually some bossing of the 
frontal bones, may be seen in more extreme hereditary haemo-
lytic anaemias of other causes. 

 Increased red cell destruction is often completely matched by 
increased production, resulting in compensated haemolysis. 
When the rate of haemolysis exceeds the maximum erythropoi-
etic capacity of the bone marrow, or when the latter is limited 
(e.g. because of inadequate supply of iron or folate or by inef-
fective erythropoiesis), the result is haemolytic anaemia. As in 
any haemolytic disorder, with or without anaemia, the conse-
quences of haemolysis are always present, and as the same 
underlying pathogenetic process may cause at different times, 
even in the same patient, either a compensated haemolytic dis-
order or haemolytic anaemia, the two terms are often used, 
somewhat loosely, as though they are interchangeable.  

  General  f eatures of  h aemolysis 

 The clinical and laboratory aspects of haemolysis depend on 
the consequences of increased red cell destruction and produc-
tion as well as the main process by which destruction takes 
place. Increased red cell destruction leads to an increase in 
unconjugated bilirubin from increased haemoglobin turnover. 
Unconjugated bilirubin does not appear in the urine, although 
there will be an increase in urinary urobilinogen. The bilirubin 
level is usually not more than two to three times normal because 
the normal liver is able to increase excretion to compensate for 
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  Classifi cation 

 Because of the unique structural and functional specialization 
of the mature red cell, the impact on it of a wide range of exog-
enous or endogenous changes is relatively uniform: the cell will 
be destroyed prematurely. According to the site of the primary 
change, haemolytic disorders have been traditionally classifi ed 
as being due either to intracorpuscular or to extracorpuscular 
causes. According to the nature of the primary change, haemo-
lytic disorders have also been classifi ed as inherited or acquired. 
These two classifi cations correlate almost completely with each 
other, in that extracorpuscular causes are usually acquired, 
whereas intracorpuscular causes are usually inherited. One 
notable exception is paroxysmal nocturnal haemoglobinuria, a 
disease in which an intracorpuscular defect is acquired as a 
result of a somatic mutation (see Chapter  11 ). 

 Although in every cell all molecules and organelles are natu-
rally interdependent, it is convenient to consider the red cell as 
a conveyance for a large amount of haemoglobin contained in 
a plasma membrane, the stability of which is maintained by 
an appropriate metabolic machinery. Unfavourable genetic 
changes in any of these components may cause haemolysis. 
Accordingly, inherited haemolytic disorders can be classifi ed 
into three major groups: (i) genetic disorders of haemoglobin 
(see Chapter  6 ); (ii) abnormal membrane (including the 
cytoskeleton); and (iii) abnormal metabolism (enzymopathies) 
(see Chapter  9 ).   

at least some of the increased production. Jaundice is usually 
mild in hereditary haemolytic anaemias although there are 
important exceptions. 

 In the neonate, particularly premature infants, liver function 
is not fully developed and more severe jaundice requiring 
urgent therapeutic intervention may occur. A rare but poten-
tially confusing problem is the co - inheritance of Gilbert syn-
drome, which comprises a group of congenital liver enzyme 
defi ciencies that impair bilirubin conjugation. On its own, 
Gilbert syndrome does not produce clinical jaundice except 
when there is inadequate calorie intake, but in conjunction with 
haemolytic anaemia the hyperbilirubinaemia may be consider-
able. The increased bilirubin of haemolysis does increase the 
risk of gallstones and cholecystitis, which in turn may lead to 
an increase in serum bilirubin. 

 In the degradation of haemoglobin, the molecule is broken 
down to two  α  β  subunits, which are bound to haptoglobin, the 
complex being rapidly internalized in the hepatocyte after 
binding to the haptoglobin complex receptor. In the presence 
of haemolysis, serum haptoglobin levels are greatly reduced or 
absent. However, haptoglobin is an acute - phase protein and 
levels will increase in the presence of infl ammation. Haemopexin 
is another haem - binding protein produced by the liver, which 
is decreased in haemolysis. Chronic haemolytic anaemia may 
increase the iron content of the body through increased iron 
absorption as a result of anaemia coupled to the retention of 
the haem iron following binding to haptoglobin and haemo-
pexin. In rare cases of inherited haemolytic anaemia, this iron 
overload may be suffi cient to produce clinically important 
effects, particularly if there is co - inheritance of a haemochro-
matosis gene. In most haemolytic anaemias, owing to 
membrane defects, the destruction of red cells takes place 
extravascularly in the reticuloendothelial system and the iron is 
retained as described. When destruction is intravascular, free 
haemoglobin will be released into the plasma, producing 
haemoglobinaemia and methaemalbuminaemia, and will pass 
through the glomerulus to produce haemoglobinuria and 
haemosiderinuria. Iron defi ciency is thus more likely than over-
load in intravascular haemolysis. 

 Increased red cell production leads to expansion of the red 
cell precursor compartment of the bone marrow as described 
above. There are also changes in the structure of the marrow as 
a consequence of the chronic anaemia, which allows the early 
release of reticulocytes and, in more marked cases of haemolytic 
anaemia, nucleated red cells and even myelocytes. In the periph-
eral blood, the polychromasia and macrocytosis of reticulocy-
tosis are the result of this increased throughput and release. The 
increased cell production requires an increased supply of folate 
which, at least theoretically, can produce folate defi ciency unless 
supplements are given. It is usual to give folic acid (400    µ g daily 
or 5   mg once weekly) to people with chronic haemolytic 
anaemia. The main features of haemolytic anaemia are sum-
marized in Table  8.1 .    

  Table 8.1    Main features of haemolytic anaemia. 

   Increased red cell destruction   

  Unconjugated hyperbilirubinaemia  

     Mild jaundice  

     Increased risk of gallstones  

  Increased urinary and faecal urobilinogen  

  Decreased serum haptoglobin and haemopexin  

  Extravascular changes  

     Increased iron stores  

     Splenomegaly  

  Intravascular changes  

     Haemoglobinaemia and haemoglobinuria  

     Haemosiderinuria  

     Methaemalbuminaemia  

     Decreased iron stores  

   Increased red cell production   

  Marrow expansion: bone changes  

  Increased erythropoiesis:  ↓  myeloid/erythroid ratio  

  Reticulocytosis: polychromasia  

  Increased folate requirements: macrocytosis  
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mainly of phosphatidylcholine and sphingomyelin, the inner 
leafl et of phosphatidylethanolamine and phosphatidylserine 
(Figure  8.2 ). Maintenance of the asymmetry and the proper 
function of the membrane requires energy. In mature red cells 
this is provided by ATP from the glycolytic pathway and reduc-
ing power mainly in the form of glutathione.   

 The normal biconcave shape and function of the red cell 
membrane are determined by the membrane proteins and their 
interactions with the lipid bilayer and with each other. There 
are two main sorts of protein – membrane associations. The 
integral proteins have strong hydrophobic domains that associ-
ate with the hydrophobic part of the bilayer. Many of these 
integral proteins span the membrane and provide channels 
between the plasma and cytosolic compartments. The cytostolic 
inner domains of these proteins interact with each other and 
with the second main group, the proteins of the cytoskeleton. 
The integral proteins that provide the links between the plasma 
surface and the cytoskeleton have conveniently been referred to 
as  ‘ vertical connections ’ , whereas the proteins of the cytoskel-
eton that comprise the inner network of the cell membrane are 
characterized as  ‘ horizontal connections ’ . Genetic abnormali-
ties that produce spherocytes mainly have mutations affecting 
the vertical connections. Mutations of the horizontal system 
usually produce elliptocytosis or more bizarre - shaped changes. 
The main proteins are listed in Table  8.2 , and their arrangement 
is shown schematically in Figure  8.3 .     

 In addition to the compartments mentioned so far, there are 
numerous surface proteins that provide the main interface with 
the plasma, including the blood group systems and other recep-
tors. Many of these molecules are heavily glycosylated, as are 

  Red  c ell  m etabolism 

 The details of red cell metabolism are considered in Chapter  9 . 
Suffi ce to say in this chapter that the red cell membrane requires 
a supply of both ATP and reducing power to maintain its 
proper integrity. The way in which energy is supplied to the 
membrane is intimately related to its structure. The main 
pathway for metabolizing ATP in the membrane is via Na + /
K +  - ATPase. The enzyme glyceraldehyde - 3 - phosphate dehydro-
genase (Ga3PD) is closely associated with the inner layer of the 
membrane. It catalyses the conversion of glyceraldehyde - 3 -
 phosphate (Ga3P) to 1,3 - diphosphoglycerate (1,3 - DPG), with 
the production of NADH. ATP is produced in the next step of 
the glycolytic pathway, the conversion of 1,3 - DPG to phos-
phoglycerate, which occurs in intimate contact with the 
membrane.  

  The  r ed  c ell  m embrane 

 The red cell membrane, like all other cell membranes, consists 
of a lipid bilayer that is stabilized and given specifi c properties 
by the proteins, glycolipids and other specialized molecules and 
structures with which it is associated. 

 The lipid bilayer consists of approximately equal molar quan-
tities of phospholipids and cholesterol molecules. The charged 
phosphatidyl groups of the phospholipids are hydrophilic and 
form the outer and inner surfaces of the bilayer. The interior of 
the membrane is formed by hydrophobic bonding of the acyl 
chains and cholesterol, which form the internal parts of the two 
leafl ets (Figure  8.1 ). The arrangement is energy effi cient but the 
two leafl ets are not symmetrical. The outer leafl et consists 
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  Table 8.2    Proteins of the red cell membrane. 

   Band  *       Protein     Gene location     Function     Associated haemolytic 

anaemias  

  1     α  - Spectrin     SPTA1 , 1q21    Cytoskeleton network    HE, HS  

  2     β  - Spectrin     SPTB , 14q24.1 – q24.2    Cytoskeleton network    HPP 

 HE, HS  

  2.1    Ankyrin     ANK1 , 8p21.1 – 11.2    Vertical contact    HS  

  2.9    Adducin     ADD1  ( α  - chain), 4p16.3; 

 ADD2  ( β  - chain), 2p13.3  

  Promotes spectrin binding 

to actin, binds Ca 2+ /

calmodulin  

  (HS, HE in mice)  

  3    Band 3. Solute carrier family 

4 (anion exchanger) 

member 1  

   SLC4A1 , 17q12 – q21    Anion exchange channel, 

Ii blood groups, binds 

glycolytic enzymes  

  HS, SAO, HAC  

  4.1    Protein 4.1     EPB41 , 1p33 – p32    Stabilizes spectrin – actin 

contact  

  HE  

  4.2    Protein 4.2 (pallidin)     EPB42  ( PLDN ), 

15q15 – q21  

  Spectrin – ankyrin complex    HS (Japan)  

  5     β  - Actin     ACTB , 7p15 – p12    Spectrin network junction    ?  

  6    Ga3PD     GAPDH , 12p13.31    Links ATP production to 

membrane  

  ?  

  PAS - 1   †       Glycophorin A     GYPA , 4q28 – q31    MN blood groups    ?  

  PAS - 2    Glycophorin C     GYPC , 2q14 – q21    Gerbich blood groups    HE  

  PAS - 3    Glycophorin B     GYPB , 4q28 – q31    Ss blood groups    ?  

    * Band numbers refer to the position on SDS - PAGE electrophoresis.  

    †  Periodic acid – Schiff stain: bands seen only on PAS - stained gels.  

  HAC, hereditary acanthocytosis; HE, hereditary elliptocytosis; HS, hereditary spherocytosis; HPP, hereditary pyropoikilocytosis; SAO, 

Southeast Asian ovalocytosis; Ga3PD, gyceraldehyde - 3 - phosphate dehydrogenase.   
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     Figure 8.3     Arrangement of membrane 

proteins.   

the integral proteins the glycophorins. Sialic acid, which com-
prises the main side - chain of the glycophorins, contributes the 
most to the negative surface change of the erythrocyte. Many 
of these surface proteins are linked to the membrane by the 
glycosylphosphatidylinositol (GPI) anchor, which provides the 

hydrophobic domain required for association with the inner 
hydrophobic part of the membrane. Somatic mutations in the 
gene for phosphatidylinositol glycan A ( PIGA ) leads to a failure 
to produce the anchor and to paroxysmal nocturnal haemo-
globinuria (discussed in Chapter  11 ). 
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spherical shape of the affected red cells. The spherical shape 
produces a characteristic appearance in the stained blood fi lm 
of round cells with smaller than normal diameter, which lack 
the area of central pallor of the normal biconcave discs (Figure 
 8.4 ). The old name,  ‘ familial acholuric jaundice ’ , emphasizes 
the presence of jaundice in the absence of bile in the urine, 
distinguishing this jaundice from that caused by hepatobiliary 
problems. The disorder is generally inherited as a dominant 
condition with a wide spectrum of severity. The usual clinical 
picture is of mild to moderate haemolytic anaemia but varies 
from severe neonatal haemolysis with kernicterus (rare) to 
clinically silent and asymptomatic (usual) haemolysis. 
Autosomal recessive inheritance occurs in a few mutations, 
often producing severe haemolysis.   

 In white populations, HS is one of the most common haemo-
lytic anaemias due to membrane defects, with a prevalence of 
clinically apparent disease of 200 – 300 per million population. 
The occurrence of clinically silent cases probably means that the 
overall prevalence is slightly higher. 

  Clinical  f eatures 
 The commonest forms of HS present as mild anaemia and 
jaundice, with a modestly enlarged spleen. However, the genetic 
heterogeneity of HS (see below) is refl ected in the clinical pres-
entation. As the main site of increased red cell destruction in 
HS is the spleen, it is not surprising that the size of the spleen 

  The  i ntegral  p roteins and  v ertical  i nteraction 

 The two major integral proteins that span the lipid bilayer are 
band 3 (the anion channel protein) and the glycophorins A, B 
and C. Band 3 and associated molecules, 4.2 (pallidin) and 
ankyrin (2.1), form one major vertical interactive pathway with 
binding to the  β  - chain of the spectrin tetramer through ankyrin. 
Glycophorin C and protein 4.1 also provide a vertical interac-
tion but the association with spectrin is through a link with 
actin, which is a key part of the horizontal network. 

 The band 3 – 4.2 – ankyrin – spectrin complex is a central part 
of the organization of the lipid bilayer and loss of part of this 
complex leads to loss of lipid from the outer leafl et of the 
bilayer, reducing the surface area to volume ratio of the red cell 
and leading to the characteristic spherocytes of hereditary 
spherocytosis. 

 The main protein of the cytoskeleton is spectrin. Spectrin 
consists of two subunits,  α  and  β , which associate side by side 
to produce a heterodimer. The dimers associate head to head 
to form tetramers about 200   nm long. The tail end of the dimer 
makes contact with a short actin fi lament composed of 14 mon-
omers, and the interaction between spectrin and actin is stabi-
lized by protein 4.1. Binding of spectrin dimers to actin fi laments 
produces the more or less hexagonal network of spectrin 
tetramers on the inner surface of the membrane associated with 
the lipid bilayer. Spectrin – actin – 4.1 interactions provide much 
of the fl exibility of the red cell membrane. Defi ciencies of spec-
trin that affect these horizontal interactions tend to induce a 
loss of fl exibility in the membrane and elliptocytosis.   

  The  c linical  p henotypes of  h ereditary 
 m embrane  d isorders 

 Mutations in the genes that control the proteins of the mem-
brane and their interaction mainly produce changes in the 
shape of red cells, which is characteristic in any individual. 
Many of the conditions are inherited as autosomal dominant 
disorders, homozygosity for major defects mainly being lethal. 
Severe, bizarre or unexpected red cell morphology is often pro-
duced by double heterozygosity or inheritance of more than one 
defect of the membrane proteins. The mutations affecting the 
red cell membrane are many and heterogeneous, but the effect 
on the phenotype can be classifi ed in fi ve main categories: 
(i) hereditary spherocytosis; (ii) hereditary elliptocytosis and 
hereditary pyropoikilocytosis; (iii) Southeast Asian ovalocyto-
sis; (iv) hereditary acanthocytosis; and (v) hereditary 
stomatocytosis. 

  Hereditary  s pherocytosis 

 As the name implies, hereditary spherocytosis (HS) is a geneti-
cally determined haemolytic anaemia characterized by the 

     Figure 8.4     Hereditary spherocytosis, peripheral blood. Small 

spherocytic red cells lack area of central pallor. Large 

polychromatic red cells (reticulocytes) result in normal MCV, 

although MCHC may be increased.  
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of the surface area to volume ratio but also from the slight 
dehydration of HS cells. A number of variants of the typical HS 
features have been described, usually the more severe forms that 
may have denser and less perfectly round cells in the peripheral 
blood. In infancy, the morphology may be more diffi cult to 
interpret. The effect of immature splenic function and the mac-
rocytosis and anisocytosis of infancy combine with the HS phe-
notype to produce red cell appearances not typical of the 
developing HS. Family studies may assist in the diagnosis. 

  Osmotic  f ragility  t est 
 The osmotic fragility test measures the sensitivity of red cells to 
lysis  in vitro  to swelling caused by incubation in increasingly 
hypotonic saline solutions. Red cells are able to swell with 
increasing volume until the pressure disrupts the unstretchable 
membrane and lysis occurs. In normal red cells with the bicon-
cave disc shape, 50% lysis occurs when the saline solution 
reaches about 0.5% sodium chloride. The more rigid HS cells 
have less ability to swell and so lyse at higher concentrations, 
producing a right - shifted osmotic fragility curve. One of two 
patterns may be seen in HS: a generally right - shifted curve, 
which is the more common fi nding, and one where there 
appears to be a  ‘ tail ’  of lysis - sensitive cells. Incubation of blood 
for 24 hours at 37 ° C accentuates the fragility (Figure  8.5 ).   

 The acidifi ed glycerol lysis test (AGLT) uses glycerol to slow 
the entry of water into the cells  in vitro . The time taken for lysis 
to occur is a function of the osmotic resistance of the cells. HS 
cells lyse more rapidly than normal cells. The test is easier to 
perform than the osmotic fragility test.  

  Autohaemolysis  t est 
 The autohaemolysis test examined the ability of red cells to 
withstand metabolic deprivation by incubation  in vitro  for 24 
hours with and without the addition of glucose. It is a crude 
insensitive test which has generally been abandoned.   

  Identifi cation of  p rotein  a bnormalities or  g ene  d efects 
 Methods that identify the defective gene or its product are the 
most specifi c for membrane defects but are beyond the scope 
of most routine haematology laboratories. The original identi-
fi cation of membrane proteins using sodium dodecyl sulphate -
 solubilized polyacrylamide gel (SDS - PAGE) electrophoresis has 
led to the classifi cation according to the banding system indi-
cated in Table  8.2 . The identifi cation of specifi c genetic abnor-
malities may be important in compound haemolytic syndromes 
but requires specialist laboratories. 

 One screening test for HS makes use of the binding of eosin -
 labelled maleimide, in the form of eosin - 5 - maleimide, to lysine 
430 in band 3 and cysteine molecules in surface proteins, par-
ticularly rhesus blood groups. In about 25% of HS patients 
there is a defi ciency of band 3 and a loss of surface proteins 
caused by the instability of the lipid bilayer. HS red cells bind 
eosin - 5 - maleimide less than normal cells, by about 25 – 30%. 

tends to refl ect the severity of the haemolysis, although splenom-
egaly is rarely marked, enlargement below the umbilicus being 
very uncommon. When HS presents in adolescence or adult 
life, it needs to be distinguished from other causes of micro-
spherocytosis, particularly warm autoimmune haemolytic 
anaemia. 

 HS may present at birth. The functions of the spleen become 
mature only after birth, so severe anaemia  in utero  is rare. 
Erythropoiesis is highly active before birth but enters a phase of 
reduced activity in the neonatal period. Severe anaemia, devel-
oping over 5 – 30 days post delivery and requiring transfusion, 
may result from this double physiological development of 
reduced production and increased destruction, but the anaemia 
may greatly reduce during the fi rst year of life as compensatory 
erythropoiesis develops. Decisions about splenectomy do not 
need to be taken during this time.  

  Molecular  p athology 
 About 60% of HS cases result from a defect in the ankyrin –
 spectrin complex, with the genes for the  α  and  β  subunits of 
the spectrin dimer ( SPTA1 ,  SPTB ) or for ankyrin ( ANK1 ) being 
implicated in different genetic types (Table  8.2 ). A further 25% 
involve defi ciency in band 3, the anion channel. In the remain-
der of the dominantly inherited HS families there is a defi ciency 
of protein 4.2 or no abnormality has yet been identifi ed. 
Defi ciency of protein 4.2 is particularly common in Japanese 
families with HS (Table  8.2 ). These defects involving spectrin –
 ankyrin – band 3 interactions affect the vertical interactions 
described by Jiri Palek and colleagues. 

 It will be appreciated that the genetic defect that produces 
the dominant form of HS affects only one of a pair of genes. 
The presence of one abnormal protein infl uences the protein –
 protein interactions of these complexes, leading to partial defi -
ciency of several proteins, even if they are not genetically 
disturbed. This is particularly true of spectrin. Complete loss of 
complex function is probably not viable, so homozygous chil-
dren are not found. Double heterozygosity or inheritance of 
separate membrane defects does occur and is associated with 
usually severe haemolytic anaemia. Other recessive forms of 
HS are also seen in which the inheritance of one defective 
gene involving the spectrin subunit produces no clinical 
effect, whereas homozygosity produces a severe defect and 
haemolysis.  

  Laboratory  d iagnosis 
 The typical fi ndings of extravascular haemolysis are present in 
HS (see Table  8.1 ). The diagnosis is usually made on the basis 
of morphology of the blood, backed up where possible with a 
family history. The mean corpuscular haemoglobin concentra-
tion (MCHC) is often increased above 35 g/dL in HS, but the 
presence of macrocytic reticulocytes usually results in a low 
normal mean corpuscular volume (MCV) rather than true 
microcytosis. These changes result not only from the reduction 
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anaemia may be produced by the inhibition, which lasts for 
some 4 – 7 days. In normal individuals with a red cell lifespan of 
120 days, such an inhibition produces no clinical effect. The 
anaemia associated with parvovirus infection in HS may require 
urgent transfusion. The diagnosis is made by fi nding absent 
parvovirus antibodies with subsequent appearance of IgM anti-
bodies. The presence of IgG antibodies at the time of the 
anaemia excludes the diagnosis. 

 Acute anaemia due to splenic sequestration is a relatively 
uncommon complication of HS in childhood. The pathogenesis 
is probably increased splenic size and activity leading to 
increased trapping of HS cells within the spleen. This complica-
tion may also require urgent transfusion. 

 Malnutrition may increase anaemia because of folate defi -
ciency but also from increased jaundice through the effect of 
low - calorie input on unconjugated bilirubin levels in the blood. 

 The anaemia of pregnancy may aggravate a haemolytic 
anaemia and hence bring the condition to the attention of clini-
cians and patients. Classical HS is not a risk to mother or child 
in pregnancy. 

 Gallstones are an expected complication in HS as in other 
chronic haemolytic anaemias. Silent gallstones require no inter-
vention. Recurrent cholecystitis or biliary colic may require 
cholecystectomy accompanied by splenectomy (see below). Leg 
ulcers are a rare but well - recognized complication of HS, as 
with other chronic haemolytic anaemias. Extramedullary hae-
mopoietic masses, usually paravertebral, occur rarely in more 
severe HS.  

  Management 
 Patients with well - compensated haemolysis and no transfusion 
requirements need no treatment other than reassurance and 
folic acid supplements (e.g. 400    µ g daily or 5   mg weekly). For 
people with a well - balanced and adequate diet, folic acid sup-
plements are probably unnecessary, but custom dictates the 
practice should be continued. Radiolucent gallstones, if detected 
by chance on ultrasound, are common and need no treatment 
unless complications arise. Gallstones without recurrent infl am-
mation are not a risk factor for carcinoma of the gallbladder. 
Recurrent cholecystitis or obstruction would be an indication 
for cholecystectomy, which would also be an indication for 
splenectomy. 

  Splenectomy 
 For the great majority of patients with autosomal dominant 
forms of HS, and most patients with  de novo  disease, splenec-
tomy restores the lifespan of the red cells to normal and hence 
cures the haemolysis and hyperbilirubinaemia. In HS, the 
spleen is responsible for the removal of the older red cells that 
have lost the most surface through lipid loss from the outer 
layer. This removal of damaged but functional cells shortens the 
lifespan and causes jaundice and reticulocytosis. However, 
splenectomy carries short -  and long - term risks that must be 

Even when the main defect is not in band 3, there may be suf-
fi cient loss of eosin - 5 - maleimide binding to indicate HS. The 
screening test has to be used in conjunction with morphology 
because Southeast Asian ovalocytosis, congenital dyserythro-
poietic anaemia type II and cryohydrocytosis also give reduced 
fl uorescence.  

  Clinical  c ourse and  c omplications 
 In most kindred, the course of the disorder is similar in affected 
members although, as with most inherited defects, there is some 
variable penetrance and it is not rare to fi nd a very mildly 
affected parent with more severely affected offspring. 

 As with all congenital haemolytic anaemias, the anaemia may 
be aggravated by environmental factors. This may be conse-
quent on an increase in the red cell destruction or a decrease in 
production. Increased jaundice may occur during viral infec-
tions or bacterial sepsis, the anaemia also being aggravated by 
a decrease in production consequent on the effects of the acute -
 phase response or the inhibition of erythropoiesis by interferon 
(IFN) -  γ . 

 Primary infection with parvovirus 19 produces a specifi c and 
marked inhibition of erythropoiesis, often characterized as an 
aplastic crisis. In patients with shortened red cell survival, severe 
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     Figure 8.5     Osmotic fragility test in hereditary spherocytosis. 

Osmotic fragility is increased in the microspherocytes (right 

shift), but there is also a small population of resistant cells due to 

increased reticulocytes (a). After splenectomy, the 

microspherocytes remain but the proportion of reticulocytes is 

reduced to normal values and the resistant cells are not seen (b).  
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  Indications for  s plenectomy 
 Patients with marked haemolysis producing symptoms or 
requiring transfusion should be splenectomized, although pref-
erably not before the age of 5 years (later if possible). Recurrent 
aplastic crises are also an indication. Attacks of cholecystitis or 
biliary colic warrant cholecystectomy and splenectomy, but 
symptomless gallstones are not a necessary indication.     

  Hereditary  e lliptocytosis and  h ereditary 
 p yropoikilocytosis 

 Defi ciency of spectrin tetramers, the horizontal links of the 
cytoskeleton, produces a wide spectrum of disease from fully 
compensated haemolysis with mildly elliptocytic red cells to 
severe and life - threatening anaemia with grossly distorted cells. 
When the morphological characteristic is a relatively uniform 
elliptical shape, the condition is referred to as hereditary ellip-
tocytosis (HE). Haemolytic anaemia associated with the more 
distorted forms, which are also heat labile, is called hereditary 
pyropoikilocytosis (HPP). Recent evidence implies that HPP is 
a severe form of HE. Within a family, HE and HPP may both 
be present, the more severely affected individuals having both 
a total spectrin defi ciency as well as a relative defi ciency of 
spectrin tetramers. This may be caused by co - inheritance of a 
low - expression allele for  α  - spectrin, compound heterozygosity 
for two HE alleles or HE homozygosity. A number of families 

weighed against the benefi ts in any individual patient. After 
splenectomy, the blood fi lm continues to show spherocytosis 
together with changes of a splenectomy fi lm. The osmotic fra-
gility remains increased. 

  Risks of  s plenectomy    (see also Chapter  20 )    
 The immediate risks associated with splenectomy include those 
of any abdominal operation together with an increased risk of 
thrombosis, associated with a marked rise in platelet count that 
occurs promptly after splenectomy. In HS, in which the eryth-
ropoietic drive returns to normal following splenectomy, the 
platelet count also returns to normal and the risk diminishes. 
In conditions where haemolysis persists, the platelet count 
remains elevated, sometimes markedly, and the increased risk 
of thrombosis continues. The long - term cardiovascular risks 
are discussed by Schilling (2008, 2009). 

 The major hazard of splenectomy is the long - term suscep-
tibility to severe infection, so - called overwhelming post -
 splenectomy infection (OPSI) (see also Chapter  20 ). The spleen 
plays an important role in fi ltering and phagocytosing bacteria, 
and removing parasitized red cells from the blood. The spleen 
is the major source for mounting the rapid, specifi c IgM 
response to organisms that enter through the gut. The main 
organisms of this class are the encapsulated organisms, 
 Streptococcus pneumoniae ,  Haemophilus infl uenzae  type B and 
 Neisseria meningitidis . Pneumococcal infection is responsible 
for about 70% of OPSI and has a 60% mortality. Lack of a 
spleen greatly increases the virulence of the infection, with pro-
gression from the fi rst feeling of fever and non - specifi c fl u - like 
symptoms to irreversible endotoxic shock occurring in a matter 
of hours. Patients may present with purpura, evidence of dis-
seminated intravascular coagulation, multiorgan failure, hypo-
tension and peripheral limb ischaemia. Diarrhoea and vomiting 
are common prodromes. It is this speed of progression that 
makes the prophylaxis of this fortunately uncommon complica-
tion so important. Prophylaxis depends on education and 
awareness for the patient, specifi c measures to reduce the risk 
from particular organisms and the provision of infor mation 
concerning the splenectomy for healthcare workers (Table  8.3 ). 
There is no direct evidence that phenoxymethylpenicillin (e.g. 
250   mg twice daily) reduces the risk of OPSI in splenectomized 
patients but good evidence that it does so in homozygous sickle 
cell patients who have functionally inactive spleens. It is on this 
evidence that such antibiotic prophylaxis (or erythromycin 
250   mg b.d. for those sensitive to penicillin) is recommended 
(see also Chapter  7 ). The actual incidence of OPSI is diffi cult to 
calculate. The overall risk has been stated as 0.04 per 100 
patient - years for patients without added immunosuppression, 
but considerably higher for those immunocompromised by 
malignancy or chemotherapy. The risk is greatest in the fi rst 2 
years after splenectomy but continues lifelong. Children under 
the age of 5 years are particularly susceptible and splenectomy 
should be avoided in this group if at all possible.    

  Table 8.3    Guidelines for prevention and management of 

infection in the splenectomized patient. 

  All patients receive polyvalent pneumococcal immunization, 

preferably 2 weeks prior to splenectomy, with a booster dose 

every 5 – 10 years  

  Any unimmunized patient should receive  Haemophilus infl uenzae  

type B vaccine  

  Meningococcal immunization (types A and C) are not routinely 

recommended but should be given to travellers to countries 

where meningitis is possible, and during outbreaks in the UK  

  Infl uenza immunization may be benefi cial and should be given  

  Lifelong prophylactic antibiotics (oral phenoxymethylpenicillin 

or an alternative)  

  Awareness of risks of malaria and scrupulous prophylaxis if at 

risk  

  Animal, particularly dog and tick, bites may be dangerous  

  Leafl et card for patients to alert health professionals to risk of 

OPSI  

  Patients developing infection despite measures should receive 

systemic antibiotics and be admitted urgently to hospital  

  Source :   After Working Party of the British Committee for 

Standards in Haematology Clinical Haematology Work Force 

( 1996 ). 
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  Silent  c arriers:  l ow -  e xpression  g enes 
 Mutations that produce low expression of  α  - spectrin may lead 
to no haematological abnormality because of the normal over-
expression of  α  - spectrin in red cells compared with  β  - spectrin. 
However, when these defects are inherited in  trans , on the other 
allele from an HE gene, HPP may result. Several mutations have 
been described, particularly commonly in codon 28, which pro-
duces low - expression genes. A common polymorphism, intron 
45C → T, is spectrin  α  LELY  (LELY denoting  ‘ low - expression allele 
Lyon ’ ).  

  Hereditary  e lliptocytosis and  p oikilocytosis in 
the  n eonate 
 In the neonate, the manifestations of HE may be a more marked 
poikilocytosis resembling HPP, with more fragmented red cells. 
These red cells are susceptible to fragmentation above 46 ° C, 
whereas normal cells only fragment above 50 ° C. The morpho-
logical changes and haemolysis gradually decrease over the fi rst 
year until the typical picture of mild HE remains. Treatment of 
neonatal pyropoikilocytosis is required only if the anaemia is 
such as to warrant transfusion.  

  Spherocytic  h ereditary  e lliptocytosis 
 In rare white families with HE, haemolysis with modest 
splenomegaly is found with a blood fi lm that has a low propor-
tion of abnormally shaped cells, ranging from spherocytes to 
elliptocytes. Splenectomy is not usually indicated.  

  Hereditary  p yropoikilocytosis 
 The characteristics of HPP are densely contracted and frag-
mented cells (Figure  8.7 ), moderate to severe haemolysis and 
heterogeneity of manifestations within a family. In general, 
patients with HPP have spectrin defi ciency in addition to the 
abnormalities of spectrin – spectrin contacts that produce the 
heterotetramer defi ciency of HE. One parent of an HE proposi-
tus may have normal haematology but carry a mutation in 
 trans , which leads to spectrin defi ciency. The affected cells show 
thermal lability and fragmentation at lower temperatures than 
normal. HPP is more common in black people.    

  Hereditary  e lliptocytosis in  A frica 
 In some parts of West Africa, a high incidence of HE has been 
found (up to 1.6% of the population). Interestingly, there is 
considerable molecular heterogeneity for the basis of the condi-
tion in this area.  In vitro ,  Plasmodium falciparum  is less able to 
parasitize HE cells that have mutations in  α  - spectrin, glycoph-
orin C or protein 4.1. Invasion is reduced in red cells from 
homozygous patients, and intracellular multiplication reduced, 
particularly in homozygous 4.1(  − / −  ) red cells. It seems possible 
that the varieties of HE offer some protection against the clinical 
manifestations of falciparum malaria.   

have been described in which mutations involving the initiation 
codon of the protein 4.1 gene result in failure to produce the 
protein. In heterozygotes with this variant, elliptocytosis occurs 
without haemolysis; in homozygotes, there is a severe haemoly-
sis with extensive cell fragmentation. 

  Clinical  f eatures 
 As mentioned above, the HE/HPP group of haemolytic anae-
mias has a heterogeneous clinical presentation and molecular 
basis. Heterogeneity is amplifi ed by the not uncommon co -
 inheritance of a mutated gene in  trans  (see below) with the HE 
gene, usually resulting in a more marked decrease in spectrin 
tetramer assembly. 

  Mild  c ommon  h ereditary  e lliptocytosis 
 Frequently, HE is discovered by chance from a blood fi lm 
(Figure  8.6 ) or the presence of marginally raised bilirubin. Some 
affected people have no evidence of shortened red cell survival, 
whereas others have a well - compensated haemolytic anaemia. 
No treatment is required, although the blood fi lm of partners 
should be examined if there is consanguinity, making homozy-
gosity in offspring possible. For patients with mild haemolysis, 
anaemia may increase during infections, in pregnancy, with 
folate defi ciency or with other conditions likely to enhance 
anaemia.    

     Figure 8.6     Hereditary elliptocytosis, peripheral blood. 

Characteristic elliptocytes of mild common hereditary 

elliptocytosis.  
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to be produced by folding of cells during preparation. 
Stomatocytes are leaky to cations. There are other variations 
with Na +  or K +  leaks that are clinically similar to stomatocytosis 
without the obvious morphological changes. All these condi-
tions are inherited in autosomal dominant fashion, and mostly 
produce moderate haemolytic anaemia (haemoglobin 10   g/dL 
or above) and macrocytosis. There are two main variants: ove-
rhydrated hereditary stomatocytosis, in which MCHC is low, 
and dehydrated hereditary stomatocytosis, with an increased 
MCHC.   

 The blood fi lm may show stomatocytosis but more com-
monly the fi lm is unremarkable, apart from macrocytosis 
and polychromasia. The group is rare, estimates suggesting that 
1 in 10   000 to 1 in 100   000 of the population are affected. 
However, associated features make the conditions important 
beyond their rarity (Table  8.4 ). Pseudohyperkalaemia may 
occur because K +  leaks rapidly from the red cells at room tem-
perature. In some individuals, there is no evidence of haemoly-
sis, only macrocytosis and pseudohyperkalaemia. Unless the 
cause of the apparent hyperkalaemia is diagnosed, unnecessary, 
and even dangerous, investigation and treatment may be under-
taken. In some families, the K +  leak is greatly increased  in vitro  
by cold (cryohydrocytosis). In dehydrated hereditary stomato-
cytosis, there may be marked perinatal ascites that resolves 
spontaneously over the fi rst year of life, but which again can 
lead to extensive unnecessary investigation. The third problem 
with hereditary stomatocytosis, both overhydrated and dehy-
drated varieties, is that splenectomy is followed by very marked 

  Laboratory  i nvestigation 
 The standard approach to the diagnosis of HE/HPP is the iden-
tifi cation of haemolysis, coupled to a careful examination of the 
blood fi lm of the patient and as many fi rst - degree relatives as 
possible. Examples of blood fi lms are shown in Figures  8.6  and 
 8.7 . Other acquired causes of elliptocytic or fragmented red 
cells need to be excluded, including iron, folate or vitamin B 12  
defi ciency, and the microangiopathic haemolytic anaemias. 
Congenital dyserythropoietic anaemia and thalassaemia inter-
media also need to be excluded. 

 As with the investigation of HS, SDS - PAGE may reveal 
protein abnormalities, although more specifi c identifi cation 
requires a sophisticated approach beyond the abilities of most 
haematology laboratories.  

  Treatment 
 Patients with chronic haemolysis should be given folate supple-
ments. Splenectomy is indicated for severe haemolytic anaemia 
in patients with HPP or homozygous HE. Response in HPP may 
not be complete, but the anaemia is usually markedly alleviated. 
There may be a theoretical risk of increased thrombotic ten-
dency due to remaining high platelet count, but the risk is small. 
The precautions against OPSI are the same as for HS.   

  Hereditary  s tomatocytosis and  r elated 
 d isorders 

 Stomatocytes are so called from the mouth - like slit or  ‘ stoma ’  
that appears on blood fi lms (Figure  8.8 ). The appearance seems 

     Figure 8.7     Hereditary pyropoikilocytosis, peripheral blood. 

Marked anisocytosis and poikilocytosis from a child with 

homozygous hereditary elliptocytosis.  

     Figure 8.8     Hereditary stomatocytosis, peripheral blood.  



Postgraduate Haematology

136

  Rh null   s yndrome 

 The Rh system forms a large complex traversing the lipid bilayer 
several times, containing extracellular thiol groups. In the Rh null  
phenotype, the complex is absent. The condition is very rare 
and is inherited as a recessive disorder. Patients have mild to 
moderate haemolytic anaemia that may respond to splenec-
tomy, and the blood fi lm shows occasional stomatocytes. The 
Rh complex involves two genes, one encoding the D polypep-
tide, the other the Cc and Ee polypeptides, depending on post -
 translational splicing. Mutation of one or other of the genes 
encoding these proteins is the molecular basis underlying the 
Rh null  phenotype.  

  Southeast Asian  o valocytosis 

 A dominantly inherited ovalocytosis is found in parts of 
Southeast Asia, where falciparum malaria is common, particu-
larly in Papua New Guinea, Borneo and the Philippines. The 
red cell morphology is ovalocytic rather than elliptocytic. 
Stoma - like slits may be present and transverse banding in 
the red cells is seen (Figure  8.9 ). Most individuals have no 
haemolysis but, in a few, mild anaemia may be present. Cells 
have increased rigidity, unlike HE in which rigidity is decreased. 
The molecular defect is a deletion of nine amino acids at 
the transmembrane cytosol junction of band 3, a defect 
that possibly limits the mobility of band 3 within the mem-
brane. Homozygosity is not found and is presumably lethal 
 in utero .    

  Abnormalities of  m embrane  l ipids 

  Acanthocytosis 
 Acanthocytes, or spur cells, show prominent, somewhat regular 
projections on the surface, best demonstrated by scanning elec-
tron microscopy. They are formed when the outer lipid layer of 
the membrane acquires additional lipid. Acanthocytosis is an 
acquired characteristic of severe liver disease, usually end stage, 
and the result of interaction of altered plasma lipids.  

  Abetalipoproteinaemia 
 Abetalipoproteinaemia is a rare inherited defect with absent 
 β  - apolipoprotein, which results in low serum cholesterol 
but increased sphingomyelin, which enters the cell membrane 
and produces the acanthocytes. The main clinical features 
are retinitis pigmentosa, fat malabsorption and hepatic 
encephalopathy.  

  McLeod  p henotype 
 In the McLeod phenotype, acanthocytosis occurs (Figure  8.10 ), 
together with decreased expression of the Kell antigen. The 
defective gene is on the X chromosome (Xp21), close to genes 

thrombotic tendencies such that splenectomy should not be 
performed.   

  Laboratory  i nvestigations 
 Tests for haemolysis and examination of the blood fi lm of 
the patient and close relatives are the fi rst steps in diagnosis. 
The fi nding of a raised serum potassium, together with 
macrocytosis, especially with some evidence of haemolysis, 
indicates the pseudohyperkalaemia of dehydrated hereditary 
stomatocytosis. 

 Defi nitive studies involve the measurement of intracellular 
[Na + ] or [K + ] and their fl ux through the membrane at different 
temperatures. Four subgroups have been defi ned according to 
the intracellular sodium concentration (normal 5 – 10   mmol/L). 
Patients with the pseudohyperkalaemia of dehydrated heredi-
tary stomatocytosis may have normal or slightly high sodium 
concentrations (12 – 18   mmol/L); in families with cryohydrocy-
tosis (temperature - sensitive leak) the sodium concentration is 
20 – 50   mmol/L, and in overhydrated hereditary stomatocytosis 
the sodium concentration is 60   mmol/L or more.  

  Treatment 
 There is rarely a need for measures to raise the haemoglobin 
and splenectomy should be avoided because of the risk of 
thrombosis, including hepatic and portal vein thrombosis. If 
splenectomy is necessary, lifelong anticoagulation should be 
introduced.   

  Table 8.4    Features of hereditary stomatocytosis and related 

disorders. 

   Characteristic     Expression     Group affected  

  Haemolytic 

anaemia  

  Mild to moderate    All variants  

  Absent    Hereditary 

pseudohyperkalaemia  

  Morphology    Macrocytosis    All variants  

  Stomatocytosis    Variable  

  MCHC    Decreased    Overhydrated HSt 

(hydrocytosis)  

  Increased    Dehydrated HSt 

(hereditary xerocytosis, 

desiccocytosis)  

  Serum [K + ]    Raised  in vitro     Pseudohyperkalaemia  

      Dehydrated HSt  

      Cryohydrocytosis  

  Thrombotic 

tendency  

  Post splenectomy    All variants  

  Fluid balance    Perinatal oedema    Dehydrated HSt  

   HSt, hereditary stomatocytosis; MCHC, mean corpuscular 

haemoglobin concentration.   
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  Introduction 

 The main function of the red cell is to carry haemoglobin 
around the circulation in high concentration and in a func-
tional state so that gas exchange may occur effi ciently in the 
lungs and in the tissue capillaries. Oxygen is thus taken up in 
the lungs in exchange for carbon dioxide and delivered to the 
tissues at physiological pH and gas pressure. The structure and 
function of haemoglobin is discussed in Chapter  6 . In order to 
fulfi l its function, the red cell needs a supply of energy in the 
form of ATP and a source of reducing power. 

 A mature red cell contains no DNA or RNA and hence is 
incapable of protein synthesis, and the mitochondria which are 
present in reticulocytes have been lost during maturation, so 
that the only source of energy as ATP is derived from anaerobic 
glycolysis and the linked reducing system of the hexose mono-
phosphate shunt (pentose phosphate pathway) and the glutath-
ione cycle. ATP is required to maintain the membrane is its 
deformable state, with asymmetric lipid layers, and to regulate 
ion and water exchange. Reducing power is required to reduce 
methaemoglobin to its functional state of deoxyhaemoglobin 
and to counteract the strong oxidative stresses which a cell car-
rying molecular oxygen around the circulation is likely to 
encounter. The main process that reduces methaemoglobin uti-
lizes reduced nicotinamide adenine dinucleotide (NADH), pro-
duced from nicotinamide adenine dinucleotide (NAD + ) by the 
glycolytic pathway. Reduction and detoxifi cation of free oxygen 
radicals and hydrogen peroxide produced during reactions to 

infection is provided by reduced nicotinamide adenine dinucle-
otide phosphate (NADPH) generated by the fi rst steps of the 
pentose phosphate pathway, catalysed by glucose - 6 - phosphate 
dehydrogenase (G6PD) and the linked enzyme 6 - phosphoglu-
conate dehydrogenase. NADPH drives the glutathione cycle, 
glutathione (GSH) being the major reducing agent within the 
red cell. 

 The lack of protein synthesis in the mature red cell means 
that none of the enzymes in the metabolic pathways can be 
replaced during the red cell lifespan. Over the 120 days of 
normal red cell survival, enzyme activities decline at variable 
but predictable rates. This decline probably contributes to the 
ageing process of the red cell. Many of the mutations that affect 
red cell metabolism and provoke haemolytic anaemia cause 
instability and premature inactivation of the enzyme; other 
mutations directly affect catalytic activity.  

  The  g lycolytic  p athway 
( E mbden –  M eyerhof  p athway) 

 Glycolysis (or, more correctly, glucolysis) is the process by 
which glucose is converted to pyruvate through a number of 
steps, with a net gain of two moles of ATP generated for each 
mole of glucose metabolized by the pathway. Glucose is derived 
from the plasma by facilitated transfer through the membrane. 
Pyruvate and lactic acid are in equilibrium determined by the 
redox potential of the cell (NAD + /NADH) and can diffuse out 
of the cell. The internal milieu of the cell, with its high K +  con-
centration and presence of other cations such as magnesium 
necessary for effi cient glycolysis, is maintained through the 
activity of various ion and cation channels in the membrane, 
with energy linked by appropriate ATPases. The glycolytic 
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  Disorders of the  g lycolytic  p athway 

 Mutations of most of the enzymes in the glycolytic pathway 
have been described in association with congenital non - 
spherocytic haemolytic anaemia (CNSHA). However, defi -
ciency of pyruvate kinase is far and away the most common 
enzyme to be affected. The haemolysis is the result of a failure 
to produce suffi cient ATP. 

  Pyruvate  k inase 
 Pyruvate kinase (PK) catalyses the fi nal steps of the glycolytic 
pathway with the conversion of phosphoenolpyruvate to pyru-
vate, with the concomitant phosphorylation of ADP to ATP, 
leading to overall net gain of ATP from this pathway. There are 
four types of PK in different tissues derived from two separate 
genes. The  PKM2  gene, on chromosome 15, produces PKM1 
and PKM2 through differences in post - transcriptional splicing. 
PKM1 is present in skeletal muscles, PKM2 in leucocytes, 
kidneys, adipose tissue and lungs. The  PKLR  gene, on chromo-
some 1, gives rise to PKL in the liver and PKR in red cells. The 
isoenzymes are transcribed differently through the infl uence of 
tissue - specifi c promoters. The active enzymes are homotetram-
ers. PKM2, PKR and PKL all demonstrate marked allosteric 
reactions with several ligands. PKM1, on the other hand, has 
no allosteric interactions. 

 The main ligands involved in the allosteric control of PKR 
in the erythrocyte are shown in Figure  9.3 . PK is one of the 
dominant controlling steps in glucose metabolism (together 
with hexokinase), exerting its effect through major feedback 
loops, especially by its requirement for activation by 
fructose - 1,6 - diphosphate.   

  Pyruvate  k inase  d efi ciency 
 PK defi ciency leads to chronic non - spherocytic haemolytic 
anaemia with extravascular haemolysis. 

  Molecular  b iology 
 PK defi ciency is the commonest of the enzymopathies of the 
glycolytic pathway, at least 300 times more common than any 
other. Best estimates based on gene frequency in the white 
population suggest a prevalence of about 50 per million. About 
200 different mutations have been described in PK defi ciency, 
the majority involving point mutations or deletions in the 
transcribed gene but a few involving the promoter region. 
Haemolytic anaemia due to PK defi ciency is an autosomal 
recessive disorder. Many individuals are compound heterozy-
gotes. Not surprisingly, there is enormous genetic heterogeneity 
between affected individuals, refl ected in the multiplicity of 
quantitative and kinetic defects detected (Figure  9.3 ). Because 
PKR is a homotetramer composed of four chains derived from 
the products of the two alleles, enzyme kinetic variations 
are many and genotype – phenotype correlates are diffi cult to 
predict. First attempts to delineate the genotype – phenotype 

pathway also provides the redox reaction to convert methaemo-
globin to deoxyhaemoglobin by utilizing NADH in a reaction 
catalysed by methaemoglobin - NADH reductase (cytochrome 
 b  3 ). The various products and functions of glucose metabolism 
are shown schematically in Figure  9.1  and in more detail in 
Figure  9.2 .   

  The  R apoport –  L uebering  s hunt 

 One of the essential roles of metabolism in the red cell is to 
provide suffi cient 2,3 - diphosphoglycerate (2,3 - DPG) to regu-
late the oxygen affi nity of haemoglobin. 2,3 - DPG is produced 
from 1,3 - DPG under the infl uence of the enzyme diphos-
phoglycerate mutase in linked reactions that form the Rapoport –
 Luebering shunt (Figure  9.2 ). 2,3 - DPG is broken down to 
3 - phosphoglycerate by a phosphatase and thus re - enters the 
glycolytic pathway. It should be noted that when metabolism 
takes place via the Rapoport – Leubering shunt, there is bypass 
of the stage of ATP production. The shunt thus not only pro-
vides the 2,3 - DPG for interaction with the haemoglobin 
tetramer but also acts as an energy control mechanism for 
glycolysis.  
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     Figure 9.1     Principal pathways of energy production in the 

mature red cell. The glycolytic pathway provides energy in the 

form of ATP. Under normal conditions, methaemoglobin 

(MetHb) is reduced by the coupled reaction with NADH + . The 

Rapoport – Luebering shunt provides 2,3 - diphosphoglycerate 

(2,3 - DPG) for control of haemoglobin oxygen affi nity. 

Reducing power is produced by the pentose phosphate 

pathway and is linked to redox reactions through the 

glutathione cycle.  
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including genetic background, concomitant functional poly-
morphisms of other enzymes, post - translational or epigenetic 
modifi cations, ineffective erythropoiesis and differences in 
splenic function. 

 PK catalyses the ultimate step in the glycolytic pathway. 
Defi cient activity leads to accumulation of substrates further 
up the pathway, including 2,3 - DPG. The increased concentra-
tion of 2,3 - DPG in PK - defi cient red cells shifts the oxygen dis-
sociation curve to the right, indicating low oxygen affi nity. 

association were mainly based on analysis of the enzyme ’ s 
three - dimensional structure and observation of the few 
homozygous patients. More recently, comparison of recom-
binant mutants of human red cell PK with wild - type enzymes 
has revealed the effect of amino acid replacements on the 
molecular properties of the enzyme. However, the clinical 
manifestations of red cell enzyme defects are not merely depend-
ent on the molecular properties of the mutant protein but 
rather refl ect the complex interactions of additional factors, 
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     Figure 9.2     The glycolytic pathway and its interactions with the pentose phosphate pathway and the Rapoport – Luebering shunt.  
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sented in childhood. PK defi ciency does not usually have an 
adverse effect on the outcome of pregnancy, although occasion-
ally transfusion may be required to compensate the added dilu-
tional anaemia (Figure  9.5 ).   

 Jaundice, as with other congenital haemolytic anaemias, may 
be exacerbated by co - inheritance of other genes, for example 
Gilbert syndrome. The haemolysis is nearly always extravascu-
lar, though rare examples with some intravascular haemolysis 
have been detected. Gallstones are common in PK defi ciency 
and may lead to bouts of choelcystitis and biliary colic (Figure 
 9.6 ). Jaundice may also be increased by administration of drugs 
that affect bile excretion. As with other cases of congenital 
haemolytic anaemia with extravascular haemolysis, excess iron 
accumulation may occasionally develop even in the absence of 
transfusion or co - inheritance of a haemochromatosis gene.   

 The spleen is usually palpable in cases where there is signifi -
cant haemolysis, though in milder cases it may only be evident 
by ultrasound or other imaging techniques. 

 PK defi ciency is not associated with abnormalities of 
other tissues, since the defi cient enzyme is unique to the red 
cells, but occasionally individuals are seen with associated 

Patients with PK defi ciency tolerate apparent anaemia well 
because the lower haemoglobin content will deliver the same 
amount of oxygen to the tissues as normal haemoglobin, at least 
under normal conditions, though oxygen reserve would be 
limited. 

 Reticulocytes have alternative means of producing energy in 
the form of ATP via the oxidative respiratory pathway of the 
remaining mitochondria. They can also synthesize enzyme in 
those defects where lack of stability is the major cause of enzyme 
defi ciency in the mature cell. Reticulocytes thus have a meta-
bolic advantage over mature red cells in PK defi ciency.  

  Clinical  f eatures 
 The genetic heterogeneity is refl ected by the wide variation in 
the phenotype. The presenting features may vary from severe 
neonatal jaundice and anaemia (Figure  9.4 ), rarely even pre-
senting with hydrops fetalis, severe chronic non - spherocytic 
haemolytic anaemia requiring repeated transfusions, moderate 
haemolysis with exacerbation during infections or pregnancy, 
to symptomless compensated haemolysis with only a minor 
apparent anaemia. The majority of reported cases have pre-
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     Figure 9.4     Effect of splenectomy in a 

child with severe CNSHA due to 

pyruvate kinase defi ciency. 

Splenectomy was delayed until the 

child was 3 years old. Note the marked 

reticulocytosis post splenectomy (V, 

viral infection; Uti, urinary tract 

infection). The child grew normally 
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     Figure 9.5     Multiple successful 

pregnancies in a splenectomized 

patient with pyruvate kinase defi ciency. 
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     Figure 9.6     Plain radiograph of a patient with pyruvate kinase 

defi ciency showing a calcifi ed gallbladder with mixed calcifi ed 

pigment stones as a result of repeated attacks of infl ammatory 

cholecystitis.  

(a)

(b)

(c)

     Figure 9.7     Pyruvate kinase defi ciency, peripheral blood. (a) Red 

cell anisocytosis and poikilocytosis before splenectomy. (b) After 

splenectomy showing acanthocytes or  ‘ prickle ’  cells. (c) Gross 

reticulocytosis after splenectomy (supravital new methylene blue 

stain).  

abnormalities due to deletions within chromosome 1 close to 
the  PKLR  gene.  

  Laboratory  d iagnosis 
 The blood count reveals a normochromic anaemia with reticu-
locytosis, sometimes producing a slight macrocytosis. An 
increased mean corpuscular haemoglobin concentration is 
occasionally seen in severe cases due to dehydration brought 
about by ATP defi ciency. This dehydration also produces the 
characteristic spur cells or acanthocytes seen on the blood fi lm 
(Figure  9.7 a,b). Apart from the spur cells (which are not spe-
cifi c) and the very large reticulocytosis post splenectomy (Figure 
 9.7 c), there is nothing to distinguish PK defi ciency from other 
causes of CNSHA.   

 The autohaemolysis test, involving the incubation of defi bri-
nated red cells with and without glucose for 48 hours at 37 ° C, 
has traditionally been used for screening tests. The haemolysis 
in the unfortifi ed aliquot is uncorrected by the addition of 

glucose (type II). The test is not specifi c and has mainly been 
abandoned in favour of the enzyme assay. 

 The defi nitive diagnosis depends on the analysis of enzyme 
activity and kinetics, although the fi nding of an elevated 2,3 -
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of splenectomy, particularly the risk of overwhelming sepsis, 
have been discussed in Chapter  8 . Splenectomy raises the effec-
tive haemoglobin so that transfusion is not required but does 
not prevent hyperbilirubinaemia so biliary complications 
may still arise after splenectomy. Following splenectomy for PK 
defi ciency, there is a huge elevation in the reticulocyte count, 
which may reach 80% or more of the peripheral blood cells (see 
Figure  9.4 ). 

 Although pregnancy may exacerbate this anaemia, there is no 
indication that PK defi ciency itself has an adverse effect on the 
pregnancy or outcome, so long as the anaemia is managed as 
necessary (see Figure  9.5 ). As with all chronic haemolytic anae-
mias, folic acid 5   mg per week or 400    µ g daily is a sensible 
supplement.     

  Other  d efects of the  e nzymes of 
the  g lycolytic  s ystem 

 Compared with PK defi ciency, the other defects of the glycolytic 
pathway are very rare. The main features of these disorders are 
summarized in Table  9.1 .   

  Hexokinase 
 Hexokinase (HK1) catalyses the phosphorylation of glucose to 
glucose - 6 - phosphate (G6P), the fi rst step in the glycolytic 
pathway. The enzyme in the red cell differs from that in nucle-
ated cells, which have oxidative respiration, by lacking a porin -
 binding domain that links the enzyme to the mitochondrial 
membrane. The red cell enzyme is derived from alternative 
splicing of the gene product. The enzyme provides a major rate -
 limiting step in glycolysis and has extensive allosteric interac-
tions: it is highly pH sensitive and its activity is regulated by its 
products, G6P, P i , 2,3 - DPG and disulphide compounds. The 
enzyme activity decays predictably with age of the normal red 
cell, and may be used as a comparator for other enzyme activi-
ties where absolute levels may be diffi cult to interpret because 
of the age distribution of the red cells. 

  Hexokinase  d efi ciency 
 Hexokinase defi ciency has been recorded in only 17 families, 
but even within this small number there is evidence of molecu-
lar and phenotypic heterogeneity. Complete hexokinase defi -
ciency is probably lethal. Most patients have moderately reduced 
activity for the age of the red cell, and in the majority of cases 
it is the stability of the enzyme that is affected by the mutation. 
Combined heterozygosity for complete gene deletion and a 
nonsense mutation affecting activity has been recorded as a 
typical example of compound genetic inheritance. In most 
recorded cases, the activity of the enzyme is reduced to 10 – 20% 
of normal. As with other glycolytic enzyme defi ciencies, there 
is variable non - spherocytic haemolytic anaemia, in this case 
mostly relatively mild. Obligate heterozygotes have reduced 
levels of the enzyme, but assaying the activity in patients with 
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     Figure 9.8     Pyruvate kinase activity ( V  max ) measured in patients, 

obligate heterozygotes and normal control subjects. Note the 

wide overlap of values between the two groups, indicating the 

importance of kinetic studies as well as the effect of 

reticulocytosis.  

 DPG level (two to three times normal) may be a useful pointer. 
Characterization of the enzyme requires measurement of 
maximal activation under optimal conditions ( V  max ), kinetic 
studies to determine the substrate(s) concentration at which the 
enzyme shows 50%  V  max  ( K  m ), thermal stability, pH optimum 
and electrophoretic mobility. Meaningful enzyme levels can 
only be achieved after total removal of leucocytes, which have 
up to 300 times the PK activity of red cells. The effect of reticu-
locytes also has to be taken into account. International guide-
lines for investigation of PK defi ciency have been published. 
Typically, homozygotes have about 25% of normal  V  max  activity, 
allowing for the age of the red cells, and heterozygotes 50 – 60% 
but the range is great and there is much overlap in  V  max  between 
the groups, emphasizing the need for kinetic and other studies 
(Figure  9.8 ).    

  Management 
 The mainstay of management of patients who have suffi ciently 
severe haemolysis to warrant treatment is splenectomy. 
Assessment of the need for splenectomy should take into 
account the symptoms of the patient not the haemoglobin level. 
The low haemoglobin (even as low as 7.0   g/dL) may be well 
tolerated because of the right - shifted oxygen dissociation 
curve. Indications for splenectomy include severe neonatal 
haemolysis and chronic transfusion requirements. The dangers 
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  Glucose  p hosphate  i somerase  d efi ciency 
 Defi ciency of GPI is one of the commonest causes of CNSHA 
after G6PD defi ciency and PK defi ciency. About 50 families 
have been described; it is about as common as pyrimidine 
5 ′  - nucleotidase defi ciency (see later). The mutations that give 
rise to GPI defi ciency are very heterogeneous. About 30 differ-
ent mutations have been identifi ed but only seven of them have 
been found in more than one family; 17 of the 27 cases were 
compound heterozygotes. The clinical picture perhaps refl ects 
this genetic heterogeneity. Most reported cases present with 
mild to moderate haemolytic anaemia, but in one Indian family 
stillbirths and hydrops occurred in several sibs before early 
delivery and exchange transfusion for hydrops allowed survival. 
The mutations described mainly affect the stability of GPI, 
which is perhaps why there are no associated anomalies found 
in nucleated cells. In T lymphocytes, GPI acts as neuroleukin, 
a lymphokine that induces the formation of antibody - secreting 
cells. It is also present in neutrophils, but there is no increase 
in infections in defi cient subjects. In some severely defi cient 
patients, neurological retardation has been thought to be related 

haemolytic anaemia due to hexokinase defi ciency may be dif-
fi cult to interpret because of the higher activity in reticulocytes 
and in young cells. Typically, reduced hexokinase activity is 
associated with a fall in the concentration of 2,3 - DPG within 
the cells. Patients have less exercise tolerance for a given level 
of haemoglobin than would be expected because of the left shift 
in the oxygen dissociation curve.   

  Glucose  p hosphate  i somerase 
 Glucose phosphate isomerase (GPI) catalyses the second step of 
the Embden – Meyerhof pathway, the interconversion of G6P to 
fructose - 6 - phosphate (F6P). The enzyme is also known as 
phosphohexose isomerase, phosphoglucose isomerase, auto-
crine motility factor and neuroleukin. The names  ‘ autocrine 
motility factor ’  and  ‘ neuroleukin ’  indicate that the protein has 
other actions in other cells. The interconversion of the hexose 
phosphates is driven towards F6P by the rapid metabolism of 
that product along the metabolic pathway so that the concen-
tration of F6P in the red cell is low and drives the reaction 
towards its formation. 

  Table 9.1    Main features of glycolytic enzyme defi ciencies. 

   Enzyme     Gene (chromosome, 

inheritance)  

   Haematology     Other systems affected     Comment  

  Hexokinase     HK1 , 10q22 

 AR  

  CNSHA 

 High O 2  affi nity  

  None directly  *      Very rare, occasional AD  

  Glucose phosphate 

isomerise  

   GPI , 19q13.1 

 AR  

  CNSHA    None directly  *      Most common after PK 

defi ciency  

  Phosphofructokinase     PFKL  (L subunit), 

21q22.3 

  PFKM  (M subunit), 

12q13.11 

 Complex  

  Erythrocytosis 

 Minimal haemolysis  

  Dominated by myopathy    Tarui disease, subunit genes  

  Fructose diphosphate 

aldolase A  

   ALDOA , 16p11.2 

 AR  

  CNSHA 

 Intermittent HA  

  Dysmorphism, myopathy    Very rare (three families)  

  Triose phosphate 

isomerase  

   TPI1 , 12p13 

 AR  

  CNSHA 

 Infections  

  Neuromuscular, cardiac    Neuromuscular defects 

dominate, sudden death, 

splenectomy not helpful  

  Phosphoglycerate 

kinase  

   PGK1 , Xq13.3 

 X - linked  

  CNSHA    CNS, myopathy, 

rhabdomyolysis  

  Rare (28 families), variable 

systems involved  

  Diphosphoglycerate 

mutase  

   BPGM , 7q31 – q34 

 AR  

  Erythrocytosis    None    Very rare, low 2,3 - DPG  

  Glyceraldehyde - 3 -

 phosphate 

dehydrogenase  

   GAPDH , 12p13.31 

 AD  

  None    None    Membrane protein band 6, 

gene syntenic with  TPI   

  Pyruvate kinase     PKLR , 1q22 

 AR rarely AD  

  CNSHA    None    Commonest CNSHA  

    * Neurological signs may be secondary to hypoxia or ischaemia.  

  AD, autosomal dominant; AR, autosomal recessive; CNSHA, congenital non - spherocytic haemolytic anaemia; HA, haemolytic anaemia.   
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pathway. The enzyme is a homodimer present in all tissues. In 
tissues other than the red blood cell, DHAP is an important 
precursor for the biosynthesis of ether glycerolipids 
(plasmalogens). 

  Triose  p hosphate  i somerase  d efi ciency 
 TPI defi ciency produces a severe syndrome present from 
birth, consisting of CNSHA, a progressive neurological disorder 
with spasticity and central nervous system (CNS) degeneration. 
Cardiac failure and sudden death due to arrhythmias are 
also features. Death occurs usually about 5 years of age. 
There is, as usual, some variation and haemolysis without neu-
rological degeneration, and the opposite, have been described. 
Splenectomy does not appear to be effective in modifying the 
haemolysis and does not infl uence the neurological complica-
tions. The diagnosis is made based on clinical suspicion together 
with the appropriate enzyme assay. A number of point muta-
tions have been identifi ed that lead to the syndrome, but by far 
the most predominant is Glu104Asp, a mutation linked by 
common haplotypes suggesting descent from a common 
ancestor.   

  Phosphoglycerate  k inase 
 Phosphoglycerate kinase (PGK) catalyses the reversible conver-
sion of 1,3 - DPG to 3 - phosphoglycerate, generating one mole-
cule of ATP for each molecule of 1,3 - DPG metabolized by this 
pathway. It should be noted that two molecules of 1,3 - DPG are 
produced for each molecule of glucose metabolized by this 
pathway. PGKA, the active enzyme in the red blood cell, is the 
product of a gene ( PGK1 ) on the X chromosome. The enzyme 
is monomeric and is expressed in all tissues (a testis has an 
additional  PGK2  gene coded on an autosome). 

  Phosphoglycerate  k inase  d efi ciency 
 A total of 28 families with PGK defi ciency have been reported, 
and sequencing data are available for 17 families. Overall, 17 
different mutations in the  PGK1  gene, mostly missense, have 
been described in association with PGK defi ciency. Of the 28 
families, CNSHA occurred in 17, CNS disorders in 13 and 
myopathy with or without rhabdomyolysis in 13. All three 
systems were involved in only one of the families. Anaemia 
when present is usually well tolerated because of the increased 
concentration of 2,3 - DPG produced by the increased fl ow of 
1,3 - DPG to 2,3 - DPG via the Rappaport – Leubering shunt in the 
presence of the mutated PGK defi ciency. Splenectomy has been 
effective in some cases of severe anaemia, but less so in others.     

  Defence  a gainst  o xidative  s tress: 
the  p roduction of  r educing  p ower 

 As with all cells, but perhaps more urgently, red blood cell needs 
to be protected against the effects of free radicals, hydrogen 

to hypoxia or ischaemia  in utero  rather than to direct metabolic 
effects.   

  Phosphofructokinase 
 Phosphofructokinase (PFK) catalyses a reaction in which F6P 
is phosphorylated to fructose - 1,6 - diphosphate, ATP being the 
donor of the phosphate group. Under normal physiological 
conditions this may be the major rate - limiting step in glycolysis 
in the red cell. PFK is a tetramer, which in the red cell is a het-
erotetramer composed of M or L subunits. Two separate genes 
code for the two subunits. PFK is a homotetramer of M subu-
nits (M4) in muscle and of L subunits (L4) in liver. In the red 
cell, there may be fi ve isoenzymes composed of different 
numbers of L and M subunits. A third subunit is found in 
platelets. 

  Phosphofructokinase  d efi ciency 
 Defi ciency of the M subunit leads to glycogen storage disease 
type 7 (Tarui disease). It is characterized by muscle cramps and 
myoglobinuria on exertion. Shortened red cell viability may be 
a minor component of this disease. Evidence of haemolysis may 
be accompanied by mild erythrocytosis as a result of decreased 
production of 2,3 - DPG. To date, 15 PFK - defi cient  PFKM  alleles 
from more than 30 families have been characterized.   

  Fructose  d iphosphate  a ldolase  A  
 Fructose - 1,6 - diphosphate aldolase A (ALDOA) catalyses the 
conversion of fructose - 1,6 - diphosphate to Ga3P and dihy-
droxyacetone phosphate (DHAP). There are three aldolases in 
human tissues, A, B and C, of which only A is expressed in the 
red cell. ALDOA is produced in the developing embryo and also 
forms the bulk of the enzyme in muscle, where it may be as 
much as 5% of the total cellular protein. In the red cell, the 
reaction catalysed by the enzyme is virtually irreversible. 

  Fructose  d iphosphate  a ldolase  A   d efi ciency 
 The condition is extremely rare, with only three families having 
been defi nitely identifi ed as having ALDOA defi ciency. Two 
families have been described in which the propositus presented 
with CNSHA, mental retardation and dysmorphic features 
similar in the two families. In at least one family, the mutation 
produced an unstable enzyme. In a third patient, symptoms 
were mainly of myopathy with weakness and premature fatigue. 
Anaemia and jaundice were intermittent, and rhabdomyolysis 
occurred. There was severe defi ciency of both muscle and red 
cell enzyme activity.   

  Triose  p hosphate  i somerase 
 Triose phosphate isomerase (TPI) catalyses the interconversion 
of DHAP and Ga3P. In the glycolytic pathway of the red cell, 
all DHAP is converted to Ga3P, which is then metabolized 
down the glycolytic pathway, providing the ultimate two mol-
ecules of ATP for each molecule of glucose metabolized by that 
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peroxide and other highly oxidative material in order to main-
tain membrane integrity and functional activity. In addition, 
haemoglobin has to be maintained in its functional state, and 
the steady production of methaemoglobin reversed to deoxy-
haemoglobin, which is able to combine reversibly with oxygen. 
The major generator of reducing power within the red cell 
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     Figure 9.9     The pentose phosphate pathway. Substrates: G6P, 

glucose - 6 - phosphate; 6PG, 6 - phosphogluconate; Ru5P, ribulose -

 5 - phosphate; R5P, ribose - 5 - phosphate; Ga3P, glyceraldehyde - 3 -

 phosphate; F6P, fructose - 6 - phosphate; Xy5P, xylose - 5 - phosphate; 

S7P, septulose - 7 - phosphate; E4P, erythrose - 4 - phosphate. 

Enzymes: G6PD, glucose - 6 - phosphate dehydrogenase; 6PGD, 

6 - phosphogluconate dehydrogenase; PKE, 

phosphoketoepimerase; PRI, phosphoribose isomerase.  
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     Figure 9.10     The glutathione (GSH) 

cycle and synthetic pathways. GSH is 

synthesized in two linked steps. Redox 

control is exercised by the glutathione 

cycle linked to the NADPH of the 

pentose phosphate pathway by 

glutathione reductase.  

is the pentose phosphate pathway (hexose monophosphate 
shunt), which generates reducing power in the form of NADPH 
from NADP +  coupled to the oxidation of G6P to 6 - phosphoglu-
conate (6PG) and the subsequent oxidation of that compound 
to ribose - 5 - phosphate, the two reactions catalysed by G6PD 
and 6 - phosphogluconate dehydrogenase (Figure  9.9 ).   

 GSH is important for protecting cells from oxidative damage 
by these free radicals, protecting against the effects of infection, 
maintaining protein sulphydryl goups in the reduced state and 
maintaining membrane transport. A constant supply of GSH is 
provided by the glutathione cycle linked to the pentose phos-
phate pathway through the action of glutathione reductase 
(Figure  9.10 ).   

 Oxidative stress that exceeds the reducing power of the red 
cell leads to intravascular haemolysis following denaturion of 
haemoglobin and precipitation as Heinz bodies and peroxida-
tion of the red cell membrane. Methaemoglobinaemia may 
occur. The clinical features that emerge  –  acute intravascular 
haemolysis, Heinz body haemolytic anaemia or methaemoglo-
binaemia  –  depend on the nature of the oxidative stress and the 
size of the imbalance between the stress and the redox 
potential.  

  Pentose  p hosphate  p athway ( h exose 
 m onophosphate  s hunt) 

 The reactions of the pentose phosphate pathway are shown 
schematically in Figure  9.2  and in more detail in Figure  9.9 . In 
most cells the pentose phophate pathway is an essential pathway 
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conserved in evolutionary history. Complete inactivity of the 
enzyme in nucleated cells would not be compatible with life. 
The clinical consequences of G6PD defi ciency are virtually 
confi ned to the red blood cell, with occasional evidence of leu-
cocyte malfunction in some variants. The majority of mutations 
affect the stability of the transcribed enzyme so that there is a 
rapid decline in activity in the mature enucleate red cell as it 
ages.   

 In the red cell, G6PD determines the reduction of NADP +  to 
NADPH (Figure  9.9 ); NADP +  availability is determined by the 
activity of the glutathione cycle, which is linked to the pentose 
phosphate pathway through the activity of the enzyme glutath-
ione reductase (Figure  9.10 ). The availability of NADP +  is the 
major rate - limiting step for the pentose phosphate pathway. 

  Glucose - 6 -  p hosphate  d ehydrogenase  d efi ciency 
 G6PD defi ciency is the commonest genetically determined 
enzyme defi ciency in the world, with an estimated 400 million 
people being affected. At least 127 different variants associated 
with defi cient enzyme activity have been described, as well as a 
number of polymorphisms that do not affect enzyme activity. 
The G6PD variants have been classifi ed into fi ve groups accord-
ing to their activity relative to the wild - type G6PD type B (Table 
 9.2 ). In Africa, the variant G6PD type A  −   is the predominant 
polymorphism, with equivalent activity to G6PD type B.   

  Epidemiology 
 G6PD defi ciency is widely disseminated throughout Africa, the 
Mediterranean basin, the Middle East, Southeast Asia and 
indigenous populations of the Indian subcontinent. G6PD - A  −   
(with two mutations in the  G6PD  gene; see Figure  9.12 ) is 
common in Africa, the Mediterranean variant is comon in 
southern Italy, Sardinia and other places around the 
Mediterranean basin, and G6PD - Canton is common in south-
ern China. These variants are only the most common among 

for the production of ribose and its incorporation into RNA. In 
the red cell its only function is the production of reducing 
power in the form of NADPH. The fi rst step of the pathway, 
catalysed by G6PD, utilizes G6P as substrate. G6P is also a 
substrate for the glycolytic pathway. Under normal circum-
stances, about 10% of glucose is metabolized by the pentose 
phosphate pathway, the activity of that pathway being deter-
mined by the availability of NAD +  and feedback inhibition by 
ATP. Under conditions of oxidative stress, the fl ux through the 
pentose phosphate pathway can be greatly increased. The prod-
ucts of the pathway re - enter the glycolytic pathway through F6P 
or Ga3P. 

 From the point of view of haematological disorders, G6PD 
defi ciency is far and away the most important step in the 
pathway. However, other enzymes of the pathway can be 
important in acquired disorders, some steps being inhibited by 
drugs, including estrogen/progesterone contraceptive pills. 

  Glucose - 6 -  p hosphate  d ehydrogenase 

 G6PD catalyses the fi rst step of the pentose phosphate pathway 
and is the enzyme controlling fl ux through the pathway. The 
activity is controlled by the availability of NADP + . Conversion 
of G6P to 6PG is accompanied by the reduction of NADP +  to 
NADPH and the second step in the pathway, the oxidation of 
6PG to ribose - 5 - phosphate, produces a second molecule of 
NADPH. 

 The gene for G6PD is located on the X chromosome at Xq28. 
The gene has 13 exons and 12 introns. The gene is transcribed 
as a monomer of 514 amino acids that assemble to produce an 
equilibrium of dimers and tetramers (Figure  9.11 ). Each 
monomer has an NADP +  - binding domain and a large domain 
with the active site between the two. The gene is a household 
gene, active in all cells, with an essential role in the production 
of RNA in nucleated cells. Not surprisingly, the gene is highly 

Coenzyme
domain

β + α domain

Structural
NADP+

Substrate
site

Coenzyme
site

     Figure 9.11     Structure of glucose - 6 -

 phosphate dehydrogenase in dimer 

form showing active sites for glucose -

 6 - phosphate and NADP + . Mutations 

that affect interactions of the 

monomers lead to CNSHA.  
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chronic non - spherocytic haemolytic anaemia and drug - induced 
haemolytic anaemia. The neonatal jaundice syndrome has been 
described in class I, II and III variants, favism in mainly, though 
not exclusively, class II, CNSHA in class I, and the drug - induced 
haemolytic anaemias mainly class III. While G6PD defi ciency is 
most common in males, the prevalence of the gene in many 
parts of the world (Figure  9.13 ) means that female homozygotes 
are not uncommon and heterozygous females are often suscep-
tible to oxidative stress because of the effects of X - inactivation 
and marked lyonization in leaving a signifi cant population of 
defi cient red cells. 

  Neonatal  j aundice and  G 6 PD   d efi ciency in  i nfancy 
 Neonatal jaundice is a severe manifestation of G6PD defi ciency 
and is a major source of potential morbidity from kernicterus. 
Most common variants have been associated with the syn-
drome, including the A  −   and Mediterranean variants. In parts 
of the world where the mutations are common, the defi ciency 

many different mutations in these areas and throughout the rest 
of the affected world (Figure  9.13 ). This distribution of the 
defi ciency equates with areas where  Plasmodium falciparum  
malaria is common, and this is thought to be the evolutionary 
drive that has produced such widespread polymorphisms 
(Figure  9.13 ). It has subsequently been confi rmed that G6PD 
defi ciency does indeed protect against lethal falciparum malaria, 
particularly in childhood, and this protection, especially in 
hyperendemic areas, more than outweighs the haematological 
problems associated with defi ciency.      

  Clinical  f eatures 
 There are four main syndromes associated with G6PD defi -
ciency. In all four, haemolysis is aggravated or promoted by 
exposure to oxidative stress through infection or ingestion of 
oxidative foods or drugs, but the clinical presentations differ. 
Age always modifi es the clinical effects, not always as might be 
expected. The four syndromes are neonatal jaundice, favism, 

MediterraneanA– Union Canton

2N 3 4 5 6 7 8 9 10 11 12 13 C

  Table 9.2    World Health Organization classifi cation of  G 6 PD  defi ciency (1989). 

   Class     Enzyme activity (% normal)     Examples     Clinical effects  

  I    Severe (usually  < 20)    Santiago de Cuba (Gly447Arg)    CNSHA, acute exacerbations  

  II     < 10    Mediterranean (Ser188Phe)    Favism, acute intravascular haemolysis (drug 

induced), neonatal jaundice        Canton (Arg459Leu)  

      Orissa (Ala44Gly)  

  III    Moderate ( > 10,  < 60)    A  −   (Val68Met, Asn126Asp)    Acute intravascular haemolysis (drug induced), 

neonatal jaundice  

  IV    100    B (wild type)    None  

      A (Asn126Asp)    None  

   CNSHA, congenital non - spherocytic haemolytic anaemia.   

     Figure 9.12     Map of glucose - 6 - phosphate dehydrogenase ( G6PD ) 

gene showing mutation sites. Numbered boxes refer to the 

location of  G6PD  exons. Yellow circles, class I and II variants; 

yellow ellipses, class IV variants; red circles, polymorphic 

variants; green circles and squares, class I variants caused by 

amino acid substitutions and small in - frame deletions, 

respectively.  (Courtesy of Tom Vulliamy, Hammersmith 

Campus, Imperial College, London.)   
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  Favism 
 Favism is the term given to the G6PD syndrome where acute 
intravascular haemolysis may be precipitated by exposure to the 
broad bean  Vicia fava , usually about 24 hours after the meal 
(Table  9.4 ). Fresh, dried or frozen beans or even exposure to 

is the most prevalent cause of neonatal jaundice (Table  9.3 ). 
The jaundice probably starts  in utero  in the perinatal period, 
but the clinical problem only becomes apparent about the 
second or third day after birth. Between 10 and 50% of defi cient 
infants are affected. Phototherapy or exchange transfusion 
may be required to prevent neurological sequelae. Anaemia is 
not a feature, and it is thought that this is a manifestation of 
liver enzyme defi ciency coupled perhaps to the physiological 
underdevelopment of neonatal liver function or the co - 
inheritance of the UDP - glucuronyltransferase 1 defi ciency of 
Gilbert syndrome.   

 Acute haemolytic crises may occur in G6PD - defi cient infants, 
usually through exposure to oxidative stress, including nitrites 
or nitrates in water or the ingestion of fava beans by the mother, 
but in some cases of severe acute haemolysis, even fatal, no 
cause has been obvious.  
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     Figure 9.13     Global distribution of 

 G6PD  gene variants causing G6PD 

defi ciency. Shaded areas indicate the 

prevalence of G6PD defi ciency. The 

coloured dots depict the distribution 

of 16 of the most common variants. 

 (From Luzzatto  &  Notaro  2001  with 

permission.)   

  Table 9.3    Association between  G 6 PD  defi ciency and jaundice in 

male newborns.   *    

   Groups of newborns      N      G6PD defi ciency 

 (%)  

  Normal    500    22.5  

  Mild jaundice (bilirubin 

150 – 200    µ mol/L)  

  38    45  

  Severe jaundice (bilirubin 

 >  230    µ mol/L)  

  70    60  

  Admitted with kernicterus    20    78  

    * Data collected in Ibadan, Nigeria.   

  Table 9.4    Characteristic features of haemolytic attack in  G 6 PD  

defi ciency. 

   Phase     Clinical     Laboratory  

  Acute    Abrupt onset      

  Malaise, prostration      

  Pallor    Anaemia, Heinz bodies, 

reticulocytosis, 

G6PD defi cient  

  (Abdominal pain)      

  Fever    Leucocytosis  

  Dark urine    Haemoglobinuria, 

haptoglobin absent  

  Haemoglobinaemia      

  Methaemalbuminaemia      

  Jaundice    Hyperbilirubinaemia  

  (Renal failure)     ↑  Urea,  ↑  creatinine  

  Recovery    Gradual but rapid 

cessation of haemolysis  

  Reticulocytes peak days 

5 – 8  

  Urine clears in few days    G6PD increases but 

rarely to normal 

range  

  Jaundice clears in 1 – 2 

weeks  
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pollen may precipitate the crisis. The offending agent is divi-
cine, or its aglycone isouramil, which can produce free oxygen 
radicals on autoxidation. Divicine is not present in peas or 
beans of other types, which may be eaten without effect. The 
amount of haemolysis is dose - related, which may explain the 
marked variation in susceptibility not only between children 
and adults but also in the same individual at different times. 
There is variation in divicine content between different culti-
vars; some fungi can break down the compound and the amount 
may vary in different seasonal environments. In children acute 
haemolysis, sometimes life - threatening, is common but renal 
failure is uncommon, although there may be systemic symp-
toms of fever and loin pain. Renal failure occurs more often in 
adults, possibly because of co - morbidity. Favism is usual in 
class II variants, for example Mediterranean and Canton, but 
may occur in others, including the African A -  variant. Acute 
haemolysis after eating fava beans has also been described in 
glutathione reductase defi ciency. Although fava beans give the 
syndrome its name, some other compounds with which affected 
individuals may come in contact can cause acute haemolysis, 
including topical henna and some of the pulses used to make 
local sweetmeats.   

 Between attacks of favism or exposure to oxidizing sub-
stances, the blood count is normal with no evidence of haemo-
lysis. The co - occurrence of infection, which promotes the 
formation of hydrogen peroxide following the oxygen burst in 
neutrophils and macrophages, with ingestion of oxidizing sub-
stances, even mild ones such as chloramphenicol, may promote 
haemolysis even though the drug on its own does not.  

  Chronic  n on -  s pherocytic  h aemolytic  a naemia 
 Sporadic cases in virtually all populations of CNSHA are found 
with underlying G6PD defi ciency. Many of the mutations 
that   cause CNSHA occur on exon 10 and affect the formation 
of dimers or tetramers (see Figures  9.11  and  9.12 ). The haemo-
lysis is extravascular, although additional oxidative stress may 
provoke an acute intravascular episode.  

  Drug -  i nduced  a cute  h aemolysis 
 The introduction of primaquine and its derivative pamaquine 
as antimalarials to replace quinine during the Pacifi c phase of 
the Second World War and the later Korean War revealed that 
a proportion of men exposed, particularly in the black popula-
tion, suffered from severe acute intravascular haemolysis. 
Intensive studies by Carson and others from the University of 
Chicago, working at the Statesville Penitentiary Malaria Project, 
fi nally identifi ed the problem as G6PD defi ciency and identifi ed 
that young red cells and reticulocytes had suffi cient activity to 
withstand the oxidative stress so that haemolysis lessened as the 
reticulocyte level rose. It became apparent that many other 
drugs could also produce haemolysis, but mostly fava beans did 
not. The common African A  −   variant is the main example of 
class III mutations producing this type of haemolysis. 

 The haemolysis is dose - related and may be self - limiting. 
Although it is important to recognize which drugs are likely to 
produce haemolysis (Table  9.5 ), it is also important to realize 
that the disease for which the drugs may be needed, for example 
falciparum malaria, may be fatal and thus the haemolysis is a 
lesser problem.     

  Laboratory  d iagnosis 
 Acute intravascular haemolysis raises the suspicion of G6PD 
defi ciency. The blood fi lm shows red cells with contracted hae-
moglobin in  ‘ ghost ’  membranes (Figure  9.14 ). Haemoglobinuria 
may be gross, producing almost black urine without red cells in 
the centrifuge deposit.   

 Several screening tests have been devised to identify G6PD 
defi ciency in red blood cells. The most widely used tests 
have been the brilliant cresyl blue decolorization test, the meth-
aemoglobin reduction test and an ultraviolet spot test. These 
tests can reliably distinguish between defi cient and non - defi -
cient individuals, but are not reliably quantitative. Hemizygous 
defi cient males and homozygous defi cient females will be iden-
tifi ed, the threshold being a G6PD activity of about 30% of 
normal. 

 If a screening test indicates defi ciency or is doubtful, the ideal 
follow - up test for defi nitive diagnosis is quantitation of G6PD 
activity by spectrophotometric assay. Standardized methods 
have been published. There are two clinical situations in which 
quantitation is especially important. First, during a haemolytic 
attack, the oldest red cells (with the least G6PD activity) are 
destroyed selectively and therefore the surviving red cells have 
a relatively higher (but still defi cient) G6PD activity. This 
increases further as the reticulocyte response sets in over the 
following days. During this time, a screening test might yield a 

     Figure 9.14     Glucose - 6 - phosphate dehydrogenase defi ciency. 

Peripheral blood fi lm following acute oxidant drug - induced 

haemolysis shows an erythroblast and damaged red cells, 

including  ‘ blister ’  and  ‘ bite ’  cells.  



Disorders of red cell metabolism

153

false - normal result and, rarely, even a quantitative test might 
do so. In such cases, the best counsel is to repeat the test a 
couple of weeks later. Alternatively, the oldest remaining cells 
can be isolated by differential centrifugation and they can be 
shown to have low G6PD activity. The diagnosis of hetero-
zygous females can be especially diffi cult; in extreme cases, it 
can only be done by family studies. However, from the practical 
point of view, it must be borne in mind that the probability of 
clinically signifi cant haemolysis in a heterozygote roughly cor-
relates with the proportion of G6PD - defi cient red cells in her 
blood. Therefore, if a normal level of G6PD activity is found in 
a heterozygote, she is unlikely to be at risk of G6PD - related 
haemolysis. In regions where G6PD has a high prevalence and 
the main variants are known, DNA analysis is the most effective 
way of identifying heterozygotes.  

  Management 
 Management is mostly dictated by the symptoms and signs in 
the patient, although education in the avoidance of oxidizing 
substances is important (Table  9.5 ). In many populations the 
condition is well known and the need for avoidance recognized. 
Neonatal jaundice may need urgent therapy to prevent neuro-
logical damage (Table  9.3 ). Extreme hyperbilirubinaemia can 
be prevented by administration of Sn - mesoporphyrin if the 
diagnosis is known at birth. Acute intravascular haemolysis may 
require transfusion but the anaemia is often self - limiting (Table 
 9.4 ). High fl uid intake should be encouraged to prevent renal 
damage. CNSHA may be severe enough to warrant active treat-
ment and splenectomy may be helpful.     

  Glutathione 

 GSH is the major intracellular thiol in aerobic cells, and is 
equally important in the red blood cell. It is thought to have a 
number of critical functions: protecting cells against oxidative 
damage, participation in detoxifi cation of foreign compounds, 
maintenance of protein sulphydryl groups in a reduced state, 
and possibly transport of amino acids. In the red cell, its main 
function is as an antioxidant. GSH is synthesized from gluta-
mate, cysteine and glycine by the link reactions of two enzymes, 
 γ  - glutamylcysteine synthetase and glutathione synthetase (see 
Figure  9.10 ). GSH exerts its function in preserving thiol groups 
and reducing hydrogen peroxide and free oxygen radicals 
through reactions catalysed by the enzymes glutathione -  S  -
 transferase and glutathione peroxidase, respectively. Oxidized 
glutathione (GSSG) is reduced to GSH by the action of glutath-
ione reductase, the hydrogen donor being NADPH (see Figure 
 9.10 ). Failure to maintain the GSH level as a result of defi ciency 
in the synthetic pathways or defi ciency in the recycling process 
leads to chronic haemolytic anaemia and increased susceptibil-
ity to oxidative stress. 

  Table 9.5    Drugs to be avoided in  G 6 PD  defi ciency.   *    

   Antimalarials   

  Primaquine (can be given at reduced dosage, 15   mg daily or 

45   mg twice weekly under survelliance)  

  Pamaquine  

   Sulphonamides and sulphones   

  Sulfanilamide  

  Sulfapyridine  

  Sulfadimidine  

  Sulfacetamide (Albucid)  

  Sulfasalazine (Salazopyrin)  

  Dapsone   †     

  Sulfoxone   †     

  Glucosulfone sodium (Promin)  

  Septrin  

   Other antibacterial compounds   

  Nitrofurans: nitrofurantoin, furazolidone, nitrofurazone, 

nalidixic acid  

   Analgesics   

  Acetylsalicylic acid (aspirin): moderate doses can be used  

  Acetophenetidin (phenacetin): paracetamol is a safe alternative  

   Anthelminthics   

   β  - Naphthol  

  Stibophan  

  Niridazole  

   Miscellaneous   

  Vitamin K analogues (1   mg menadoxime can be given to babies)  

  Naphthalene (mothballs)   †     

  Probenecid  

  Dimercaprol (BAL)  

  Methylene blue  

  Toluidine blue  

    * This list is compiled on the basis of data available for patients 

with the A  −   variant of G6PD defi ciency. It can be generally 

assumed to be applicable to patients from Africa and of African 

descent. For patients with the Mediterranean type of G6PD 

defi ciency, with an unknown variant, or with CNSHA, the 

following should also be added: acetanilide, chloramphenicol, 

chloroquine (may be used under surveillance when required for 

prophylaxis or treatment of malaria), mepacrine,  p  - aminosalicylic 

acid and thiazosulfone. Many other drugs may produce 

haemolysis in particular individuals.  

    †  These drugs may cause haemolysis in normal individuals if taken 

in large doses.   
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  Pyrimidine 5 ′  -  n ucleotidase 

 Pyrimidine 5 ′  - nucleotidase (P5N), also called pyrimidine 
5 ′  - monophosphate hydrolase, catalyses the dephosphorylation 
of the pyrimidine 5 ′  - monophosphates uridine monophosphate 
(UMP) and cytidine monophosphate (CMP) to corresponding 
nucleosides (Figure  9.15 ). In red blood cells, there are two iso-
forms of P5N, type 1 (P5N1), which has a high affi nity for UMP 
and CMP, and type 2 (P5N2), which hydrolyses deoxypyrimi-
dine nucleotide monophosphates. It is defi ciency of P5N1 that 
leads to haemolytic anaemia. The gene ( NT5C3 , also named 
 P5 ′ N1 ) is located on chromosome 7p14.3. The gene consists of 
10 exons with alternative splicing at exon 2, which gives rise to 
isoforms with 286 and 297 amino acids. The P5N1 enzyme cor-
responds to the 286 - amino - acid isoform. The enzyme is strongly 
inhibited by lead.   

  Pyrimidine 5 ′  -  n ucleotidase  d efi ciency 
 P5N1 defi ciency is not uncommon: more than 60 patients have 
been reported worldwide, with presumably large numbers 

  Table 9.6    Enzymopathies of the glutathione cycle and synthetic pathways. 

   Enzyme     Gene     Haematology     Other systems     Comments  

  Glutathione synthetase     GSS , 20q11.2 

 AR  

  CNSHA, Heinz bodies, 

oxidative HA  

  Neurological, metabolic 

acidosis  

  5 - Oxoprolinaemia/uria, RBC 

defi ciency, may have no 

neurological disease, nine 

families  

   γ  - Glutamylcysteine 

synthetase  

   GCLC , 6p12 

  GCLM , 1p21 

 AR  

  CNSHA, oxidative HA, 

basophilic stippling  

  Neurological    Variable neurological features, 

fi ve families  

  Glutathione reductase     GSR , 8p21.1 

 AR  

  Favism    None    Most reports due to FAD 

defi ciency, one family  

  Glutathione peroxidase     GPX1 , 3p21.3 

 AR  

  HDN, acute intravascular 

haemolytic anaemia  

  None    Self - limited neonatal jaundice, 

one Japanese family  

   AR, autosomal recessive; CNSHA, congenital non - spherocytic haemolytic anaemia; FAD, fl avin adenine dinucleotide; HDN, haemolytic 

disease of the newborn.   
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     Figure 9.15     Pyrimidine nucleotide catabolism in the reticulocyte. 

Pyrimidine 5 ′  - nucleotidase converts the nucleotides to 

monophosphates, which diffuse out of the cell.  

  Glutathione  d efi ciency 

 Complete loss of GSH synthesis is probably lethal. Severe defi -
ciency leads to 5 - oxoprolinuria, metabolic acidosis and mental 
retardation. A milder defi ciency limited to red cells is associated 
with haemolytic anaemia aggravated by oxidative stress. Low 
levels of GSH caused by  γ  - glutamylcysteine synthetase or 
glutathione synthetase defi ciency, with CNSHA, have been 
described. Haemolytic anaemia due to defi ciency of glutathione 
reductase and glutathione peroxidase has also been reported 
(Table  9.6 ).     

  Nucleotide  m etabolism 

 Adenosine nucleotides  –  ATP (85 – 90%), ADP (10 – 12%) and 
AMP (1 – 3%)  –  comprise the main nucleotide pool in the 
mature red cell. The cell has no mechanism for making nucle-
otides once the RNA of the reticulocytes has been degraded. The 
cell does have an effective salvage mechanism for maintenance 
of the adenine pool, with the enzymes adenosine deaminase 
(ADA) and adenylate kinase involved in regulation. Defi ciency 
of the enzymes in the salvage pathway does not lead to haemo-
lysis. ADA defi ciency is associated with severe combined immu-
nodefi ciency and excess activity is found in Diamond – Blackfan 
anaemia. During maturation of reticulocytes the RNA is broken 
down to pyrimidine and purine nucleotides, which are dephos-
phorylated to nucleosides that can diffuse out of the cell. The 
purine nucleotides enter the salvage pathway. Defi ciency of 
pyrimidine 5 ′  - nucleotidase leads to accumulation of pyrimidine 
nucleotides that interferes with the adenine nucleotide pool, 
producing haemolysis. 
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undetected. The prevalence of P5N1 defi ciency is unknown. It 
is probably the third most common enzyme defi ciency causing 
haemolytic anaemia, perhaps equal to GPI defi ciency. Nearly all 
reported cases have shown homozygosity for the mutation, and 
the mutation has been specifi c for individual families. However, 
there is a suggestion that certain mutations (del G576 and ins 
GG743) might be more prevalent in southern Italy or southern 
Mediterranean regions. One compound heterozygote was 
found in this region. 

 Defi ciency of P5N1 is associated with a recessively inherited 
haemolytic anaemia characterized by marked basophilic stip-
pling in the red cells (Figure  9.16 ) and accumulation of high 
concentrations of pyrimidine nucleotides. The haemolysis is 
usually mild to moderate, although more severe cases have been 
reported. Splenectomy is usually of little value, though benefi t 
has been reported in some cases. The appearance of the blood 
fi lm is similar to that seen in lead poisoning, and the mecha-
nism of the anaemia in lead poisoning certainly involves the 
inhibition of P5N.      

     Figure 9.16     Peripheral blood fi lm from patient defi cient for 

pyrimidine 5 ′  - nucleotidase showing basophilic stippling (a 

similar appearance is seen in chronic lead poisoning).  
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  Introduction 

 Acquired haemolytic anaemias are usually divided into two 
main categories depending on the mechanism by which the 
premature destruction of red blood cells is produced. In the 
immune haemolytic anaemias, antibodies are the main agents 
of destruction. The non - immune acquired haemolytic anae-
mias include diverse causes and mechanisms of haemolysis. In 
most anaemias, there is some shortening of red cell survival, but 
in the haemolytic anaemias this shortening of red cell lifespan 
is the major cause of the anaemia and produces the classical 
features of haemolysis.  

  Immune  h aemolytic  a naemias 

 Antibody - mediated haemolysis is an important cause of 
acquired haemolytic anaemia. Antibodies may be autoantibod-
ies produced by the patient ’ s own immune system and directed 
against epitopes of his/her own red cell antigens or they may be 
alloantibodies. Alloantibodies may be produced by the patient 
and directed against antigens not present on that person ’ s own 
red cells, but either introduced as foreign red cell antigens by 
blood transfusion or secondarily acquired by the patient ’ s red 
cells, as in drug - induced haemolysis. Alloantibodies directed 
against the patient ’ s red cell antigens might also be introduced 
from outside the patient, most notably from the mother in 
haemolytic disease of the newborn. A simple classifi cation of 
immune haemolytic anaemias is given in Table  10.1 . Typically, 
the immune haemolytic anaemias are distinguished from the 

non - immune by detecting antibody on the surface of red cells 
by the direct antiglobulin test (DAT), also known as the 
Coombs test.   

  Autoimmune  h aemolytic  a naemia 

 Autoimmune haemolytic anaemia (AIHA) is characterized by 
a positive Coombs test or DAT, which detects antibody, with 
or without complement, on the red blood cell surface. AIHA is 
classifi ed into warm and cold types, depending on whether the 
antibody reacts more strongly with red blood cells at 37 ° C or at 
4 ° C and whether IgG (warm) or IgM (cold) autoantibody 
predominates. Haemolysis is mainly extravascular in AIHA, 
although complement - mediated intravascular haemolysis may 
sometimes occur in either type. Red blood cells coated with IgG 
only are preferentially destroyed in the spleen, but if they are 
also coated with complement or with complement alone, their 
main site of destruction is the liver. The site and severity of red 
cell destruction depend on structural and functional character-
istics of the antibody and effi ciency of the mechanism of 
destruction. The degree of anaemia depends on the rate and 
acuteness of the destruction and the capacity of the bone 
marrow to compensate. 

 AIHA may occur without any underlying cause (as primary 
or idiopathic conditions) or may be associated with other sys-
temic autoimmune disease (such as systemic lupus erythema-
tosus and rheumatoid arthritis), malignancy (lymphoma, 
thymoma and chronic lymphocytic leukaemia) or drug expo-
sure. In many cases, the pathogenesis involves a disturbance of 
the immune system in which T - lymphocyte control of autore-
active B lymphocyte clones is reduced. 

     Antibody  c haracteristics 
 Antibody characteristics that infl uence the site and intensity of 
red cell destruction in AIHA can be evaluated using the DAT. 
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associated with systemic lupus erythematosus (SLE) or lympho-
proliferative disease.  

  Cold -  a cting  a ntibodies 
 Cold - acting antibodies are predominantly IgM and are most 
actively bound to antigen in the cold (4 ° C). Cold antibodies act 
as both agglutinins and lysins  in vitro ; the two functions may 
have different thermal ranges. The clinical signifi cance of the 
antibody depends purely on the thermal range: how the anti-
body binds to red cells at or near 37 ° C, not the titre in the cold. 
IgM antibodies active against I (auto)antigen at 4 ° C are a 
normal fi nding but produce no clinical disturbance if not active 
above 31 ° C. The IgM antibodies have specifi city mainly for the 
I antigen, although i specifi city may be found in Epstein – Barr 
virus (EBV) - associated antibodies and some cases of lympho-
proliferative disease. Rarely, anti - P activity is found.  In vitro , the 
IgM antibodies elute off the red cell membrane, usually leaving 
bound complement to be detected by anti - C3d in the DAT. In 
cold haemagglutinin disease (CHAD) and most cases associated 
with lymphoproliferative disease, the cold antibodies are mono-
clonal (IgM  κ ). Those associated with viral infections are 
polyclonal. 

 The antibodies in a subtype of cold AIHA, paroxysmal cold 
haemoglobinuria (PCH), are IgG in type and bind to antigen 
below 20 ° C. When the temperature is raised to 37 ° C in the 
presence of complement, lysis occurs. This biphasic reaction is 
the basis of the Donath – Landsteiner reaction.  

The thermal range of antibody binding also characterizes the 
antibody.  

  Immunoglobulin  c lass 
 Monospecifi c antihuman globulin reagents for the DAT are 
routinely available for the detection of IgG, IgM and IgA and 
for complement components C3c and C3d. Multispecifi c rea-
gents are also available, as are reagents specifi c for IgG sub-
classes, but the latter are diffi cult to standardize.  

  Warm -  a cting  a ntibodies 
 Warm - acting antibodies are most active  in vitro  at 37 ° C. The 
antibodies are polyclonal, and IgG antibodies predominate. 
Where the specifi city of the antibody can be determined, it is 
most commonly in the rhesus blood group complex. The most 
frequent patterns detected by the DAT on the red cell surface 
are as follows: IgG alone; IgG and complement; and comple-
ment alone. Antibodies may be detected in the serum at 37 ° C 
by the indirect antiglobulin test in about 50 – 60% of patients; 
this will rise to more than 90% when the red cell membrane of 
the reagent cells is modifi ed with papain or another proteolytic 
enzyme. Antibody may also be eluted from the red cell mem-
brane in a majority of cases and the specifi city determined. A 
subtype of warm AIHA has been defi ned in which both warm -  
and cold - type antibodies are found. Both tend to be lytic, and 
this  ‘ mixed type ’  AIHA tends to produce a more severe haemo-
lysis with an intravascular component. It is most commonly 

  Table 10.1    Classifi cation of immune haemolytic anaemias. 

   Antigen type     Antibody     Diseases     Associations  

  Autoimmune    Warm antibody    Primary    Idiopathic  

      Secondary    Autoimmune diseases (SLE, etc.)  

          Lymphoproliferative disorders  

          Infections (EBV)  

          Ovarian cysts  

          Some cancers  

          Drugs  

  Cold antibody    Cold haemagglutinin disease      

      Cold antibody syndromes    Infections, lymphoproliferative 

disorders  

  Donath – Landsteiner    Paroxysmal cold haemoglobinuria    Post viral, syphilis  

  Alloimmune    Induced by red cell antigens    Haemolytic transfusion reactions      

      Haemolytic disease of the newborn      

      Post - stem cell allografts      

  Drug dependent    Antibody/macrophage mediated      

      Antibody/complement mediated      

      Membrane modifi cation      

   EBV, Epstein – Barr virus; SLE, systemic lupus erythematosus.   
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   F  c   r eceptor  m echanism 
 Macrophages have Fc receptors for IgG1 and IgG3 molecules, 
but not for IgG2, IgG4, IgM or IgA. Only IgG - coated red cells 
are destroyed in this way, but this is clinically important in 
warm AIHA as 70 – 75% of autoantibodies are IgG. Phagocytosis 
and antibody - dependent cell - mediated cytotoxicity are the 
major Fc receptor - dependent modes of antibody - coated cell 
destruction.  

  The  r ole of the  s pleen 
 The splenic vasculature is adapted to make the spleen an effi -
cient fi lter for such particles as effete red cells, bacteria and 
immune complexes. As blood passes through the central arter-
ies towards the red pulp, the branches of these arteries have 
a plasma - skimming effect that raises the haematocrit of the 
blood as it passes towards the splenic cords. There, red cells 
come into close contact with the splenic macrophages. The 
low plasma content and the relative lack of free plasma IgG 
molecules allow red cell - bound IgG to interact preferentially 
with the macrophage Fc receptors, leading to phagocytosis 
of the coated red cells. When phagocytosis is partial, so that 
only portions of the cell membrane are removed, the remaining 
circulating red cell becomes spherocytic, although the some-
what rigid spherocytes may themselves be trapped in the 
splenic sinusoids and destroyed. The spleen is thus most 
commonly the major site of red cell destruction when IgG alone 
is the main Fc - binding protein on the red cell surface (see 
Chapter  20 ).  

  The  r ole of the  l iver 
 Kupffer cells are macrophages that are present in the liver sinu-
soids and which express Fc receptors on their surface. Blood 
fl ow through the sinusoids is rapid compared with the spleen 
and there is no plasma - skimming effect. IgG - coated red cells 
are not preferentially destroyed in this situation, where there is 
competition for Fc receptors from circulating IgG. Here, 
red cell destruction is more dependent on cells being coated 
with C3.  

   C 3  r eceptor  m echanisms 
 Two types of C3 receptor have been identifi ed on macrophages, 
CR1 and CR3. CR1 is specifi c for an antigenic site in the C3c 
region of activated C3b that is not exposed on native C3. The 
breakdown product of C3b (iC3b) is also a major ligand for 
CR1 and is the only ligand for CR3. Immune adherence of C3b -
 coated red cells to macrophages occurs mainly through CR1, 
whereas CR3 binding triggers phagocytosis. The largest concen-
tration of C3b - binding macrophages is found in the liver sinu-
soids so that the liver becomes the major site for trapping and 
phagocytosing C3b - coated red cells. There is no competition 
for complement receptor sites from non - activated C3 in the 
plasma. If the spleen is very large, this too becomes an impor-
tant site of cell destruction. 

  Complement  a ctivation 
 Autoantibodies against red cell antigens may activate comple-
ment on the red cell membrane. Antibody binding to two adja-
cent sites on the red cell membrane is required to activate the 
C1 complement component by the classical pathway. IgM mol-
ecules are pentameric and a single molecule can bind adjacent 
sites. IgG molecules will activate complement if they form a 
 ‘ doublet ’ : IgG1, IgG2 and IgG3 can activate complement, 
whereas IgG4 and IgA do not. In AIHA, complement activation 
usually stops at the C3 stage, where C3b is bound to the mem-
brane and further proteolysed to form the inactive component 
C3d, which is detected by the appropriate DAT. Complement 
beyond the C3 stage may lead to the formation of the mem-
brane attack complex and intravascular haemolysis. AIHA due 
to IgG2 alone is very rare, and that due to IgG4 or IgA alone is 
uncommon. It is interesting that in the rare case of IgA AIHA, 
complement does become activated on the cell surface. In 
general, when there is more than one class or subclass of anti-
body on the cell surface, the haemolysis is more intense and 
may be intravascular.  

  Specifi city of  r ed  c ell  a utoantibodies 
  Warm -  t ype  a utoimmune  h aemolytic  a naemia 
 In most cases, the antibody detected in the patient ’ s serum is 
pan - reacting with all cells in a routine group O panel. Some 
10 – 15% of antibodies show specifi city for rhesus antigens, par-
ticularly anti - e, anti - D or anti - c. A greater proportion show 
specifi city by reacting with all cells except  – / –  Rh null  cells. Other 
rare specifi cities against high - frequency antigens include anti -
 En a , anti - Wr b  or anti - U. Usually, autoantibodies show reactivity 
against a number of antigens and are not as specifi c as 
alloantibodies.  

  Cold -  t ype  a utoimmune  h aemolytic  a naemia 
 In cold agglutinin syndrome, anti - i specifi city is usually seen. 
Occasionally, there is specifi city for anti - I, and even more rarely 
for anti - Pr, anti - P, anti - M or anti - N, and even cold - reacting 
anti - A or anti - B. In PCH, the specifi city is anti - P.   

  Effector  m echanisms for  i mmune  r ed  c ell  d estruction 
  in   vivo   
 Two main effector mechanisms exist  in vivo : (i) cell - mediated, 
predominantly extravascular, immune destruction and (ii) 
complement - mediated intravascular haemolysis. 

  Cell -  m ediated  i mmune  r ed  c ell  d estruction 
 Human macrophages and monocytes have cell - surface recep-
tors for the Fc portion of IgG and for antigenic determinants 
present on activated C3. Cellular immune destruction is medi-
ated through these receptors. Neutrophils and lymphocytes also 
have these receptors, but macrophages of the reticuloendothe-
lial system within the spleen, liver and bone marrow are the 
main site of destruction  in vivo . 
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addition, there is a strong association between SLE and the 
occurrence of null alleles for the C2 and C4 genes, which causes 
a genetically determined complement defi ciency.    

  Warm -  t ype  a utoimmune  h aemolytic  a naemias 

  Clinical  f eatures 
 Warm - type AIHA affects all age groups and accounts for up to 
70% of AIHA cases. Haemolysis is caused by high - affi nity IgG 
antibodies produced by reactive polyclonal B cells. An underly-
ing or associated disorder can be identifi ed in 50 – 70% of cases. 
Presentation is variable and depends on the speed with which 
anaemia develops, the capacity of the bone marrow to compen-
sate and the effects of any associated disease. Most commonly, 
the onset is insidious, with the gradual awareness of symptoms 
of anaemia or the observation of pallor or icterus by friends or 
relatives. Occasionally, the onset is acute, with rapidly develop-
ing anaemia and, in older patients, the risk of heart failure. 
Rarely, severe cases can occur with fulminating haemolysis, 
resulting in life - threatening anaemia. Mild jaundice is present. 
A moderate increase in unconjugated serum bilirubin and 
excess urinary urobilinogen occurs as a result of extravascular 
haemolysis. Intravascular haemolysis occurs occasionally, 
leading to dark urine caused by haemoglobinuria and haemo-
siderinuria. More marked icterus (bilirubin  > 90    µ mol/L) sug-
gests coexisting liver disease or biliary tract obstruction due to 
pigment gallstones or biliary sludge. Mild splenomegaly is 
common, rarely more than 2 – 3   cm below the costal margin at 
presentation. Marked splenomegaly suggests the possibility of a 
lymphoproliferative disease. Reticulocytosis is present, and the 
peripheral blood fi lm is characterized by polychromasia, sphe-
rocytes (Figure  10.1 ), circulating nucleated red cells and, in 
some cases, red cell agglutination. Rarely, there may be reticu-

 In cold AIHA, IgM agglutinins bind most avidly to red cells 
in the peripheral circulation, where the temperature may be as 
low as 10 – 20 ° C. Complement activation occurs and leads to 
C3b and iC3d expression on the red cell membrane. Macrophage 
destruction of red cells is the main mechanism of haemolysis in 
IgM cold antibody - coated cells and also occurs in warm AIHA 
as a result of complement - fi xing IgG and IgM antibodies.   

  Complement -  m ediated  i ntravascular  h aemolysis 
 Intravascular complement - mediated haemolysis is a minor 
mechanism for red cell destruction in most patients with AIHA. 
In a small proportion of patients, such a mechanism may 
predominate and produce severe intravascular haemolysis. 
Complement - induced intravascular haemolysis in warm AIHA 
is most likely to occur when more than one class or subclass of 
immunoglobulin is present on the red cell surface. Intravascular 
haemolysis has been reported with IgA - coated red cells, 
although the mechanism is obscure, as IgA does not itself fi x 
complement. 

 In cold AIHA syndromes, intravascular haemolysis may be 
precipitated by exposure to cold. In such cases, lytic as well as 
agglutinating antibodies with a high thermal range may be dem-
onstrated  in vitro . This pattern is not uncommon in cold AIHA 
associated with  Mycoplasma pneumoniae . Acute intravascular 
haemolysis is the usual presentation in PCH, where the anti-
body is IgG in type.   

  Other  f actors  i nfl uencing  r ed  c ell  d estruction and 
 p roduction 
  Bone  m arrow  f unction 
 The ability of the marrow to increase erythropoiesis may be 
impaired. Autoantibodies may be produced, which act against 
reticulocytes and erythroblasts, as well as mature red cells. Red 
cell production may also be reduced by folate defi ciency sec-
ondary to the increased demand. Lymphoproliferative diseases 
may impair production through infi ltration of the marrow.  

  Reticuloendothelial  f unction 
 The severity of cellular immune red cell destruction depends 
largely on macrophage function. Reticuloendothelial function 
may be reduced in SLE by the clearance of immune complexes, 
a process known as reticuloendothelial blockade. In methyl-
dopa - induced AIHA, the drug has been shown to reduce reticu-
loendothelial clearance of IgG - coated red cells, which might 
explain why many patients with a strongly positive DAT due to 
methyldopa have little or no haemolysis.  

  Hypocomplementaemia 
 Partial protection from complement - mediated lysis may occur 
in patients with chronic CHAD, in which continuous comple-
ment activation may lead to relative complement defi ciency. 
Hypocomplementaemia is common in SLE and may also be 
caused by chronic activation of the complement pathway. In 

     Figure 10.1     Warm autoimmune haemolytic anaemia. Blood fi lm 

showing spherocytosis, polychromasia and nucleated red blood 

cell ( × 40).  
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or in combination regimens. Splenectomy is usually considered 
but responses are inferior to those seen in uncomplicated ITP. 
More recently, the anti - CD20 antibody rituximab has produced 
remission of both cytopenias in a high proportion of children 
and adults with steroid - refractory Evans syndrome. Stem cell 
transplantation offers the only hope for long - term cure for 
severe refractory patients but carries a signifi cant risk of trans-
plant - related morbidity and mortality.  

  Warm  AIHA  in  i nfancy and  c hildhood 
 AIHA of unknown cause occurs in infancy and in young chil-
dren. In infancy, the onset is often acute and anaemia may be 
profound and diffi cult to control. The majority of cases in chil-
dren are transient. It is interesting that in this group the sex 
difference is reversed, with more boys being affected. In child-
hood, the haemolytic episode is frequently precipitated by 
infection. IgG antibodies may be transferred from a mother 
with AIHA across the placenta to produce haemolysis in the 
newborn.  

  Warm  AIHA   a ssociated with  o ther  a utoimmune  d iseases 
 AIHA is often associated with SLE, especially in young women. 
Autoantibodies are usually IgG, and both IgG and C3d are 
found on the red cell surface. Occasionally, the DAT may be 
positive because of immune complexes adsorbed onto the red 
cell surface. The spleen is important for clearing such coated 
cells and splenectomy should be avoided if possible. Otherwise, 
treatment is as for idiopathic AIHA (see below). This condition 
is also described with other autoimmune or presumed autoim-
mune diseases, notably rheumatoid arthritis, Sj ö gren syndrome 
and ulcerative colitis; AIHA is also part of the spectrum of 
autoimmune diseases associated with agammaglobulinaemia.  

  Warm  AIHA  in  l ymphoproliferative  d iseases 
 The most common association is with B - cell chronic lym-
phocytic leukaemia (CLL), low - grade B - cell non - Hodgkin 
lymphoma or Hodgkin disease. The AIHA may precede the 
diagnosis of lymphoma, sometimes by months or years. On 
other occasions, the presentations may be simultaneous or 
the AIHA may be delayed. The antibodies are polyclonal and 
have no distinct pattern of antibody type or specifi city. The 
formation of antibodies in this group is thought to be due to 
immune dysregulation rather than direct production by the 
malignant clone. Both fl udarabine and alemtuzumab, used 
in the treatment of CLL, are associated with an increased inci-
dence of often somewhat refractory autoimmune cytopenias, 
probably the result of their powerful effect on the immune 
system.  

  Warm  AIHA   d ue to  d rugs 
 Haemolytic anaemia caused by antibodies directed against self 
antigens has been described with a number of drugs. Mefenamic 
acid, levodopa and procainamide have been reported to provoke 

locytopenia associated with a positive DAT. There is an increase 
in lactate dehydrogenase (LDH) due to lysis of red cells, but 
other liver function tests are normal unless there is associated 
liver or biliary tract disease. The DAT is positive, most com-
monly as a result of the presence of red cells coated with IgG 
alone (mainly IgG1 and IgG3 subclasses) or IgG and comple-
ment (the latter pattern commonly seen in SLE). Autoantibody 
in the serum may show specifi city within the rhesus system (e.g. 
auto - anti - e), but in most cases is pan - reactive with all red blood 
cells. The autoantibody reacts at 37 ° C. In very rare cases the 
amount of antibody remaining on the red cell surface is insuf-
fi cient to be detected by the conventional DAT.   

  Idiopathic  w arm  AIHA  
 In approximately 30% of patients with a DAT - positive haemo-
lytic anaemia, no associated disorder is found. Idiopathic 
AIHA may occur at any age. There is a peak incidence during 
infancy and early childhood and a second rise during the third 
decade, with the majority of cases occurring after the fi fth 
decade. There is a preponderance of female patients in both 
idiopathic and secondary AIHA. A careful drug history should 
always be taken to exclude drug - induced AIHA, and chemical 
exposure at work or in the domestic environment must be 
assessed. In girls, AIHA may precede clinical or immunological 
evidence of SLE, so that negative serology for SLE does not 
exclude the disease at a later date. As mentioned above, the 
presentation may vary from the gradual onset of anaemia to an 
acute haemolytic process. Systemic symptoms are rare other 
than those of anaemia. Pallor, jaundice and mild splenomegaly 
(usually to between one and a half to fi ve times its normal 
size) are present. Enlargement of the spleen to the umbilicus 
or below is not a feature of idiopathic AIHA and suggests a 
secondary cause.  

  Evans  s yndrome 
 This is defi ned as the combination of AIHA and immune 
thrombocytopenia (ITP) in the absence of any underlying 
disease. The occurrence of thrombocytopenia may coincide 
with the haemolysis or may arise as separate episodes. The 
platelet and red cell antibodies are distinct and do not 
cross - react. Rarely, episodes of immune neutropenia or pancy-
topenia have also been described in association with a positive 
DAT. 

 The diagnosis is important because there appears to be a 
higher incidence of underlying illness such as immunodefi -
ciency or autoimmune lymphoproliferative disease in children 
and SLE or T - cell lymphoma in adults. Typically, the disease 
runs a chronic course characterized by relapses and remissions. 
Management is as for warm AIHA or ITP (see Chapter  49 ) but 
patients with Evans syndrome tend to be more resistant to 
initial therapy with prednisolone. Options for second - line 
therapy include immunosuppressive drugs such as vincristine, 
danazol, ciclosporin and mycophenolate mofetil as single agents 
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azathioprine is largely ineffective and is used for its steroid -
 sparing action at a dose of 1.5 – 2.0   mg/kg daily. Cyclophosphamide 
1.5 – 2.0   mg/kg daily or ciclosporin, starting at 5   mg/kg daily in 
two divided doses to achieve trough plasma levels of 100 –
 200   mg/L, can also be used. There has been recent interest in 
the use of mycophenolate mofetil as an alternative immunosup-
pressive agent for severe refractory AIHA. Response to these 
drugs is not usually seen for 4 – 6 weeks and they should 
be continued for at least 3 months before being deemed inef-
fective. The mechanism of action of these agents is relatively 
non - selective, resulting in signifi cant systemic toxicity includ-
ing bone marrow suppression, renal toxicity and the potential 
long - term risk of malignancy. It should be emphasized that 
there are no controlled trials to prove the worth of cytotoxic 
drugs in AIHA but there are small case reports of success with 
each agent.  

  Intravenous  i mmunoglobulin 
 Intravenous immunoglobulin has been used in AIHA, particu-
larly when IgG is the main component on the red cell surface. 
The dose used is the same as for ITP, 0.4   mg/kg daily for 5 days. 
AIHA responds less frequently to intravenous immunoglobulin 
than does ITP. Side - effects include headache, fever - chill reac-
tions and a small but present risk of viral transmission.  

  Splenectomy 
 The spleen is the primary site of clearance of antibody - coated 
red cells and splenectomy is considered if there is no response 
to corticosteroids after 3 months ’  trial. Patients with predomi-
nantly IgG on the red cell surface respond best, and those with 
complement often respond poorly. Splenectomy may be per-
formed laparoscopically; of selected patients, about 30% achieve 
a complete remission and do not require steroids, 30% have a 
signifi cantly reduced steroid requirement and the remainder 
show no or only transient response. There is no certain way to 
determine who will respond to splenectomy. There is an 
increased risk of overwhelming sepsis after splenectomy and all 
patients should receive pneumococcal, meningococcal and 
 Haemophilus infl uenzae  B vaccination at least 2 weeks before the 
procedure, and prophylactic penicillin indefi nitely. The com-
plications of splenectomy are dealt with in more detail in 
Chapter  8 . Because of the emergence of monoclonal antibody 
therapy as an effective alternative treatment for AIHA, there is 
a trend towards delaying splenectomy as an option for more 
resistant/refractory cases.  

  Monoclonal  a ntibody  t herapy 
 Recently, rituximab, a chimeric murine – human monoclonal 
antibody that binds to the CD20 antigen on B cells and imma-
ture plasma cells and largely used in the treatment of CD20 -
 positive B - cell non - Hodgkin lymphoma, has been shown to be 
effective in idiopathic and secondary warm AIHA as well as 
in cold agglutinin disease. The standard dose and treatment 

this condition. The mechanism by which AIHA is produced by 
exposure to drugs is not known. Alteration to the red cell mem-
brane or modulation of the immune response by the drug have 
both been suggested. Treatment of patients with CLL with 
fl udarabine and other purine analogues may provoke a very 
severe and life - threatening acute AIHA and, less commonly, 
other autoimmune cytopenias. The mechanism may be related 
to a decrease in autoregulatory T cells caused by treatment with 
fl udarabine.  

  Warm  AIHA  and  c arcinoma 
 AIHA has been recorded with a number of malignancies, but it 
is not clear that there is a true association. It may be associated 
with ovarian cysts, with the cyst fl uid containing the agglutinin. 
It has been suggested that there is also an association with 
ovarian carcinoma.  

  Warm  AIHA  and  v iral  i nfections 
 In children, but rarely in adults, AIHA may follow a viral infec-
tion. Haemolysis is usually brisk but self - limiting. It is possible 
that the virus alters the red cell membrane, which provokes 
 ‘ auto ’  antibodies against the altered antigens, or that antiviral 
antibodies cross - react with membrane antigens. A third possi-
bility is that immune complexes form between the virus and 
specifi c antibodies and are secondarily adsorbed onto the red 
cell surface, leading to immune destruction.   

  Treatment 
  Corticosteroids 
 First - line treatment of warm AIHA is with corticosteroids. The 
initial dose should be prednisolone 1 – 2   mg/kg body weight 
daily. The dose may be given once daily if tolerated and should 
be continued for 10 – 14 days, according to response. In patients 
who respond, the dose should then be reduced steadily, down 
to half the starting dose over the next 2 weeks and more gradu-
ally thereafter. In practice, the reduction in dose is tailored to 
individual patients and their response. It is important not to 
stop the steroids too quickly and allow relapse. About 70 – 80% 
of patients improve their haemoglobin initially but only 15 –
 20% maintain this response long term. For patients who do not 
respond or who require unacceptably high doses of pred-
nisolone ( > 20   mg/day) to maintain a reasonable haemoglobin, 
other measures should be tried as they are at risk of serious 
steroid side - effects such as avascular necrosis, osteoporosis, 
infections and diabetes mellitus. A proton pump inhibitor or 
histamine H 2  antagonist should be given at the same time 
as the steroids to reduce the risk of gastric erosions. Folic 
acid supplements should be given to patients with chronic 
haemolysis.  

  Cytotoxic  i mmunosuppressive  d rugs 
 These agents are used for patients who are refractory to steroids 
or those who relapse following steroid withdrawal. On its own, 
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lower, probably about 5%, with the majority of patients recov-
ering completely. AIHA may carry considerable morbidity, 
often from prolonged high - dose steroid therapy.   

  Cold -  t ype  a utoimmune  h aemolytic  a naemias 
 The clinical features of the cold haemagglutinin syndromes vary 
with the pathogenesis of the disorder. Serological tests are useful 
in identifying the cause and in determining treatment. The 
serological characteristics of the antibodies found in these syn-
dromes are shown in Table  10.2 .   

  Clinical  f eatures 
  Idiopathic  c old  h aemagglutinin  d isease 
 Primary CHAD, a relatively uncommon disorder accounting 
for only 15% of AIHA, is mainly seen in older people and runs 
a chronic course. Although the condition is mostly benign, the 
clinical features may be very distressing and disabling. Purplish 
skin discoloration, maximal over the extremities (acrocyano-
sis), may be present in cold weather. Acrocyanosis is due to 
stasis in the peripheral circulation secondary to red cell agglu-
tination. On warming the skin, the colour returns to normal or 
there is transient erythema. This sequence distinguishes acro-
cyanosis from Raynaud syndrome. Haemolysis resulting in 
anaemia is usually present and the patient may be mildly icteric. 
Occasionally, haemolysis dominates the clinical picture, 
depending on the ability of the antibody to activate comple-
ment on the red cell surface. The cold agglutinins are mono-
clonal IgM  κ , with heavy chain variable regions encoded by the 
IGHV4 – 34 gene segment but serum electrophoresis may not 
reveal a monoclonal band because the concentration of the 
protein is too low. CHAD may be thought of as a premalignant 
B - cell disorder, which only presents clinically because of the 
specifi city of the antibody for red cell surface antigens. This is 
highlighted by the fact that although, traditionally, CHAD has 
been defi ned by the absence of an underlying disorder, recent 
studies using sensitive fl ow cytometric and immunohisto-
chemical assessments have demonstrated a monoclonal CD20 -
 positive  κ  - positive B - lymphocyte population in the bone 

schedule used in follicular lymphoma (375   mg/m 2  i.v. weekly 
for 4 weeks) is used for autoimmune cytopenias, although more 
recent studies in ITP suggest that lower doses may be as effec-
tive. Response has been shown in patients who are steroid -
 refractory and who have received multiple treatment modalities, 
and some patients who relapse after rituximab have been found 
to respond to retreatment. Overall response rates of 45 – 75% 
have been reported, with durable responses of up to 3 years in 
patients of all ages. Side - effects are minimal and mainly infu-
sion related, such as fever, chills and hypotension. There are 
concerns about the long - term effects of the profound B - cell 
depletion that occurs immediately following rituximab therapy. 
However, naive and memory B cells can be detected by 4 – 6 
months after therapy and the incidence of viral infections 
remains low in treated patients. In contrast, the results with 
alemtuzumab (Campath 1H), the anti - CD52 antibody, have 
been disappointing in AIHA and ITP.  

  Blood  t ransfusion 
 Blood transfusion must be given if the clinical situation demands 
it, if the haemoglobin continues to fall or heart failure develops, 
despite the impossibility of achieving a satisfactory cross - match 
in the presence of a positive DAT. The least incompatible 
grouped blood should be used and transfused slowly. Some 
authors recommend the use of blood lacking antigens to which 
the autoantibodies react, but others point out that specifi city is 
rarely absolute and that there is a risk of provoking an alloan-
tibody response.   

  Prognosis 
 The prognosis in warm AIHA depends on a number of varia-
bles, including age, associated diseases and severity of haemoly-
sis. In all patients, AIHA should be considered a serious and 
potentially life - threatening disease. Estimates of mortality of 
idiopathic AIHA in adults vary from 10% at 5 years to 40% at 
7 years. The higher fi gures are mainly in patients aged over 50 
years. Most deaths occur in the fi rst 2 years after diagnosis and 
are related to associated disease. In children, mortality is much 

  Table 10.2    Serological characteristics of cold - acting antibodies in the cold agglutinin syndromes. 

   Disorder     Specifi city  

   Anti - I     Anti - i     Anti - P,  - Pr  

  Idiopathic (CHAD)    Monoclonal IgM  κ         Monoclonal (rare)  

  Secondary to              

     Lymphoproliferative disease    Monoclonal IgM  κ / λ  (IgG)    Monoclonal (rare)      

      Mycoplasma pneumoniae     Polyclonal          

     Infectious mononucleosis    Polyclonal    Polyclonal      

  Paroxysmal cold haemoglobinuria    Donath – Landsteier (biphasic)        Polyclonal (anti - P)  

   CHAD, cold haemagglutinin disease; mono.   
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  Treatment 
  General 
 Management of cold haemagglutinin syndromes is diffi cult. All 
patients should avoid exposure to cold, and electrically heated 
gloves and socks are available for use in winter. Wintering in a 
warm climate is a pleasant alternative. Folic acid supplements 
should be given to patients with chronic haemolysis.  

  Alkylating  a gents 
 Chlorambucil may be effective in reducing antibody production 
when there is an underlying B - cell neoplasm such as in CLL. 
Intermittent regimens such as 10   mg/day for 14 days every 4 
weeks or continuous treatment of 2 – 4   mg/day are both effective. 
Long - term treatment carries the risk of bone marrow suppres-
sion and the development of myelodysplasia and acute myeloid 
leukaemia. Alkylating agents including chlorambucil, purine 
analogues such as cladribine and interferon alfa are usually 
ineffective in idiopathic CHAD.  

  Corticosteroids 
 Corticosteroids are rarely of use. They should be used only in 
exceptional circumstances when the antibodies are present in 
low titres and have a high thermal range. Their use should be 
avoided in other cases.  

  Splenectomy 
 Removal of the spleen is rarely of any use. The cells are coated 
with C3b and destruction occurs mainly in the liver.  

  Blood  t ransfusion 
 Blood transfusions should be given with due regard to the dif-
fi culty in cross - matching in the presence of cold haemaggluti-
nins. Blood should be given through an in - line blood warmer. 
The patient should be nursed in a warm environment, prefer-
ably at 37 ° C. Special precautions are needed for surgical proce-
dures to keep the patient warm.  

  Plasma  e xchange 
 The titre of cold agglutinin may be lowered temporarily by 
plasma exchange. The procedure may be useful in the control 
of severe symptoms but has no effect on the underlying disease.  

  Monoclonal  a ntibody  t herapy 
 The anti - CD20 monoclonal antibody rituximab has been 
shown to be an effective therapeutic option for both idiopathic 
CHAD and cold agglutinin syndromes with associated 
B - lymphoproliferative disorders. Response rates of up to 50% 
have been reported in Phase II studies but with relatively short 
response duration of only 11 months.    

  Paroxysmal  c old  h aemoglobinuria 
 This rare syndrome usually occurs in children following acute 
viral infections. The original cases were described by Donath, 

marrow of 90% of patients and lymphoplasmacytic lymphoma 
is a frequent fi nding. 

 In the laboratory, spontaneous agglutination of red cells is 
frequently observed, both macroscopically and on the periph-
eral blood fi lm if made at room temperature (Figure  10.2 ). 
Automated blood cell counters detect the agglutinates and 
record erroneously high mean corpuscular volume and low 
haemoglobin values, unless the sample is tested at 37 ° C. The 
DAT shows only C3d on the red cell surface; IgM cold aggluti-
nins are not detected because they elute from the cell surface  in 
vitro . They are usually anti - I, although anti - Pr, anti - P and other 
rarer specifi cities have been described.    

  Cold  a gglutinin  s yndromes and  l ymphoproliferative 
 d isorders 
 Occasionally, the cold agglutinin syndrome accompanies or 
precedes a B - cell lymphoma or CLL. In these cases, the antibody 
is monoclonal and is a product of the malignant clone. The 
serological specifi city is either anti - I or anti - i. Haemolysis is 
often more troublesome than symptoms of agglutination. The 
prognosis is usually that of the underlying lymphoproliferative 
disease.  

  Cold  a gglutinin  s yndromes and  i nfections 
 Haemolysis due to cold agglutinins may follow infections, 
almost always due to  M. pneumoniae , or infectious mononucle-
osis. Rare cases following  Listeria  or  Toxoplasma  infections have 
been reported. The antibodies are mostly polyclonal IgM in type 
but occasional IgG cold antibodies are found. The antibodies 
develop in response to the infecting organism and cross - react 
with the red cell antigens. Haemolysis appears 2 – 3 weeks after 
the infection and is usually mild and self - limiting. Occasionally, 
very severe and even fatal acute intravascular haemolysis devel-
ops after  M. pneumoniae  infection. Blood transfusion through 
a blood warmer may be urgently required.   

     Figure 10.2     Cold haemagglutinin disease. Blood fi lm showing 

gross haemagglutination ( × 20).  
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ognized, so that large doses of the drug are continued in the 
presence of increasing antibody levels, complement fi xation 
and acute intravascular haemolysis may occur. The DAT 
becomes positive after some weeks of treatment and is due to 
IgG only on the red cell surface. When the drug is stopped, the 
DAT rapidly becomes negative and haemolysis stops. Antibody 
in the patient ’ s serum or eluate from the red cells will react with 
normal red cells only in the presence of the drug. The clinical 
and serological features are shown in Table  10.3 .    

  Immune  c omplex  m echanism:  c omplement -  a ctivated  a cute 
 i ntravascular  h aemolysis 
 Several drugs have been reported to cause immune haemolytic 
anaemia by this mechanism. Those most frequently reported 
are rifampicin, phenacetin, quinine, quinidine, hydrochlorothi-
azide and chlorpropamide and, more recently, intravenous 
cephalosporins and diclofenac (see below). Hapten – carrier 
complexes are formed between these drugs and plasma pro-
teins, leading to the production of drug - specifi c antibodies. 
Once drug antibodies are present, reintroduction of the drug 
causes immune complexes to form, which are adsorbed onto 
the red cell membrane and complement is activated. 

 Classically, haemolysis occurs on the second or subsequent 
exposure to the drug and may develop within minutes or hours 
of drug ingestion. Severe intravascular haemolysis may occur 
with fever, rigors or nausea and, in extreme cases, acute renal 
failure. Several groups have reported fatal immune haemolysis 
with the third - generation cephalosporin ceftriaxone, and 
cefotaxime and ceftazidime have also been reported to cause 
immune haemolytic anaemia. Second - generation cepha-
losporins have also been implicated, although there are fewer 
reports with them than with third - generation antibiotics. 
Diclofenac can also cause an immune haemolytic anaemia with 
intravascular haemolysis, and this is thought to be mediated by 
both immune complex and drug adsorption mechanisms.  

  Membrane  m odifi cation  m echanism 
 Cephalosporin, in addition to the drug adsorption mechanism, 
can cause a positive DAT by modifying red cell membrane 
components. Cisplatin and carboplatin have also been reported 
to cause immune haemolytic anaemia by this mechanism. As a 
result, a variety of plasma proteins, including immunoglobulin 
and complement, may attach via a non - immune mechanism to 
the red cell membrane. This may result in the fi nding of a posi-
tive DAT but rarely causes immune haemolytic anaemia. 

 Ribavirin in combination with interferon alfa or peginter-
feron alfa is the treatment for chronic hepatitis C infection. The 
main dose - limiting toxicity is haemolytic anaemia. Ribavirin 
enters cells and is phosphorylated to ribavirin triphosphate. In 
nucleated cells the triphosphate is hydrolysed back to ribavirin, 
which leaves the cells as the serum level declines. Red cells lack 
the hydrolysing enzymes: the triphosphate accumulates and 
alters the deformability of the membrane and extravascular 

Landsteiner and Ehrlich in congenital and tertiary syphilis 
but such cases are no longer encountered. A history of cold 
exposure is not always present and presentation is with sudden 
intravascular haemolysis resulting in pallor, dark urine (haemo-
globinuria), abdominal pain and sometimes collapse. The cold 
antibody is a biphasic polyclonal IgG antibody (Donath –
 Landsteiner antibody) that reacts with red cells below 20 ° C in 
the peripheral circulation, causing lysis by complement activa-
tion as the red cells are warmed to 37 ° C in the central vessels. 
The antibody has specifi city for the P antigen. 

 Treatment depends on keeping the patient warm, preferably 
at an ambient temperature of 37 ° C. Haemolysis is usually self -
 limiting but blood transfusion is often required. The rare pp 
cells are not usually available and transfusion of ABO -  and 
rhesus - compatible P - positive blood should be given through a 
blood warmer.   

  Alloimmune  h aemolytic  a naemia 

  Drug -  i nduced  i mmune  h aemolytic  a naemia 
 Antibody - induced haemolytic anaemia caused by drugs is 
rare but in some cases may be acute, severe and even life -
 threatening. Four main mechanisms have been proposed for 
antibody - dependent drug - induced haemolytic anaemias: drug 
adsorption, immune complex and membrane modifi cation 
mechanisms that lead to antibodies reacting with novel epitopes, 
and true autoantibody - induced haemolytic anaemia (see 
above). The same drug at different doses or repeated usage may 
activate different mechanisms and there are recent suggestions 
that membrane modifi cation may underlie most of the mecha-
nisms. The diagnosis of drug - induced immune haemolytic 
anaemia should be made in three stages: (i) diagnosis of a DAT -
 positive haemolytic anaemia; (ii) careful drug history; and (iii) 
serological demonstration of drug - specifi c antibody, which 
interacts with red cells. 

  Pathogenesis 
  Drug  a dsorption  m echanism:  I  g  G   a ntibodies and 
 e xtravascular  h aemolysis 
 Penicillin is the prototype drug, although cephalosporins and 
other penicillin derivatives have also been implicated. Drugs in 
this group readily form hapten – carrier complexes with plasma 
proteins, which enhance drug - specifi c antibody production. It 
has been estimated that 90% of individuals receiving penicillin 
produce clinically insignifi cant IgM anti - penicillin antibodies. 
When high - dose intravenous penicillin is administered, the 
drug is adsorbed onto the red cell surface, where it becomes 
non - specifi cally attached to red cell surface proteins. A minority 
of patients on high - dose intravenous penicillin therapy ( > l 
million units daily) develop high - titre IgG anti - penicillin anti-
bodies that attach to the drug bound to the red cell surface and 
cause predominantly extravascular haemolysis. The clinical 
picture is usually of mild to moderate haemolysis but if unrec-
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  Immune  c omplex  m echanism 
 The DAT is usually positive but may be negative if performed 
immediately after a brisk episode of haemolysis. The red cell 
eluate is not reactive even in the presence of the drug. The drug -
 specifi c antibody is best detected by preincubating the patient ’ s 
serum with the drug in solution to allow immune complexes to 
form. The preincubated serum is then tested against normal 
and enzyme - modifi ed groups of cells in the presence of fresh 
complement. In some cases the antibodies may be specifi c for 
metabolites rather than for the parent drug. Drug metabolite 
antibodies may be detected by preincubating drug metabolite 
obtained from the serum or urine of a volunteer (who has taken 
the drug) with the patient ’ s serum. A simplifi ed summary of the 
serological investigation of a patient with suspected drug -
 induced immune haemolysis is shown in Table  10.3 .    

  Alloimmune  h aemolytic  a naemia with  a nti -  D  
 Intravenous anti - D immunoglobulin (WinRho) is licensed for 
the treatment of ITP in unsplenectomized RhD - positive 
patients. Some intravenous anti - D immunoglobulin prepara-
tions have been licensed for treatment of ITP in unsplenect-
omized RhD - positive patients. Higher doses than those used in 
prevention of haemolytic disease of the newborn are indicated 
by the manufacturers. The mechanism of action is thought to 
be inhibition of platelet destruction by the spleen due to phago-
cytosis of coated red cells. In some patients, severe acute intra-
vascular haemolysis may occur 1 – 24 hours after treatment. The 
onset is with loin pain, fever, prostration and dark red or black 
urine. Oliguria and disseminated intravascular coagulation 
(DIC) may ensue with renal failure. A number of deaths have 

haemolysis occurs. With ribavirin monotherapy the haemolysis 
may be compensated by increased marrow activity but the 
marrow suppression caused by interferon alfa inhibits the 
response and severe anaemia may result. Occasionally, autoan-
tibodies have been detected, presumably generated to antigens 
in the altered membrane. Haemolytic anaemia may require 
dose reduction ( < 800   mg/day) or erythropoietin in 10 – 30% of 
patients.  

  Autoimmune  m echanism 
 Methyldopa was the paradigmatic drug in drug - induced AIHA. 
Ther was a delay of some 6 weeks before the DAT became 
strongly positive due to IgG on the red cell surface. Haemolysis 
was absent or trivial, although this is not true with some other 
drugs that produce haemolysis by this route, notably mefenamic 
acid (Ponstan). The antibodies usually show no Rh specifi city 
when tested against Rh null  cells. It should be noted that 
some drugs may produce haemolysis by both the immune 
complex and autoimmune mechanisms, depending on the 
circumstances.   

  Serological  d iagnosis of  d rug -  i nduced  h aemolytic  a naemia 
  Drug  a dsorption and  m embrane  m odifi cation  m echanisms 
 The DAT is usually positive with IgG1, or IgG and C3 on the 
red cell surface. The red cell eluate and serum do not react 
against normal or enzyme - modifi ed red cells. Warm - reacting 
drug - specifi c antibody in the eluate and serum is only detected 
after preincubation of the test red cells with the appropriate 
drug.  

  Table 10.3    Drug - induced immune haemolytic anaemias: clinical and serological features. 

        Drug adsorption 

mechanism  

   Immune complex 

mechanism  

   Autoimmune mechanism     Membrane modifi cation 

mechanism  

  Examples    Penicillin    IV third - generation 

cephalosporins  

  Methyldopa    Cephalosporins  

  Cephalosporins    Quinidine    Procainamide    Cisplatin  

      Diclofenac    Mefenamic acid    Carboplatin  

          Fludarabine  *        

          Cladribine  *        

  Dose/duration    Large therapeutic 

doses/prolonged  

  Very low dose on second 

or subsequent 

exposure/short  

  Therapeutic 

 About 6 weeks  

  Therapeutic  

  Haemolysis    Extravascular    Intravascular    Extravascular    Rare  

  Subacute    Acute    Mild/subacute      

  DAT    IgG    ±    C ′ 3    C ′ 3 only    IgG only    IgG  

  Serum reaction    To drug - treated cells    Only in presence of drug 

or metabolite  

  To normal cells    To drug - treated cells  

  Eluate reaction    To drug - treated cells    Non - reactive    To normal cells    To drug - treated cells  

    * May change T - cell regulation.   
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been reported. The reaction is similar to that seen in acute 
intravascular haemolytic reaction in mismatched transfusion 
reactions (see Chapter  16 ), but so far no culpable antibodies 
other than anti - D have been detected in different batches of the 
anti - D preparations tested. The reaction does not happen at the 
doses used with any of the preparations given to prevent rhesus 
sensitization in pregnancy.    

  Non -  i mmune  a cquired  h aemolytic 
 a naemias 

 Haemolysis and haemolytic anaemia may be the consequence 
of a wide variety of acquired conditions that do not lend them-
selves to a precise and logical classifi cation. Classifi cation tends 
to be based on causes rather than mechanisms, although there 
are some common pathogenetic mechanisms that lead to red 
cell destruction. The main groups of agents causing haemolysis 
are infections, vascular disorders (mechanical disorders) and 
chemical and physical agents, and disorders affecting the red 
cell membrane. A classifi cation is shown in Table  10.4 .   

  Infections  c ausing  h aemolytic  a naemia 

 A variety of infections may produce haemolysis through several 
different pathways. Haemolysis may be a consequence of direct 
invasion of the red cell by a microorganism or may arise from 
alterations in the microcirculation, leading to mechanical 
haemolysis. The intracellular organisms tend to produce the 
more severe haemolysis. 

  Malaria 
 Some degree of haemolysis is seen in all types of malarial 
infection, but the most severe abnormalities are found in 
 Plasmodium falciparum  infection.  Plasmodium falciparum  
infection is one of the most common causes of anaemia in the 
world. Many factors may contribute to the anaemia, including 
marrow suppression, dyserythropoiesis, folate defi ciency, 
hypersplenism and red cell sequestration, as well as haemolysis. 
The condition has two main components: extravascular destruc-
tion of parasitized cells in the reticuloendothelial system, par-
ticularly the spleen, and intravascular lysis when the sporozoites 
break out of the red cells in the circulation. In most patients, 
the systemic symptoms of malaria dominate the clinical picture 
but, occasionally, acute intravascular haemolysis is the present-
ing emergency problem. Haemolysis in malaria is often associ-
ated with a positive DAT.  

  Blackwater  f ever 
 Acute intravascular haemolysis leading to the passing of black 
or dark - red urine is an uncommon but well - described and 
feared complication of falciparum malaria. The syndrome 
usually occurs after a few days of typical malaria fever. The 
appearance of black urine is usually accompanied by further 

  Table 10.4    Non - immune acquired haemolytic anaemias. 

   Cause     Examples     Mechanisms  

  Infections    Falciparum malaria    Intracellular 

organisms  

  Babesiosis      

   Bartonella       

  Meningococcal sepsis    Endotoxin - induced 

DIC  

  Pneumococcal sepsis      

  Gram - negative sepsis      

  Atypical 

mycobacterial 

infections  

  Haemophagocytic 

syndromes  

  HIV      

  Viruses      

   Clostridium 

perfringens   

  Enzyme toxins  

  Snake, spider bites      

  Chemical and 

physical 

agents  

  Drugs    Oxidative damage  

  Industrial/domestic 

substances  

    

  Burns    Heat  

  Drowning    Osmotic lysis 

(fresh water), 

dehydration of 

red cells (salt 

water)  

  Lead poisoning      

  Copper (Wilson 

disease)  

  Enzyme inhibition  

  Fragmentation 

(mechanical)  

  Cardiac haemolysis    Lysis on prosthetic 

surfaces  

  Perivalvular leak      

  Microangiopathic 

haemolytic 

anaemia  

  Vasculitis, 

endothelial cell 

swelling, fi brin 

shear  

  March 

haemoglobinuria  

    

  Acquired 

membrane 

disorders  

  Liver disease    Lipid/cholesterol 

changes  

  Paroxysmal nocturnal 

haemoglobinuria  

  Somatic mutation  

   DIC, disseminated intravascular coagulation.   

fever and often back pain in the renal angle. Oliguric renal 
failure may ensue, particularly if the patient becomes hypoten-
sive and hypovolaemic from dehydration. Pulmonary and cer-
ebral symptoms may develop. The condition was fi rst described 
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recovery. In non - immune individuals, there may be splenom-
egaly and haemolytic anaemia, partly intravascular, partly 
through erythrophagocytosis. The organism is rapidly 
killed by chloramphenicol, tetracyclines, penicillin and 
aminoglycosides.  

   Clostridium  p erfringens  
  Clostridium perfringens  septicaemia causes an intense intravas-
cular haemolysis with prominent microspherocytosis and ghost 
cells in the peripheral blood fi lm. The spherocytosis is the result 
of membrane destruction by lipases and proteases produced by 
the organism. Although the organism is sensitive to a variety of 
antibiotics, the appearance of intravascular haemolysis is usually 
a harbinger of death because of the toxaemia.  

  Toxoplasmosis 
 Infection with  Toxoplasma gondii  acquired  in utero  may produce 
haemolysis and a syndrome similar to haemolytic disease of 
the newborn. In adults, toxoplasmosis is not associated with 
haemolysis, except perhaps in the immunocompromised host.  

  Bacterial  i nfections 
 Intravascular coagulation produced by bacterial infection may 
be accompanied by some degree of intravascular haemolysis 
with fragmentation of red cells. Septicaemia from meningococ-
cal or pneumococcal infection may show evidence of haemoly-
sis, but such features are not clinically signifi cant compared 
with the other effects of the septicaemia.  

  Haemorrhagic  f evers 
 Haemorrhagic fevers may be accompanied by haemolysis. 
Dengue fever is widespread in many parts of the world and may 
cause intravascular haemolysis. Other haemorrhagic fevers, for 
example yellow fever and West African haemorrhagic fevers, 
may also produce haemolysis.  

  Haemophagocytic  s yndrome 
 The haemophagocytic syndrome (HPS) is characterized by pro-
liferation of macrophages in the bone marrow, spleen, liver and 
lymph nodes, with inappropriate phagocytosis of erythroid pre-
cursors, granulocytes and platelets. In some variations, the skin 
may be involved. It may occur in severe systemic infections, 
such as cytomegalovirus, fungal infection and tuberculosis. 
Clinically, the patient presents with persistent fever, pancytope-
nia, jaundice and evidence of liver dysfunction, often with a 
coagulopathy. The manifestations may be acute or subacute, 
with the patient exhibiting severe malaise, weight loss and 
rapidly developing pancytopenia. The jaundice is partly the 
result of the destruction of red cells and their precursors in the 
marrow, spleen or liver, usually associated with a marked rise 
in LDH. There is an acute - phase response, with greatly elevated 
serum ferritin levels ( > 20   000    µ g/L) and increases in interferon 
(IFN) -  γ  and tumour necrosis factor (TNF) -  α  with variable 
changes in other cytokines. The syndrome is associated with 
abnormal T - cell activation, which triggers the macrophage 

in white people, most of whom had been treated with quinine, 
and the importance of this association was stressed. However, 
the condition is seen in all populations in endemic areas and 
certainly does not seem to be confi ned to non - immune indi-
viduals. In indigenous populations, glucose - 6 - phosphate dehy-
drogenase (G6PD) defi ciency may play a part in the pathogenesis 
as well as quinine exposure. The spread of chloroquine - resistant 
malaria in the Far East has led to increased use of quinine and 
an increase in the incidence of blackwater fever. 

 The degree of parasitaemia is very variable. In about half of 
the cases the parasite count may be high, whereas in others the 
count may be low, perhaps because of the intense intravascular 
haemolysis. The red cell count may fall to 1    ×    10 12 /L within 24 
hours of the start of the haemoglobinuria. There is usually a rise 
in fi brin degradation products in the serum, but this rise is not 
often marked and is compatible with a degree of renal failure. 
Intravascular coagulation does not seem to play a major role in 
pathogenesis. 

 Immediate treatment is directed towards correction of the 
fl uid and electrolyte loss, counteracting the anaemia and eradi-
cation of the parasite. Renal dialysis may be required and may 
have to be continued for 1 month or more before renal function 
returns. Subsequent attacks of falciparum malaria are likely to 
produce further episodes of blackwater fever in susceptible indi-
viduals, so scrupulous prophylaxis should be followed.  

  Babesiosis 
 Infection with the intracellular protozoan  Babesia  is uncom-
mon and symptomatic disease is mostly confi ned to splenect-
omized patients, at least in the European variety.  Babesia  is a 
tick - borne organism, the tick in Europe being  Ixodes ricinus , 
associated with cattle, and in North America,  Ixodes dammini , 
carried by rodents and deer. It may be transmitted by blood 
transfusion. 

 In splenectomized patients, the disease has an acute onset 
and is often fatal. There is a 1 – 3 day period of malaise, some-
times with vomiting and diarrhoea, followed by high fever, 
rigors, jaundice, acute intravascular haemolysis, haemoglob-
inuria, renal failure and death. In North America, unsplenect-
omized patients may experience a milder self - limiting disease, 
although intravascular haemolysis does occur. The diagnosis is 
made from the peripheral blood fi lm, where the parasites, 
looking very similar to  P. falciparum , are seen in the red cells. 
There may be a history of tick bite or of exposure to potential 
vectors. Treatment is diffi cult. Clindamycin and quinine are the 
standard therapy for severe infection; exchange transfusion and 
renal support may be required in severely affected patients.  

   Bartonella  (Oroya  f ever) 
 Infection with  Bartonella bacilliformis  is an arthropod - 
transmitted infection found only in the western Andes of Peru 
and neighbouring countries. The diagnosis is made from the 
peripheral blood fi lm. The organism is an intracellular Gram -
 negative rod during the acute attack, becoming coccoid in 
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according to the pathogenesis, so the signs of intravascular 
haemolysis vary from absence of haptoglobin, elevated LDH 
and minimal haemosiderinuria to acute intravascular destruc-
tion with haemoglobinaemia and haemoglobinuria. The major 
causes of fragmentation haemolysis are shown in Table  10.5 .     

  Cardiac  h aemolytic  a naemia 
 This syndrome was so called because it mainly occurred after 
cardiac surgery in which prosthetic valves, patches or grafts 
were inserted. Haemolysis usually becomes signifi cant only 
when there is turbulent fl ow that brings the circulating red cells 
into intimate contact with the prosthetic material. There are 
certain situations in which the haemolysis may be of consider-
able clinical importance. 

response and which may be the consequence of a T - cell lym-
phoma or may be unmasked by a variety of infections. The two 
main subdivisions of the syndrome are infection - associated 
HPS and malignant HPS. Clinically, the distinction may be very 
diffi cult because in the lymphomas the proliferation may be 
trivial, the syndrome being derived from the release of cytokines, 
and because in malignant HPS superadded infection is common. 
Likewise, in infection - associated HPS it may be impossible 
to identify the underlying infection. In children, infection - 
associated HPS seems to be more common, whereas in adults 
the majority of cases are associated with lymphoma.   

  Fragmentation  h aemolysis:  m echanical 
 h aemolytic  a naemias 

 The relationship between the vascular endothelium, the cellular 
elements of the blood and the mechanisms of haemostasis and 
fi brinolysis is clearly intricate and complex. The integrity of the 
red blood cell may be destroyed by contact with abnormal 
endothelial surfaces, although not all abnormalities of vessels 
cause haemolysis. It may be that some adherence between the 
red cell and the abnormal vessel wall is necessary for fragmenta-
tion of the red cell to occur, and that this usually happens in 
the context of abnormal fl ow as well as an altered endothelium. 
The situations in which fragmentation haemolysis may occur 
are the presence of prosthetic material and altered fl ow follow-
ing cardiovascular surgery, the trapping or adherence of red 
cells in arteriovenous malformations, and the destruction of red 
cells in pathologically altered small blood vessels (microangio-
pathic haemolytic anaemia). 

 The characteristic features of fragmentation haemolysis are 
the appearance of the blood fi lm (Figure  10.3 ) and the presence 
of intravascular haemolysis. Depending on the underlying vas-
cular pathology, there may be a reduction in the platelet count 
and evidence of DIC. The rate of red cell destruction also varies 

     Figure 10.3     Microangiopathic haemolytic anaemia. Blood fi lm 

from a patient with carcinoma and bone marrow metastases. 

Note fragmentation of red cells, leucoerythroblastic changes with 

nucleated red cell and metamyelocyte and low platelets suggesting 

possible disseminated intravascular coagulation ( × 40).  

  Table 10.5    Classifi cation of mechanical 

anaemias caused by fragmentation 

haemolysis. 

   Vascular origin     Pathogenesis     Platelets  

  Cardiac haemolysis    Prosthetic heart valves    Normal  

  Patches, grafts      

  Paraprosthetic or perivalvular leaks      

  Arteriovenous malformations    Kasabach – Merritt syndrome    Very low  

  Malignant haemangioendotheliomas      

  Microangiopathic    TTP/HUS    Low  

  Malignant disease    Normal/low  

  Vasculitis    Normal/low  

  Pre - eclampsia, HELLP    Low  

  Renal vascular disorders    Normal/low  

  Disseminated intravascular coagulation    Low  

   HELLP, haemolysis with elevated liver function tests and low platelets; HUS, haemolytic –

 uraemic syndrome; TTP, thrombotic thrombocytopenic purpura.   
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ated with DIC; platelet adherence and aggregation; and vascu-
litis. The vessel abnormalities may be generalized or confi ned 
to particular sites or organs. In most cases, the haemolysis is of 
less consequence than the underlying cause of the microangio-
pathy, but the fragmentation of red cells may be important in 
pointing to the diagnosis. Some of the disorders producing 
MAHA are given in Table  10.6 . Only well - defi ned clinical syn-
dromes are described in detail here.   

  Microangiopathic  h aemolytic  a naemia and 
 m alignant  d isease 
 Fragmentation of red cells with chronic intravascular haemoly-
sis may occur in malignant disease. Clinically signifi cant 
anaemia may occur, especially when there is invasion of the 
tumour into a large blood vessel (as in haemangiopericytoma), 
but more commonly the haemolysis is trivial or well compen-
sated. The fragmentation may simply be noted on the blood 
fi lm. A blood fi lm that shows evidence of MAHA together with 
leucoerythroblastic changes is virtually diagnostic of malignant 
disease with secondary deposits in the bone marrow (Figure 

  Periprosthetic or  p erivalvular  l eaks 
 If after insertion of a prosthesis or repair of a heart valve a leak 
occurs around the valve or through a suture track, there may 
be severe intravascular haemolysis without evidence of haemo-
dynamic distress. A diffi culty may be that fragmentation of red 
cells is not always prominent, although spherocytes may be 
present. However, once autoimmune haemolysis is ruled out, 
the diagnosis can scarcely be anything other than cardiac 
haemolysis in a patient who has had cardiac surgery. The 
haemolysis can be cured only by further surgery.  

  Ambulatory  h aemolysis 
 A patient who has undergone valve replacement may show only 
slight evidence of haemolysis while in hospital but experience 
signifi cant anaemia after discharge. This is thought to occur 
because the higher cardiac output associated with the greater 
exercise as an outpatient produces more turbulence and hence 
greater opportunity for red cell fragmentation. A similar mech-
anism is thought to operate if the patient becomes iron defi cient 
as a result of chronic intravascular haemolysis. Iron replace-
ment and advice about the level of exercise may prevent or delay 
the need for further surgery.  

  Cardiopulmonary  p ost -  p erfusion  s yndrome 
 Acute intravascular haemolysis may occur in patients who have 
undergone cardiopulmonary bypass surgery. The haemolysis 
may be accompanied by neutropenia and pulmonary distress. 
The syndrome does not strictly belong in this section as the 
haemolysis seems to be caused by complement activation and 
binding of the membrane attack complex to the red cell surface. 
The blood fi lm shows ghost red cells rather than fragmentation. 
The condition is self - limiting and the patient requires only sup-
portive care.   

  Arteriovenous  m alformation 
 Fragmentation of red cells may be seen in Kasabach – Merritt 
syndrome, in which platelets are trapped in the vascular network 
of giant arteriovenous malformations, sometimes with evidence 
of a consumption coagulopathy. The bleeding disorder is of 
greater signifi cance than the haemolysis in these patients. A 
similar picture, usually with clear evidence of a consumptive 
coagulopathy with evidence of DIC, may be seen in malignant 
haemangio - endothelioma, in which the tumour tends to invade 
and grow along veins.  

  Microangiopathic  h aemolytic  a naemias 
 Microangiopathic haemolytic anaemia (MAHA) is a condition 
in which intravascular haemolysis with fragmentation of red 
cells is caused by their destruction in an abnormal microcircula-
tion. Proof of microangiopathy may be lacking in those not 
subjected to a post - mortem, and MAHA should be considered 
a clinical syndrome. The three main pathological lesions that 
give rise to MAHA are deposition of fi brin strands, often associ-

  Table 10.6    Causes of microangiopathic haemolytic anaemia. 

   Disease     Microangiopathy  

  Haemolytic – uraemic 

syndrome  

  Endothelial cell swelling, 

microthrombi in renal vessels  

  Thrombotic 

thrombocytopenic 

purpura  

  Platelet plugs, microaneurysms, 

small - vessel thrombi  

  Renal cortical necrosis    Necrotizing arteritis  

  Acute glomerular nephritis      

  Malignant hypertension      

  Pre - eclampsia    Fibrinoid necrosis  

  HELLP      

  Polyarteritis nodosa    Vasculitis  

  Wegener granulomatosis      

  Systemic lupus 

erythematosus  

    

  Homograft rejection    Microthrombi in transplanted 

organ  

  Mitomycin C    Uncertain  

  Ciclosporin    Renal vessel anomalies  

  Carcinomatosis    Abnormal tumour vessels, 

intravascular coagulation 

(disseminated or localized)  

  Primary pulmonary 

hypertension  

  Abnormal vasculature  

  Cavernous haemangioma 

(Kasabach – Merritt)  

  Local vascular changes, 

thrombosis  

   HELLP, haemolysis with elevated liver function tests and low 

platelets.   
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lysis in normal subjects are shown in Table  10.7 . The clinical 
features of this condition are dependent on the main sites of 
oxidative attack, whether on the membrane of the red cell 
(intravascular haemolysis), the globin chains (Heinz body for-
mation) or the haem group (methaemoglobin accumulation).   

  Chronic  i ntravascular  h aemolysis with Heinz  b odies 
 Dapsone and sulfasalazine (Salazopyrin) will cause oxidative 
intravascular haemolysis in normal subjects if taken in suffi -
ciently high dosage. Red cells show the  ‘ bite ’  abnormality of the 
chemically damaged cell (Figure  10.5 ). Heinz bodies may be 
absent or scanty in patients with an intact spleen. Dapsone may 
be used in the treatment of G6PD - defi cient subjects with 
leprosy and in the treatment of dermatitis herpetiformis, in 
which functional hyposplenism occurs; Heinz bodies appear in 
the latter case, acute intravascular haemolysis in the former. 
Haemosiderinuria may be detected in patients taking these 

 10.3 ). Mucin - secreting tumours are most likely to produce 
MAHA. 

 In acute leukaemia, particularly but not exclusively promy-
elocytic (M3), there may be intense intravascular coagulation 
that may be accompanied by MAHA. The coagulation changes 
dominate the clinical picture.  

  Microangiopathic  h aemolytic  a naemia and  i nfection 
 Infections, particularly septicaemia, may provoke intravascular 
coagulation and MAHA. Generally, the coagulation changes 
and septic shock overshadow the mild fragmentation but, 
occasionally, infections produce a chronic state of partially 
compensated intravascular haemolysis and marked red cell 
fragmentation. Haemolytic – uraemic syndrome may be precipi-
tated by infection, particularly  Escherichia coli  0157. Haemolytic –
 uraemic syndrome is discussed in Chapter  44 .   

  Thrombotic  t hrombocytopenic  p urpura 
 Thrombotic thrombocytopenic purpura is an acute syndrome 
characterized by fever, neurological signs, haemolytic anaemia 
with fragmented red cells and thrombocytopenia. The diagnosis 
is made on the basis of the clinical presentation and evidence 
for haemolytic anaemia with fragmented red cells and throm-
bocytopenia. Bilirubin is elevated, as is serum LDH, indicating 
intravascular haemolysis. LDH is a useful marker for measuring 
the activity of the microangiopathic process, as is the persist-
ence of red cell fragments in the blood fi lm. It may take up to 
1 week for all fragments to be removed from the circulation 
after the haemolytic process stops. The destruction of red cells 
occurs at the site of intravascular occlusions; at post - mortem, 
platelet and fi brin plugs are found in capillaries (Figure  10.4 ). 
The condition, including the pathophysiology, is discussed in 
detail in Chapter  44 .    

  March  h aemoglobinuria 
 Haemoglobinuria following running has been documented for 
about 100 years. Its origin is mechanical, with destruction of 
red cells occurring in the feet. It can be cured by wearing soft 
shoes or running on soft ground. The disorder may arise in 
joggers and is benign except that it may lead to extensive inva-
sive investigations unless recognized. The blood fi lm does not 
show any red cell fragmentation or consistent abnormality. 
Occasionally, haemoglobinuria after running is accompanied 
by nausea, abdominal cramps and aching legs, and enthusiastic 
athletes with this condition may exhibit mild splenomegaly and 
jaundice.   

  Chemical and  p hysical  a gents 

  Oxidative  h aemolysis 
 Oxidative substances may cause haemolysis in people with 
normal red cell metabolism and normal HbA if the oxidative 
stimulus is large enough. The major causes of oxidative haemo-

(a)

(b)

     Figure 10.4     Thrombotic thrombocytopenic purpura. 

Microthrombi in capillaries: (a) section from the myocardium; 

(b) thrombus in a bone marrow capillary (haemotoxylin and 

eosin,  × 100).  (Courtesy of Dr Margaret Burke.)   



Acquired haemolytic anaemias

173

on organically fertilized land and of spinach juice (spinach has 
a high concentration of nitrogen - fi xing bacteria on its leaves). 
Nitrate drugs, for example amyl nitrate, also produce methae-
moglobinaemia and have proved fatal when taken in suffi ciently 
high dosage for  ‘ recreational ’  purposes. Water - soluble ana-
logues of vitamin K (menadiol sodium diphosphate) cause 
haemolysis with or without methaemoglobinaemia in infants 
and  in utero  if given to the mother during the third trimester. 
Fat - soluble vitamin K preparations must be used if required in 
these situations. Methaemoglobinaemia due to oxidative drugs 
rarely causes problems with oxygen delivery but severe cases 
( >    40% methaemoglobin) may be treated with intravenous 
methylene blue 1 – 2   mg/kg. Ascorbic acid by mouth may also be 
used. These measures are ineffective in G6PD - defi cient patients 
and when very strong oxidant substances are implicated. In 
these circumstances, methylene blue should be avoided because 
it acts as an oxidant and makes the condition worse.  

  Acute  i ntravascular  h aemolysis,  m ethaemoglobinaemia 
and  r enal  f ailure 
 These conditions occur following exposure to strong oxidizing 
substances found mainly in industrial or horticultural settings, 
for example sodium chlorate is a popular weedkiller and arsine 
is a gas produced in various industrial situations, including 
dross removal in smelting procedures and drain clearances 
where arsenic is a contaminant. Acute intravascular haemolysis 
and haemoglobinuria develop 1 – 24 hours after exposure 
depending on the dose. The serum becomes brown, often very 
dark, so that blood cells cannot be seen in anticoagulated prepa-
rations, due to the presence of methaemalbumin, methaemo-
globin and free haemoglobin. Vomiting, abdominal pain and 
oliguric renal failure usually develop over about 24 hours. The 
blood fi lm shows microspherocytosis, ghost cells and bizarre 
forms. Plasma exchange and renal dialysis are the mainstays of 
treatment, methylene blue being ineffective. Poisoning with 

drugs, and there may be polychromasia and macrocytosis. 
Haemolysis is usually well compensated and there is no need to 
stop the treatment unless the anaemia is severe. A dose reduc-
tion may sometimes be needed. Methaemoglobinaemia is 
uncommon unless the patient is partially defi cient in NADH 
methaemoglobin reductase. The gene for this abnormality may 
not be very uncommon, and it may account for some people 
becoming cyanosed after taking dapsone - containing antimalar-
ial preparations.    

  Methaemoglobinaemia with or  w ithout  h aemolysis 
 Nitrites in water or vegetable juices may cause methaemoglobi-
naemia in infants who have a physiological impairment of the 
reducing systems. Well - water that comes from land with an 
excess of nitrites and which is used to reconstitute artifi cial feeds 
has produced cyanosis in infants. Cases have also been described 
following the enthusiastic feeding of juice from carrots grown 

  Table 10.7    Substances causing oxidative haemolysis and/or methaemoglobinaemia in normal people. 

   Substance     Use     Remarks  

  Dapsone    Leprosy, dermatitis herpetiformis    Chronic haemolysis; slow acetylators more 

susceptible  

  Maloprim    Antimalarial    Methaemoglobinaemia in NADH methaemoglobin 

reductase - depleted subjects  

  Sulfasalazine    Ulcerative colitis    Chronic intravascular haemolysis  

  Phenazopyridine    Analgesic in urinary tract infections    Methaemoglobinaemia  

  Menadiol    Water - soluble vitamin K analogue    Haemolysis/kernicterus in infants  

  Nitrites    Fertilizer; present in well water, some vegetable juices    Methaemoglobinaemia in infants  

  Nitrates    Amyl nitrate, butyryl nitrite; abused recreationally    Methaemoglobinaemia/haemolysis  

  Chlorate    Weed killer    Acute i.v. haemolysis; renal failure;  >    30   g fatal  

  Arsine    Gas produced in smelting and other industrial 

processes  

  Acute i.v. haemolysis; renal failure  

     Figure 10.5     Oxidative haemolysis caused by drug (phenacetin). 

Note red cells with contracted haemoglobin.  
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anaemia is not present and there is only a slight rise in reticu-
locytes, which may not be detectable. Biliary obstruction is asso-
ciated with the appearance of target cells and fulminant hepatitis 
with acanthocytosis, both consequent on changes in the plasma 
lipid composition. 

 Zieve syndrome is an uncommon disorder seen mainly in 
alcoholics. It comprises intravascular haemolysis and acute 
abdominal pain. These patients usually have cirrhosis and jaun-
dice. The cause is unknown but is probably related to lipid 
changes in the blood. Spherocytes are seen in the peripheral 
blood. 

 Wilson disease may present as acute intravascular haemoly-
sis. This is probably not a membrane disorder but is consequent 
on the high levels of copper ions in the blood. The haemolysis 
may antedate the development of hepatic or neurological fea-
tures, but Kayser – Fleischer rings are usually present. The blood 
fi lm may show spherocytosis. The diagnosis is made once the 
condition is suspected. Apart from caeruloplasmin defi ciency, 
patients have a specifi c aminoaciduria.  

  Hereditary  a canthocytosis ( a betalipoproteinaemia) 
 This rare inherited defi ciency of low - density lipoproteins is 
characterized by retinitis pigmentosa, steatorrhoea, ataxia 
and mental retardation. The haemolysis that occurs is of 
minor importance to such patients, but the blood fi lm may 
indicate the diagnosis, with the red cells showing marked 
acanthocytosis.  

  Vitamin  E   d efi ciency 
 Defi ciency of vitamin E may occur in infants who are fed a diet 
rich in polyunsaturated fatty acids. There is haemolysis with 
contracted cells and a thrombocytosis. Oedema may be present. 
Vitamin E is an antioxidant, and oxidative damage to the red 
cell membrane is thought to be the cause of the haemolysis.    
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  Introduction 

 Paroxysmal nocturnal haemoglobinuria (PNH) has fascinated 
haematologists since its fi rst defi nitive description in 1882 by 
Paul Str ü bbing. PNH is unique as an acquired haemolytic dis-
order in which the defect is intrinsic to the red cell. Patients 
have a propensity to develop thromboses that are frequently 
life - threatening. PNH is also associated with bone marrow 
failure and indeed may provide a unique insight into the patho-
physiology of a variety of bone marrow failure syndromes. 

 Recently, the development of the terminal complement 
inhibitor eculizumab has revolutionized the treatment of PNH 
but in turn has revealed further insights into the pathophysiol-
ogy of the disease and into normal physiology. The treatment 
of PNH with eculizumab is not without problems in that a 
minority of patients have suboptimal responses and require 
modifi cations to maximize the benefi ts of therapy.  

  Pathophysiology 

  Glycosylphosphatidylinositol  d efect 

 PNH results from the expansion of an abnormal haemopoietic 
clone that arises following an acquired mutation in a gene 
critical for the biosynthesis of glycosylphosphatidylinositol 
(GPI) structures. These GPI anchors are highly conserved 

throughout evolution from yeast to humans, having an identi-
cal core structure. GPI anchors are glycolipid structures through 
which a large number of cell surface antigens are attached 
to the cell membrane. All patients with PNH have the same 
biosynthetic defect in one of the early steps of the pathway, 
namely the transfer of  N  - acetylglucosamine from UDP -  N -
  acetylglucosamine to phosphatidylinositol. In 1993, Miyata and 
colleagues reported the cloning of the phosphatidylinositol 
glycan complementation class A ( PIGA ) gene, which is part of 
the enzyme complex involved in this step of the pathway and 
which has subsequently been shown to be mutated in all cases 
of acquired PNH reported to date. 

 Mutations of the  PIGA  gene are different between patients as 
they are acquired somatic mutations not inherited. It appears 
that the mutation rate of  PIGA  is similar to that of other genes 
and in fact populations of PNH - like GPI - defi cient cells can be 
observed at extremely low levels (1 – 10 per million cells) in most 
normal individuals, indicating that occasional haemopoietic 
stem cells by chance acquire  PIGA  mutations. Since the  PIGA  
gene is located on the X chromosome (Xp22.1), each somatic 
cell, male or female, only has a single active copy and therefore 
a somatic mutation of this active gene leads to defi ciency of GPI 
biosynthesis. GPI - defi cient clones only expand if there is an 
additional factor that encourages their selection. The mecha-
nism of this selective growth advantage of PNH clones is of key 
importance in understanding the pathophysiology of PNH. 
This could involve a second genetic event intrinsic to the PNH 
clone, as described in two separate cases where a chromosomal 
translocation of the  HMGA2  gene has been reported. However, 
 HMGA2  abnormalities have not been discovered in the analysis 
of a large number of cases of PNH. A much more likely explana-
tion is indicated by the association between PNH and other 
bone marrow failure syndromes.  
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bling symptoms including profound lethargy out of keeping 
with the patient ’ s anaemia, abdominal pain sometimes requir-
ing opiates, dysphagia that can be temporarily absolute, and 
erectile dysfunction. The degree of haemolysis is associated with 
the size of the PNH clone and particularly the proportion of 
PNH type III (completely defi cient) red cells. Macroscopic hae-
moglobinuria is rarely seen unless there are at least 10% type 
III red cells. However, patients with apparently identical PNH 
clones can have a wide range of disease severity, from very 
occasional attacks of haemoglobinuria without anaemia to 
severe recurrent or even continuous haemoglobinuria and 
transfusion dependence, suggesting that other important factors 
infl uence the severity of the symptoms. It is possible that this 
variation is due to the severity of underlying bone marrow 
failure, to an inherent variation in complement activity or to 
some other unidentifi ed factor. 

 Many of the symptoms and complications of PNH result 
directly from intravascular haemolysis. The presence of extra-
cellular haemoglobin is deleterious as is suggested by the elabo-
rate mechanisms to remove even the smallest quantity. Free 
plasma haemoglobin is immediately bound to haptoglobin and 
removed, explaining why haptoglobin is depleted in every 
patient. Free haemoglobin binds to and removes other gases 
such as nitric oxide (NO). This depletion of NO in PNH results 
in smooth muscle dysfunction, vasoconstriction and pulmo-
nary and systemic hypertension. This leads to dysphagia, 
abdominal discomfort, possibly due to intestinal spasm, erectile 
dysfunction, severe lethargy, pulmonary hypertension and pos-
sibly thrombosis, all classic symptoms of PNH. This syndrome 
of NO consumption has only become clear since the develop-
ment of eculizumab (see below), which stops intravascular 
haemolysis in almost all patients and abrogates the clinical fea-
tures of PNH.  

  Bone  m arrow  f ailure 
 The degree of anaemia and other cytopenias is a composite of 
the activity of intravascular haemolysis and the degree of per-
sisting bone marrow failure. The platelet count in many patients 
is a suitable surrogate for marrow function but in some patients, 
for example those with previous intra - abdominal thrombosis 
and subsequent hypersplenism, there may be other causes for a 
low platelet count. The presence of a PNH clone in patients with 
bone marrow failure probably indicates that there is a signifi -
cant immune component to the marrow failure and may suggest 
that immune suppression is a reasonable therapeutic option. 
The degree of bone marrow failure will also impact on the 
effi cacy of eculizumab as this will only treat the component due 
to complement activity, such as intravascular haemolysis and 
thrombosis.  

  Thrombosis 
 The precise cause of thrombosis in PNH is not entirely clear 
and is probably multifactorial. The activation of PNH platelets 

  Association with  b one  m arrow  f ailure 

 PNH clones frequently occur at very low levels in normal 
individuals but very rarely expand to become routinely detect-
able let alone replace virtually all haemopoiesis, as is frequently 
observed in haemolytic PNH. In addition, PNH clones are 
detectable in up to 50% of patients with aplastic anaemia and 
in a smaller proportion of patients with myelodysplastic syn-
drome. This suggests that such bone marrow failure syndromes 
are permissive for the expansion of PNH clones. There is over-
whelming evidence that aplastic anaemia is an autoimmune 
disorder in which there is an aberrant immune attack, probably 
by CD8 cytotoxic T cells directed against the haemopoietic 
stem cell. It would therefore appear likely that PNH stem cells, 
presumably due to GPI defi ciency, evade this immune attack. 
This implies that the immune attack in bone marrow failure 
syndrome is, at least in part, directed through a GPI - linked 
structure. Understanding PNH may well provide an insight 
into the mechanism of a variety of bone marrow failure syn-
dromes and provide a unique therapeutic target for these 
conditions.   

  Epidemiology 

 If PNH is defi ned as the presence of a PNH clone identifi ed 
during the investigation of bone marrow failure, haemolysis or 
thrombosis, then the incidence of PNH in a series from the UK 
was found to be 1.3 newly diagnosed patients per million per 
year and the prevalence 15.9 patients per million population. 
However, of these patients, 57% have less than 10% PNH neu-
trophils, indicating that they are unlikely to have clinically sig-
nifi cant haemolysis and only one - third reported macroscopic 
haemoglobinuria. Thus in the region of 5 patients per million 
population have haemolytic PNH, and of these only a propor-
tion will be severely affected with symptoms requiring 
transfusion.  

  Clinical  f eatures 

  Clinical  t riad 

 The clinical picture in PNH depends on the balance between 
three components: intravascular haemolysis, bone marrow 
failure and thrombotic complications. 

  Haemolysis 
 PNH, the disorder with perhaps the most intense chronic intra-
vascular haemolysis, is characterized by episodes of haemoglob-
inuria, during which the patient ’ s urine is often black and 
which, for unknown reasons, is worse in the morning. This 
episodic haemoglobinuria is frequently associated with disa-
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tinuous high level of intravascular haemolysis. This leads to 
several complications of the disease.  

  Renal  d isease 
 All patients with haemolytic PNH develop heavy renal tubular 
iron loading due to the continuous fi ltration of haemoglobin. 
This is evident on both magnetic resonance imaging (MRI) and 
post - mortem studies. The majority of patients will eventually 
develop chronic renal disease, with a minority progressing to 
established chronic renal failure requiring dialysis. In addition, 
during times of very intense intravascular haemolysis and hae-
moglobinuria, patients can rarely develop acute renal failure, 
which is potentially fully reversible even though it may require 
dialysis. Some patients may develop repeated episodes of acute 
renal dysfunction. The use of nephrotoxic therapies, such as 
ciclosporin, adds to the renal insult, as do rare complications 
such as renal vein thrombosis.  

  Cholelithiasis 
 Patients with PNH have both intravascular and extravascular 
haemolysis, which increases the risk of developing gallstones. In 
patients who develop abdominal pain, a common symptom in 
PNH, and particularly if there is any additional change in liver 
function tests, then the presence of gallstones should be 
considered.  

  Leukaemic  t ransformation 
 There have been a number of case reports of myelodysplastic 
syndrome and acute myeloid leukaemia (AML) in patients with 
PNH. These have led to the suspicion that PNH may be pre -
 leukaemic. However, this is almost certainly not the case for two 
principal reasons. Firstly, in patients with PNH who develop 
AML, GPI - linked antigens on myeloid blasts have been reported 
to be defi cient in some but normal in others, indicating that the 
leukaemia can develop in either the residual normal or the GPI -
 defi cient haemopoietic cells. Secondly, less than 5% of PNH 
patients in the larger series develop AML. This is similar to the 
incidence of AML in aplastic anaemia and since it seems the 
majority, if not all, patients with PNH have an underlying 
aplasia, then the rate of AML is no higher than would be 
expected if GPI defi ciency has no impact on leukaemogenesis. 
Therefore it is aplastic anaemia that predisposes to both AML 
and PNH, and the development of PNH does not increase the 
development of AML.  

  Spontaneous  r emission 
 PNH often develops in young adults between 20 and 40 years 
old. Historically, most patients with PNH have either died as a 
direct or indirect result of their disease or have suffered from 
the disease for the remainder of their life. In a series of 80 
haemolytic PNH patients reported in 1995, initially diagnosed 
between 1940 and 1970, median survival was 10 years and 12 
of the 35 patients surviving at least 10 years experienced spon-
taneous remission. Analysis of GPI - linked antigens on blood 

by complement is at least part of the cause. Also, intravascular 
haemolysis and NO consumption may lead to endothelial 
damage and thrombosis. Recent data indicate that the throm-
botic tendency in PNH is in arterial as well as venous sites, with 
several patients reported as having cerebrovascular accidents 
and myocardial infarctions at an early age. Thrombosis occurs 
in 40 – 50% of patients with haemolytic PNH, with a predilec-
tion for certain veins such as the hepatic veins (Budd – Chiari 
syndrome), other intra - abdominal veins or the cerebral veins 
(Table  11.1 ). Approximately 10% of patients present with a 
thrombosis as their initial clinical manifestation of PNH. After 
the fi rst thrombosis, patients have a 7.8 - fold increased risk of 
dying compared with those patients who have not had a throm-
bosis. A classical clinical scenario is that of downward spiralling 
thrombotic events: after a fi rst thrombosis, patients continue to 
experience further apparently discrete thromboses despite what 
would be considered adequate anticoagulation with warfarin 
and/or heparin until they eventually succumb. Eculizumab has 
a marked effect on thrombosis in PNH and can interrupt this 
spiral of thrombosis.     

  Other  c linical  s equelae 

  Consequences of  h aemolysis 
 Even before the development of targeted therapy for PNH, 
patients usually survived for prolonged periods, with a median 
survival in the region of 20 years. A minority of patients expe-
rienced spontaneous remissions and therefore the majority of 
patients had decades of life in which they experienced a con-

  Table 11.1    Sites of thrombotic events in haemolytic  PNH . 

   Venous thrombosis   

  Deep vein thrombosis    41 (33.1%)  

     Lower extremity    23 (18.5%)  

     Other    18 (14.5%)  

  Mesenteric/splenic vein thrombosis    23 (18.5%)  

  Hepatic/portal vein thrombosis    21 (16.9%)  

  Pulmonary embolus    8 (6.5%)  

  Cerebral/internal jugular thrombosis    7 (5.6%)  

  Superfi cial vein thrombosis    5 (4.0%)  

   Arterial thrombosis   

  Cerebrovascular accident/TIA    17 (13.7%)  

  Myocardial infarction/unstable angina    2 (1.6%)  

  Total    124 (100%)  

  Source :   This research was originally published in  Blood . Hillmen 

P, Muus P, Duhrsen U  et al.  Effect of the complement inhibitor 

eculizumab on thromboembolism in patients with paroxysmal 

nocturnal hemoglobinuria.  Blood   2007 ;110:4123 – 8.  ©  American 

Society of Hematology. 
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defi ciency) nor do they provide information about the propor-
tion of PNH leucocytes. The proportion of PNH neutrophils 
and monocytes probably gives a more accurate assessment of 
the true size of the PNH clone as they are not infl uenced by 
the intensity of intravascular haemolysis or by transfusions. 
The modern diagnosis of PNH depends on the fl ow cytometric 
analysis of at least two cell lineages (e.g. neutrophils and red 
cells), with a transmembrane marker to positively identify 
the cell type and at least two separate GPI - linked antigens to 
clearly separate PNH cells from their normal counterparts 
(Figures  11.1  and  11.2 ). In most patients there is a population 
of red cells with complete defi ciency of GPI - linked molecules 
(PNH type III cells, the most complement - sensitive cells) and 
in some an additional population with partial GPI defi ciency 
(PNH type II cells, intermediate complement sensitivity). Type 
II and III are usually not evident in the neutrophils. The size 
of the PNH clone correlates with the risk of complications, 
such as thrombosis, and the severity of haemolysis. In addition, 
the evolution of the clone  –  either its expansion, leading to 
more haemolytic disease, or its reduction, ultimately leading to 
spontaneous remission  –  can be tracked. Flow cytometry has 
superseded the complement sensitivity tests in the diagnosis 
of PNH.    

  Treatment 

  Supportive  c are 

 Conventional management in PNH has been supportive. The 
severity of haemolysis varies greatly between patients, in part 
dependent on the size of the PNH clone and the degree of 
underlying bone marrow failure. However, even patients with 
no evidence of clinically apparent marrow failure and large 

cells up to 20 years after spontaneous clinical remission dem-
onstrated that the myeloid series was entirely normal with no 
residual PNH cells, whereas there was a small PNH clone in 
the lymphoid compartment (presumably these are long - lived 
memory cells). Early reports suggest that a proportion of 
patients treated with eculizumab have a progressive decrease in 
the size of their PNH clone, perhaps suggesting that remission 
may occur.  

  Nitric  o xide  c onsumption 
 Intravascular haemolysis leads to the release of cell - free haemo-
globin into the plasma. There is now a growing body of evi-
dence in other haemolytic disorders, such as sickle cell anaemia, 
that many of the symptoms and complications are due to the 
deleterious effects of free haemoglobin. Free haemoglobin 
absorbs NO, which is a key mediator in homeostasis and smooth 
muscle function. Since PNH has extremely high and chronic 
levels of intravascular haemolysis, it is perhaps not surprising 
that many of the symptoms of the disease  –  severe lethargy out 
of keeping with the level of haemoglobin, dysphagia, abdominal 
pain, erectile dysfunction, pulmonary hypertension  –  are 
most probably due to intravascular haemolysis and NO 
consumption.    

  Investigation 

 The diagnosis of PNH was historically made by demonstrating 
the sensitivity of red cells to lysis by activated complement. The 
method used to activate complement varied, for example by 
acidifi cation in the Ham test or by low ionic solutions in the 
sucrose lysis test. However, these tests only give an indirect 
assessment of the proportion of PNH red cells and do not 
assess the type of PNH red cells (complete versus partial GPI 
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     Figure 11.1     Identifi cation of PNH red cells by fl ow cytometry. 

(a) GPI anchor protein (e.g. CD59) expression on normal red 

cells (type I). (b) A total of 46% of red cells are completely GPI 

anchor - defi cient (type III). (c) A mixture of all three types of red 

cells are shown: type III, 10%; type II (partial GPI anchor 

expression), 54%; normal type I cells, 36%.  (Figure courtesy of 

S.J. Richards.)   
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the intra - abdominal and cerebral vessels, but also appears 
to result in arterial thrombosis (Table  11.1 ). The chance of 
developing a thrombosis depends on the size of the PNH clone 
and the severity of haemolysis, two variables that are closely 
related; half of patients with over 50% PNH neutrophils will 
develop a thrombosis at some point in their disease course. 
In most series, approximately one - third of patients will eventu-
ally die as a result of thrombosis. In a series reported by Hall 
and colleagues, 39 patients with PNH who had not previously 
experienced a thrombosis were treated with warfarin to main-
tain an International Normalized Ratio (INR) of 2.0 – 3.0. None 
of these 39 patients developed a thrombosis compared with 
a 36.5% chance of thrombosis at 10 years for the 56 patients 
with large PNH clones who elected not to have warfarin 
prophylaxis. However, two patients on warfarin experienced 
intracranial haemorrhage and one of these died as a result. 
Therefore it appears that primary prophylaxis with warfarin 
is effective in preventing thrombosis but carries a signifi cant 
risk in this patient group. Aspirin does not appear to be protec-
tive against thrombosis and has no effect on the symptoms of 
PNH such as abdominal pain (Peter Hillmen, unpublished 
observation). It seems very likely that primary prophylaxis 
with warfarin is unnecessary for patients receiving the 
anti - complement monoclonal antibody eculizumab, as this 
agent signifi cantly reduces the risk of thrombosis in PNH (see 
below). 

 The treatment of established thrombosis is similar to the 
management of thrombosis in patients without PNH. However, 
in view of the risk of recurrent thrombosis, patients should 
remain on lifelong anticoagulation after their fi rst episode of 
thrombosis. Hepatic vein thrombosis (Budd – Chiari syndrome) 
is one of the more common thromboses seen in PNH and there 
have been reports of the successful lysis of such thromboses 
using tissue plasminogen activator; this should be considered 
even in patients who present with a relatively long history sug-
gesting that their thrombosis occurred days or even weeks 
before.  

PNH clones can have highly variable levels of haemolysis: some 
patients experience recurrent, even continuous, haemoglobinu-
ria and are transfusion dependent, whereas others experience 
haemoglobinuria only rarely, or not at all, do not require any 
transfusions and have a well - compensated haemolytic anaemia. 
Patients with a signifi cant degree of haemolysis should receive 
folic acid supplementation. The constant haemosiderinuria 
means that patients, even those who require regular transfu-
sions, have a tendency to become iron defi cient. This iron defi -
ciency can result in failure of the marrow to compensate for the 
increased red cell destruction and therefore increasing anaemia. 
Iron supplementation has been reported to precipitate episodes 
of intravascular haemolysis but usually patients tolerate oral 
iron supplements well and should be treated where iron defi -
ciency is present. 

 Patients should be transfused according to their symptoms. 
In most patients the severity of haemoglobinuria lessens imme-
diately after a transfusion but then increases, with a progressive 
fall in haemoglobin level until the patient requires a further 
transfusion. Incidental infections lead to an increase in haemo-
lysis, presumably due to activation of the complement system, 
and frequent sudden drops in the level of haemoglobin. These 
episodes are often associated with severe symptoms of abdomi-
nal pain, dysphagia and debilitating lethargy. 

 Corticosteroids have been widely used in the treatment of 
haemolysis in PNH. At high doses steroids do appear to have 
an effect of reducing the activity of complement and some 
patients report an improvement in symptoms. However, high 
doses are required to have a clinically useful effect and as the 
haemolysis in PNH is chronic, the required dose is too high. 
Steroids are therefore not generally recommended in PNH as 
the long - term side - effects outweigh the potential benefi ts.  

  Thrombosis 

 The major cause of morbidity and mortality in PNH is throm-
bosis, which usually affects the venous system, particularly 
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concentration, which is typically as much as 10 – 20 times normal 
in PNH, falls immediately in all patients treated with eculizu-
mab to normal or just above normal. Other markers of haemo-
lysis, such as aspartate aminotransferase, fall to normal and in 
some patients the haptoglobins become detectable, at least tem-
porarily. In general this results in increasing haemoglobin level 
which, depending on the degree of coexistent bone marrow 
failure as well as the extent of extravascular haemolysis (see 
below), will reach a plateau usually between 9 and 12   g/dL. The 
most dramatic effect of eculizumab is on the symptoms, with 
resolution of the abdominal pain and dysphagia and improve-
ment in the severe lethargy and the other features of haemolysis. 
In the vast majority of patients transfusion requirements 
improve, with over half of patients becoming transfusion inde-
pendent. The dramatic improvement in PNH - related symp-
toms is due to a marked reduction in NO consumption during 
therapy as a result of the improvement in intravascular haemo-
lysis and thereby the reduction in free haemoglobin. This prob-
ably explains many of these benefi ts of the drug and provides 
insights into the pathophysiology of the symptoms of PNH. 
There is a dramatic and clinically signifi cant improvement in 
the quality of life of patients as measured by validated question-
naires. There is now evidence that the adverse consequences of 
intravascular haemolysis, such as renal damage and pulmonary 
hypertension, are ameliorated by eculizumab.  

  Thrombosis 
 Eculizumab also protects patients from thrombosis. Compared 
with thrombosis before patients commencing eculizumab 
(effectively using patients as their own controls), the throm-
botic rate reduces by fi vefold to tenfold. In patients who have 
had a previous thrombosis and who are on anticoagulation, 
there is still a high recurrent thrombosis rate prior to starting 
eculizumab. However, since eculizumab became available, such 
recurrent thromboses are extremely uncommon. Patients who 
commence eculizumab during a  ‘ spiral ’  of thrombotic events 
stop having further thromboses, indicating that eculizumab 
specifi cally targets the mechanism of thrombosis in PNH and 
that this is a more effective strategy than conventional antico-
agulation alone. There is now increasing confi dence that the 
catastrophic thrombotic complications of PNH can be much 
more successfully managed with a combination of eculizumab 
and anticoagulation. This observation will have an impact on 
the decision to use warfarin prophylaxis: in cases where there 
are concerns over the safety or requirement for warfarin proph-
ylaxis, such as those with low platelets or with borderline PNH 
clone sizes, it is clearly safer to withhold anticoagulation as long 
as the use of eculizumab is an option for the patient should a 
thrombosis occur.  

  Renal  d ysfunction 
 In the 195 patients entering the eculizumab trials, renal dys-
function or damage was observed in 65% of patients before they 

  Allogeneic  b one  m arrow  t ransplantation 

 The only curative strategy for PNH is allogeneic stem cell trans-
plantation but this carries a considerable risk of mortality. From 
the reported series and in view of the fact that a proportion of 
patients will eventually experience a spontaneous remission of 
PNH and with the advent of potentially effective novel therapies 
such as eculizumab, transplantation should only be considered 
in selected cases, such as those with a syngeneic donor or with 
associated bone marrow failure. In these patients the indica-
tions for transplantation are similar to those for aplastic 
anaemia.  

  Complement  b lockade 

 The development of eculizumab (Soliris), a humanized mono-
clonal antibody that blocks the activation of terminal comple-
ment, has dramatically altered the management and almost 
certainly the prognosis in PNH. The complement cascade can 
be activated by the classical pathway (antibody dependent), the 
alternative pathway (directly through microbial membranes) or 
the lecithin pathway, which all converge at the fi fth component 
of complement (C5). C5 is cleaved and releases C5a (a potent 
anaphylatoxin) and C5b, to which C6, C7, C8 and numerous 
C9 molecules bind to form a pore (the membrane attack 
complex) that punches holes in the membrane of the target. 
Eculizumab binds to C5 and stops it being cleaved and, as long 
as trough plasma levels remain above 35   mg/L, prevents any 
activation of terminal complement. Individuals with inherited 
terminal complement defi ciency are either asymptomatic or 
present with recurrent  Neisseria meningitidis  (meningococcus) 
infections and this highlights the main concern with eculizu-
mab. The clinical features of PNH are due largely to the absence 
of CD59 from haemopoietic cells and therefore the uncon-
trolled activity of terminal complement on PNH cells, making 
eculizumab an ideal candidate for the targeted therapy of PNH. 
In the initial study, 11 patients with transfusion - dependent 
haemolytic PNH were treated with eculizumab using a schedule 
designed to maintain trough levels to ensure that complement 
was completely blocked. The responses were dramatic, with an 
immediate resolution of the symptoms of intravascular haemo-
lysis. This study was followed by a randomized placebo - control-
led Phase III trial (TRIUMPH) and a non - randomized trial 
(SHEPHERD). In total, 195 patients were included in these 
three trials, which led to the licensing of eculizumab in the USA 
and Europe in 2007. The results of these trials are summarized 
below. 

  Effi cacy of  e culizumab 

  Intravascular  h aemolysis 
 Eculizumab has a profound and immediate effect on intravas-
cular haemolysis in PNH. The lactate dehydrogenase (LDH) 
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therefore to block complement completely. In approximately 
5% of patients this dose is inadequate and patients break 
through complement blockade. Patients appear well with no 
signs of haemolysis until immediately before a dose of eculizu-
mab but then develop dark urine often with abdominal pain, 
sometimes with dysphagia, and a sudden deterioration in the 
laboratory measures of haemolysis, such as LDH and bilirubin, 
and a fall in the level of haemoglobin. In this situation the 
maintenance dose of eculizumab is too low and an increase, 
either by reducing the interval or more conveniently by increas-
ing the dose (from 900   mg every 2 weeks to 1200   mg every 2 
weeks is usually effective), will raise trough levels of eculizumab 
above 35   mg/L and re - establish continuous control of haemoly-
sis (Figures  11.3  and  11.4 ).    

  Infectious  r isk with  e culizumab 
 Eculizumab is generally very well tolerated with few infusion -
 related reactions. However, as noted above, blocking terminal 
complement activity would be expected to increase the risk 
of infection with  Nesseria meningitidis  (meningococcus). All 
patients commencing eculizumab should be vaccinated 
with a wide - spectrum meningococcal vaccine (ACWY Vax). 
Unfortunately, the current vaccines do not cover serotype B, 
which is common in the UK. Although the risk of meningococ-
cal infection is a concern, the observed risk is less than 0.5 cases 
of meningococcal infection per 100 patient - years on eculizu-
mab. However, when these infections occur they can be life -
 threatening and it is vitally important to impress on patients 
that they should seek medical help if they suffer any symptoms 
suggestive of infection, and these are usually of septicaemia 
rather than meningitis. The role of antibiotic prophylaxis with 
penicillin is currently being explored. There is no convincing 
evidence as yet of an increased risk to any other organism except 
for  N. meningitidis .    

  Pregnancy in  PNH  

 It is diffi cult to estimate the true risk of pregnancy in PNH but 
there is undoubtedly an increased risk of maternal morbidity 
and mortality. The reported maternal mortality, mainly from 
thrombosis, is between 12 and 21%, although this is likely an 
overestimate due to biased reporting. In addition, an increased 
fetal loss rate has been reported, although again this is diffi cult 
to substantiate and is probably due to maternal factors. There 
have now been a number of successful pregnancies in women 
receiving eculizumab either later in pregnancy or throughout 
the pregnancy from conception to delivery. The reports to date 
are positive with little or no eculizumab crossing the placenta 
into the fetus. It does appear that the metabolism of eculizumab 
may be altered in pregnancy and women seem more likely to 
break through complement blockade and may need higher 
doses in the latter part of pregnancy.  

were treated with eculizumab. In this series, 27% of patients had 
developed major clinical kidney disease within 10 years from 
their initial diagnosis of PNH and 21% of patients developed 
late - stage chronic kidney disease (stage 3 or 4 as defi ned by the 
Kidney Disease Outcomes Quality Initiative) or kidney failure 
(stage 5). The early analysis of patients treated with eculizumab 
suggests that many of the patients with early renal dysfunction 
(stages 1 and 2) will improve, and the deterioration in renal 
function in patients with advanced renal dysfunction (stages 
3 – 5) is frequently stabilized. Thus eculizumab appears to have 
a benefi cial effect on renal function in PNH and this is presum-
ably due to the marked reduction in intravascular haemolysis 
and therefore in haemoglobinaemia and haemoglobinuria.   

  Extravascular  h aemolysis with  e culizumab 
 Despite the impressive impact on intravascular haemolysis, 
most patients remain somewhat anaemic, maintaining their 
haemoglobin between 9 and 12   g/dL. Virtually all have a persist-
ing reticulocytosis and many continue to have a raised bilirubin. 
These features are suggestive of ongoing extravascular haemoly-
sis, which has previously been unreported in PNH. On further 
investigation it transpires that approximately two - thirds of 
PNH patients on eculizumab develop a positive direct anti-
globulin test to complement only. Flow cytometry demon-
strates that the PNH red cells are coated by early complement 
components (C3b and C3d), possibly because PNH red cells, as 
well as being defi cient in the principal controller of terminal 
complement, namely CD59, do not express the inhibitor of C3 
convertase decay - accelerating factor (DAF). It appears that pre-
venting terminal complement activation leads to a build - up of 
the early complement components, which accumulate on PNH 
red cells due to their defi ciency of DAF. If intense, this extravas-
cular haemolysis results in a poor increase in haemoglobin and 
a minority of patients continuing to require transfusions. If the 
transfusions are due to poor marrow reserves and a lack of 
compensation, particularly in patients with evidence of renal 
dysfunction, then treatment with erythropoietin can lead to a 
clinically meaningful increase in haemoglobin. If this fails, then 
it does not appear that steroids have a major role. When patients 
become generally unwell, particularly with coexistent infec-
tions, there can be an increase in the level of extravascular 
haemolysis and/or a decrease in marrow compensation, leading 
to a fall in the level of haemoglobin. When patients recover 
from infection, they usually goes back to their steady state.  

  Eculizumab  a dministration and  d osing 
 Eculizumab is given as a 30 - min intravenous infusion. The aim 
is to rapidly block complement and to maintain complement 
blockade continuously. The standard dosage schedule for ecu-
lizumab comprises a loading dose of 600   mg every week for 4 
weeks, followed by 900   mg the next week and then 900   mg every 
2 weeks indefi nitely. In the majority of patients this is adequate 
to maintain trough levels of eculizumab above 35   mg/L and 
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     Figure 11.3     Breakthrough from complement blockade by 

eculizumab due to inadequate dose level. The urine is clear with 

lactate dehydrogenase (LDH) just above normal and no 

haemolytic activity in the patient ’ s serum at day 12 after a 

900 - mg dose of eculizumab. On day 13, the patient suddenly 

begins to haemolyse as the level of eculizumab falls below 

35   mg/L (the level at which complement is blocked). Immediately 

after the next dose (day 0), the haemolysis stops. Urine scale: 

patient assesses urine colour fi rst thing in the morning (red 

or black urine at 6+). AST, aspartate aminotransferase; 

PK, pharmacokinetics (serum level of eculizumab); 

PD, pharmacodynamics (haemolytic potential of the patient ’ s 

serum  in vitro ).  

     Figure 11.4     Urine colour with increasing eculizumab dose. 

Patient records early - morning urine colour according to scale on 

 y  - axis. He is breaking through from complement blockade for 2 

days when receiving 900   mg eculizumab every 14 days. When the 

frequency of eculizumab 900   mg is increased to every 12 days, his 

breakthroughs cease. He is now maintained on 1200   mg 

eculizumab every 14 days.  
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  Prognosis 

 A series of 80 patients with haemolytic PNH diagnosed between 
1940 and 1970 were reported in 1995 to reveal a median survival 
of approximately 10 years from initial diagnosis of PNH. In this 
series, spontaneous remissions of PNH were reported in 12 of 
the 34 patients who survived over 10 years from diagnosis. A 
more recent series of 465 patients reported from France, includ-
ing patients with small PNH clones as well as haemolytic PNH, 
reported a median survival of 22 years. The major causes of 
death in haemolytic PNH are thrombotic and since these are 
virtually abolished by eculizumab therapy, it is anticipated that 
treatment will have a major impact on survival in PNH.  

  Future  c hallenges and  d evelopments 

 The development of targeted therapy for PNH promises to alter 
the natural history of the disease. Recently, a global PNH reg-
istry has been established to document the changes in the 
natural history of the disease as well as to record any unexpected 
complications of the newer therapeutic interventions. The 
current therapy of PNH controls rather than cures the disease. 
It is hoped that with more detailed understanding of the patho-
physiology of PNH a curative strategy may be developed.  
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  Introduction 

 A number of inherited (constitutional/genetic) disorders are 
characterized by aplastic anaemia (AA)/bone marrow failure, 
usually in association with one or more somatic abnormalities 
(Table  12.1 ). The features of some of these are summarized in 
Table  12.2 . The precise incidence/prevalence of these remains 
unclear but, collectively, they represent approximately 10 – 20% 
of patients presenting with AA and constitute a signifi cant clini-
cal burden, as many are associated with premature mortality. 
The bone marrow failure may present at birth or at a variable 
time thereafter, including in adulthood in some cases. The bone 
marrow failure may involve all lineages or a single lineage; in 
some cases it may initially be associated with a single cytopenia 
and then progress to pancytopenia. Scientifi cally, they consti-
tute an important group of diseases as recent advances in 
understanding the genetics of some of these are not only begin-
ning to unravel their pathophysiology but are also providing 
important insights into normal haemopoiesis.   

 The two syndromes that are frequently associated with gen-
eralized bone marrow failure/AA are Fanconi anaemia (FA) and 
dyskeratosis congenita (DC). These two syndromes are now 
also two of the best characterized and are discussed in some 
detail in this chapter (followed by sections on Shwachman –
 Diamond syndrome, Diamond – Blackfan anaemia, congenital 

dyserythropoietic anaemia, congenital neutropenia, thrombo-
cytopenia with absent radii and congenital amegakaryocytic 
thrombocytopenia) to demonstrate their clinical and genetic 
heterogeneity, management and possible impact on our under-
standing of the pathophysiology of the more common  ‘ idio-
pathic aplastic anaemia ’ . Indeed, patients with both FA and 
DC can sometimes present with AA alone as their initial 
manifestation and can thus pose a diagnostic/management 
challenge.  

  Fanconi  a naemia 

  Clinical  f eatures 

 Since the fi rst description by Guido Fanconi in 1927, FA has 
become to be recognized as an autosomal recessive disorder 
(X - linked in a rare subset) in which there is progressive bone 
marrow failure and an increased predisposition to malignancy, 
especially acute myeloid leukaemia (AML). Most, but not all, 
affected individuals also have one or more somatic abnormali-
ties, including skin (caf é  - au - lait spots), skeletal (absent thumbs, 
radial hypoplasia, scoliosis), genitourinary (underdeveloped 
gonads, horseshoe kidneys), gastrointestinal, cardiac and neu-
rological anomalies (Table  12.3 ). Some of these somatic abnor-
malities are shown in Figure  12.1 . The course of the disease and 
the pattern of somatic abnormalities show considerable varia-
tion, with approximately one - third of patients having no physi-
cal abnormalities. This makes diagnosis based on clinical criteria 
alone diffi cult and unreliable.     
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  Table 12.1    The inherited bone marrow failure syndromes. 

   Pancytopenia (usually associated with a global haemopoietic defect)   

  Fanconi anaemia  

  Dyskeratosis congenita  

  Shwachman – Diamond syndrome  

  Reticular dysgenesis  

  Pearson syndrome  

  Familial aplastic anaemia (autosomal and X - linked forms)  

  Myelodysplasia  

  Non - haematological syndromes (Down, Dubowitz syndromes)  

   Single cytopenia (usually)   

  Anaemia  

     Diamond – Blackfan anaemia  

     Congenital dyserythropoietic anaemia  

  Neutropenia  

     Severe congenital neutropenia including Kostmann syndrome  

  Thrombocytopenia  

     Congenital amegakaryocytic thrombocytopenia  

     Amegakaryocytic thrombocytopenia with absent radii  

  Table 12.2    Characteristics of the bone marrow failure syndromes. 

        FA     DC     SDS     DBA     CDA     TAR     SCN     IAA  

  Inheritance pattern    AR, XLR    XLR, AR, AD    AR    AD    AR, AD    AR    AD, AR    ?  

  Somatic abnormalities    Yes    Yes    Yes    Yes    Rare    Yes    Rare    ?None  

  Bone marrow failure    AA ( >    90%)    AA ( ∼    80%)    AA (20%)    RCA    Eryth    Megs    Neutropenia    Yes (100%)  

  Short telomeres    Yes    Yes    Yes    ?    ?    ?    ?    Yes  

  Malignancy    Yes    Yes    Yes    Yes    ?No    ?No    Yes    Yes  

  Chromosome instability    Yes    Yes    Yes    ?    ?    ?    ?    Yes  

  Genes identifi ed    13    6    1    7    1    No    3      *    

    * Heterozygous mutations in TERC and TERT are risk factors for some cases of AA.  

  AA, aplastic anaemia; AD, autosomal dominant; AR, autosomal recessive; CDA, congenital dyserythropoietic anaemia; DBA, Diamond –

 Blackfan anaemia; DC, dyskeratosis congenita; FA, Fanconi anaemia; IAA, idiopathic aplastic anaemia; Eryth, ineffective erythropoiesis; 

Megs, low megakaryocytes; RCA, red cell aplasia; SCN, severe congenital neutropenia; SDS, Shwachman – Diamond syndrome; TAR, 

thrombocytopenia with absent radii; XLR, X - linked recessive.   

FA patients. In an analysis from the International Fanconi 
Anaemia Registry (IFAR), the median survival time was 24 
years; this is changing with improvements in clinical care. 

 FA is associated with an increased risk of leukaemia and other 
malignancies. The leukaemias are usually of the acute myeloid 
type, particularly FAB types M4 (myelomonocytic) and M5 
(monocytic). In some cases, leukaemia may be the initial event 
leading to the diagnosis of FA. The cumulative incidence of 
haematological malignancy by the age of 40 years is 33%. 
Besides these haematological malignancies, there is a signifi cant 
risk of hepatic tumours and squamous cell carcinoma, includ-
ing squamous cell carcinomas of the vulva, oesophagus, head 

 The cumulative incidence of bone marrow failure by the age 
of 40 years is estimated to be around 90%. At birth the blood 
count is usually normal. Pancytopenia develops insidiously and 
presents in most cases between the ages of 5 and 10 years 
(median age 7 years). However, in some cases the pancytopenia 
develops in adolescence or even in adult life. The haemoglobin 
and platelet count are usually fi rst to fall; the granulocytes are 
usually well preserved in the early stages. As the pancytopenia 
develops, the bone marrow becomes progressively hypocellular. 
There is often a marked increase in macrophage activity with 
evidence of haemophagocytosis. Bone marrow failure leading 
to fatal haemorrhage or infection is the main cause of death in 

  Table 12.3    Somatic abnormalities in  FA . 

   Abnormality     Percentage of patients  

  Skeletal (radial ray, hip, vertebral, 

scoliosis, rib)  

  71  

  Skin pigmentation (caf é  - au - lait, 

hyper -  and hypo - pigmentation)  

  64  

  Short stature    63  

  Eyes (microphthalmia)    38  

  Renal and urinary tract    34  

  Male genital    20  

  Mental retardation    16  

  Gastrointestinal (e.g. anorectal, 

duodenal atresia)  

  14  

  Heart    13  

  Hearing    11  

  Central nervous system (e.g. 

hydrocephalus, septum pellucidum)  

  8  

  No abnormalities    30  

  Source :   modifi ed from Auerbach  et al.  ( 2001 ) with permission. 
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     Figure 12.1     Fanconi anaemia. (a) Photographs of patients with 

FA (A1 – A3) with small mouth and chin ( ‘ Fanconi facies ’ ). 

(b) Abnormalities of pigmentation (hyper -  and hypo -

 pigmentation) on the abdomen (B1) with a close - up (B2) of a 

caf é  - au - lait spot and a hypopigmented patch. The bottom 

photograph (B3) shows the back of an FA patient demonstrating 

lumbar scoliosis. (c) Hands/forearms of FA children showing 

hypoplastic thumbs (C1), rudimentary ( ‘ dangling ’ ) thumbs (C2) 

and a radiograph (C3) showing rudimentary thumb (skeletal) 

development.  
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 FANCE ,  FANCF ,  FANCG ,  FANCI ,  FANCJ ,  FANCL ,  FANCM  
and  FANCN  (Table  12.4 ).     

 Studies from several research groups around the world have 
demonstrated that the proteins encoded by the FA genes par-
ticipate in a complicated network important in DNA repair. 
Specifi cally, eight of the FA proteins (FANCA, FANCB, FANCC, 
FANCE, FANCF, FANCG, FANCL and FANCM) interact with 
each other and form a nuclear complex called the FA core 
complex (Figure  12.3 ). The FA core complex is required for 
activation of the FANCD2 protein to a monoubiquitinated 
isoform (FANCD2 - Ub). In normal (non - FA) cells, FANCD2 is 
monoubiquitinated in response to DNA damage and is targeted 
to chromatin containing the DNA damage (e.g. DNA cross -
 link). FANCD2 - Ub then interacts with DNA repair proteins 
(including BRCA2 and RAD51) leading to repair of the DNA 
damage. In cells from FA - A, FA - B, FA - C, FA - E, FA - F, FA - G, 
FA - L or FA - M patients, FANCD2 monoubiquitination is not 
observed. It has been recently observed that FANCI (the protein 
mutated in the FA - I subtype) is a paralogue of FANCD2. FANCI 
associates with FANCD2 as the FANCI – FANCD2 (I – D2) 
complex. Like FANCD2, FANCI is also monoubiquitinated. 
FA - D1 patients have biallelic mutations in BRCA2. These 
observations have linked the FA proteins (FANCA, FANCB, 
FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCL 
and FANCM) with BRCA1 and BRCA2 (FANCD1) in a DNA 
damage response pathway called the FA – BRCA pathway. The 
BRCA2 protein is important in the repair of DNA damage by 
homologous recombination. Cells lacking BRCA2 inaccurately 
repair damaged DNA and are hypersensitive to DNA cross -
 linking agents. It has also been established that FANCJ is BRIP1 

and neck. The cumulative incidence of solid tumours is calcu-
lated to be 28% by the age of 40 years. The impression is that 
malignancies occur mainly in patients with late - onset bone 
marrow failure and longer survival, with a median age of 13 
years for leukaemia and 25 years for solid tumours. Recent 
analysis from the German FA registry largely concurs with these 
earlier observations. Furthermore, long - term follow - up in FA 
patients who have been treated by haemopoietic stem cell trans-
plantation (HSCT) is showing a higher incidence of non - hae-
matological malignancies in patients with FA than patients with 
other types of bone marrow failure who underwent HSCT, 
again emphasizing the predisposition to malignancy.  

  Cell and  m olecular  b iology 

 Over the last three decades many advances have been made in 
our understanding of the pathophysiology of FA. FA cells char-
acteristically display a high frequency of spontaneous chromo-
somal breakage and hypersensitivity to DNA cross - linking 
agents such as diepoxybutane (DEB) and mitomycin C (MMC). 
This genomic instability (Figure  12.2 ) led to the development 
of a diagnostic test (i.e. increased chromosomal breakage in FA 
cells compared with normal controls after exposure to DEB/
MMC) over two decades ago and this remains a useful FA 
screening test today. This  ‘ FA cell phenotype ’  has also facilitated 
many advances in our understanding of FA, including elucida-
tion of the complex genetics of this disease, with 13 subtypes/
complementation groups currently characterized. The genes 
responsible for these subtypes have all been identifi ed and are 
designated  FANCA ,  FANCB ,  FANCC ,  FANCD1 ,  FANCD2 , 

(a) (b)

     Figure 12.2     (a, b) Chromosomal abnormalities seen in FA 

lymphocytes following incubation with diepoxybutane. ctb, 

chromatid break; ctg, chromatid gap; mci, multiple chromatid 

interchanges (complex rearrangement); tri, triradial; qr, 

quadriradial.  (Courtesy of Nicola Foot, Cytogenetics Section, 

Hammersmith Hospital.)   
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  Table 12.4    FA complementation groups/genetic subtypes. 

   Complementation 

group/gene  

   Approximate percentage 

of FA patients  

   Chromosome location     Protein (amino acids)     Exons  

  A ( FANCA )    65    16q24.3    1455    43  

  B ( FANCB )  *       <    1    Xp22.2    859    10  

  C ( FANCC )    12    9q22.3    558    14  

  D1 ( FANCD1 )   †        <    1    13q12.3    3418    27  

  D2 ( FANCD2 )     <    1    3p25.3    1451    44  

  E ( FANCE )    4    6p21.3    536    10  

  F ( FANCF )    4    11p15    374    1  

  G ( FANCG )    12    9p13    622    14  

  I ( FANCI )     <    1    15q26.1    1328    35  

  J ( FANCJ/BRIP1 )   ‡        <    5    17q23.2    1249    20  

  L ( FANCL )     <    1    2p16.1    375    14  

  M ( FANCM )     <    1    14q21.3    2048    23  

  N ( FANCN/PALB2 )   §        <    1    16p12.1    1186    13  

    *  FANCB  is on the X chromosome.  

    †   FANCD1  is  BRCA2 .  

    ‡  FANCJ is BRIP1 (BRCA1 interacting protein).  

    §  FANCN is PALB2 (partner and localizer of BRCA2).   

Constitutional biallelic mutations in Fanconi anaemia genes
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     Figure 12.3     Schematic representation of the FA – BRCA pathway 

and related networks. The diagram shows that the constitutional 

mutations in FA cells lead to aberration of the FA – BRCA 

pathway, abnormal handling of oxidative stress, aberrant 

activation of mitogen - activated protein kinases (MAPKs), 

defective telomere maintenance as well as possibly other 

biological aberrations. The net impact of these is increased 

genomic instability and altered cell survival/checkpoints. The 

diagram also highlights the potential role of environmental 

factors such as smoking and sunlight in adding to the effect of 

the FA mutations. Within the FA – BRCA pathway, the proteins 

shown in yellow are those mutated in different FA patients. The 

FA core complex consists of eight FA proteins (A, B, C, E, F, G, L 

and M) and this, together with ATR (ataxia telangiectasia and 

RAD3 - related protein), is essential for activation (ubiquitination) 

of the I – D2 complex after DNA damage. Activated I – D2 - Ub 

translocates to DNA repair foci where it associates with other 

DNA damage response proteins including BRCA2 and RAD51 

and participates in DNA repair. TNF, tumour necrosis factor; 

Ub, ubiquitination.  
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mediated by  fas  - induced apoptosis and may turn out to be an 
important mechanism in the development of progressive bone 
marrow failure in FA. It is noteworthy that patients with idio-
pathic AA usually have raised IFN -  γ  levels, thus providing a 
possible link in the pathophysiology of bone marrow failure in 
both idiopathic and FA - associated AA. The presence of short 
telomeres in cells from patients with both FA and idiopathic AA 
can also be expected to be important in the pathophysiology of 
bone marrow failure in both diseases. This feature is discussed 
further in relation to DC.  

  Treatment 

 The major cause of premature mortality in FA patients is the 
development of bone marrow failure. Until the advent of HSCT, 
treatment consisted largely of supportive care and attempts 
to stabilize and improve haemopoietic function by administrat-
ing androgens (oxymetholone) and corticosteroids (pred-
nisolone). Oxymetholone treatment can produce useful 
trilineage haematological responses in 50 – 70% of patients but 
many will become refractory after a variable time. Oxymetholone 
is associated with side - effects, including liver dysfunction and 
increased risk of hepatic tumours. It is a very good holding 
treatment until more defi nitive treatment can be planned using 
HSCT, which has now become the treatment of choice. From 
the  in vitro  and  in vivo  studies it has become clear that cells from 
FA patients are hypersensitive to agents such as cyclophospha-
mide and high - dose irradiation compared with non - FA patients. 
Therefore, HSCT conditioning regimens have been modifi ed 
by reducing the dose of cyclophosphamide and radiation. 
Initially, using low - dose cyclophosphamide (20   mg/kg) and 
4.5 – 6   Gy of thoracoabdominal irradiation, the actuarial survival 
for patients transplanted using HLA - identical sibling donors 
was found to be around 70% at 2 years. The results using unre-
lated donors were less good, with 2 - year survival between 20 
and 40%. More recently, the use of fl udarabine is being explored 
in conditioning protocols. Additionally, long - term follow - up 
of patients who have survived after HSCT shows a much 
higher incidence of malignancies, particularly of the head and 
neck, usually 8 – 10 years after the transplant. This partly relates 
to the inherent predisposition of FA patients to malignancy 
(which can perhaps now be explained given the link to defects 
in DNA repair) and partly to factors such as the use of radio-
therapy in the conditioning. Transplant groups are therefore 
exploring low - dose cyclophosphamide (20 – 40   mg/kg) HSCT 
protocols that avoid the use of radiotherapy. Preliminary results 
using fl udarabine (120 – 150   mg/m 2 ) in association with low -
 dose cyclophosphamide are very encouraging for both sibling 
and unrelated HSCT. Longer follow - up is necessary to deter-
mine if such protocols will be associated with a lower risk of 
malignancy. 

 In addition to HSCT, alternative treatment strategies are 
being explored. The identifi cation of the FA genes, combined 

(partner of BRCA1) and that FANCN is PALB2 (partner of 
BRCA2). These fi ndings further strengthen the connection 
between the FA and BRCA proteins and DNA repair.   

 The FA – BRCA pathway is activated in response to DNA 
damage (e.g. replication fork arrest) and involves ATR (ataxia 
telangiectasia and RAD3 - related protein) (Figure  12.3 ). The 
pathway is inactivated by the de - ubiquitinating enzyme USP1. 
ATR appears to directly regulate the FA pathway as it is required 
for the monoubiquitination of FANCD2 and FANCI. ATR is 
mutated in a subset of patients with Seckel syndrome, a disease 
exhibiting some clinical similarity to FA. ATR and ATM (ataxia 
telangiectasia mutated) are known to phosphorylate FANCD2 
and FANCI. Interestingly, ATR - Seckel cells also exhibit defects 
in FANCD2 monoubiquitination. Furthermore, Nijmegen 
breakage syndrome (NBS) cells (mutated in  NBN ) show defects 
in FANCD2 monoubiquitination. This suggests that as well as 
clinical overlap between patients with FA, NBS and Seckel syn-
drome, there is also overlap in the biological defects observed 
in cells from these patients. This highlights the complexity of 
physical interactions between the different molecules involved 
in this matrix of pathways. Equally it is clear that FA cells also 
display other abnormalities in addition to DNA repair (Figure 
 12.3 ). This includes hypersensitivity to oxygen, accelerated tel-
omere shortening, abnormal cell cycle kinetics, and overactiva-
tion of the mitogen - activated protein kinase (MAPK) pathways 
leading to overproduction of tumour necrosis factor (TNF) -  α . 
These observations suggest that our understanding of the 
molecular events responsible for all the FA pathology is cur-
rently incomplete. 

 It is noteworthy that the phenotypes associated with biallelic 
 BRCA2  (FA - D1) and  PALB2  (FA - N) mutations are markedly 
similar to each other but different from the other FA genes. 
Specifi cally, FA - D1 and FA - N are associated with high risks of 
solid childhood malignancies (e.g. Wilms tumour and medul-
lobalstoma) which are not usually seen in the other FA 
subtypes. Furthermore, heterozygous mutations in  BRCA2  
(FA - D1),  PALB2  (FA - N) and  BRIP1  (FA - J) confer an elevated 
risk of breast cancer yet this is not the case for the other FA 
genes. These differences highlight that the relationship between 
the FA proteins and their interactions with other molecules is 
complex at both the clinical and molecular levels. 

  In vitro  gene transfer studies have demonstrated that intro-
duction of the appropriate wild - type FA gene into FA human 
lymphoid and haemopoietic cells markedly enhances their 
growth and normalizes their response to MMC; in lymphoid 
lines, cell kinetics (G 2  phase) and chromosomal breakage are 
normalized. Thus the transfer of the wild - type FA genes corrects 
the extreme sensitivity to DNA cross - linking agents, the hall-
mark of the FA cell phenotype. These studies provide the 
rationale for haemopoietic gene therapy (discussed below). 

 Murine mouse models of FA have shown that haemopoietic 
progenitors are hypersensitive to TNF -  α  and interferon (IFN) -
  γ . This differential hypersensitivity to IFN -  γ  is thought to be 
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  Dyskeratosis  c ongenita 

  Clinical  f eatures 

 Classical DC is an inherited disease characterized by the muco-
cutaneous triad of abnormal skin pigmentation, nail dystrophy 
and mucosal leucoplakia (Figure  12.4 ). Since its fi rst description 
by Jacobi in 1906 and Zinsser in 1910, a variety of non - cutane-
ous (dental, gastrointestinal, genitourinary, neurological, oph-
thalmic, pulmonary and skeletal) abnormalities have also been 
reported (Table  12.5 ). Bone marrow failure is the principal 
cause of early mortality, with an additional predisposition to 
malignancy (haematological and non - haematological) and fatal 
pulmonary complications. X - linked recessive, autosomal domi-
nant and autosomal recessive forms of the disease are recog-
nized. It is therefore now acknowledged that DC is a very 
heterogeneous disorder, both clinically and genetically.     

 Clinical manifestations in DC often appear during child-
hood. The skin pigmentation and nail changes typically appear 
fi rst, usually by the age of 10 years. Bone marrow failure usually 
develops below the age of 20 years; 80 – 90% of patients will have 
developed bone marrow abnormalities by the age of 30 years. 
In some cases, the bone marrow abnormalities may appear 
before the mucocutaneous manifestations and the patients may 
be categorized as having  ‘ idiopathic aplastic anaemia ’ . The main 
causes of death are bone marrow failure/immunodefi ciency 

with the  in vitro  gene transfer data which show that FA haemo-
poietic stem cells rescued by gene therapy should have a selec-
tive growth advantage within the hypoplastic bone marrow 
environment, has resulted in clinical studies of retroviral - medi-
ated gene therapy for FA patients. The pilot study on FA - C 
patients was associated with no serious side - effects but effi cacy 
was limited. Further studies on this approach are being under-
taken but none have yet shown signifi cant effi cacy in the clinic. 

 The identifi cation of FA  mosaic  patients strengthens the case 
for future trials of gene therapy. In such cases, the DEB/MMC 
test may be negative or only demonstrate chromosomal insta-
bility in a subgroup of cells. Somatic mosaicism is due to rever-
sion of a pathogenic allele to  ‘ wild ’  type in a single haemopoietic 
(somatic) cell. The mechanism of how this occurs can vary, but 
in each case it generates one  ‘ normal ’  FA allele and the resulting 
cell effectively becomes a  ‘ heterozygous cell ’ , which would be 
expected to have a growth/survival advantage in the background 
of FA cells. These mosaic patients can have an improvement in 
their haematological profi le, suggesting that a single pluripotent 
stem cell may be suffi cient to restore adequate haemopoiesis. 
FA patients with somatic mosaicism can thus be regarded as 
having undergone natural haemopoietic gene therapy. 

 Over the last 20 years there has been signifi cant progress in 
treating the bone marrow failure associated with FA. For the 
future the major challenge will relate to the treatment of malig-
nancies and in the management of patients with atypical 
presentations.   

     Figure 12.4     Photographs of patients with dyskeratosis congenita showing abnormal skin pigmentation (A, B, C), nail dystrophy (D, E) 

and leucoplakia of tongue (F).  
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chromosomal rearrangements. DC, like FA, may thus be 
regarded as a chromosome/genomic instability disorder but 
with a predisposition principally to chromosomal rearrange-
ments rather than the gaps and breaks seen in FA. 

 Haemopoietic progenitor studies have shown reduced 
numbers of all progenitors compared with control subjects and 
there is usually a downwards decline with time. The degree to 
which the progenitors are reduced can vary from patient to 
patient and they can be reduced even when the peripheral blood 
count is normal. The demonstration of abnormalities of growth 
and chromosomal rearrangements in fi broblasts suggests that 
the bone marrow failure is likely to be a consequence of abnor-
malities in both haemopoietic stem cells and stromal cells. 

 X - chromosome inactivation patterns (XCIPs) have been 
studied in peripheral blood cells of women from X - linked DC 
families by investigating a methylation - sensitive restriction 
enzyme site in the polymorphic human androgen receptor 
locus ( HUMARA ) at Xq11.2 – q12. All carriers of X - linked DC 
showed complete skewing in XCIP. The presence of the 
extremely skewed pattern of X - inactivation in peripheral blood 
cells suggests that cells expressing the defective gene have a 
growth/survival disadvantage over those expressing the normal 
allele. Furthermore, a skewed XCIP provides important infor-
mation about carrier status for use in the counselling of families 
at risk of DC. In addition, XCIP allow us to distinguish an 
inherited mutation from a  de novo  event in sporadic male 
DC cases, as well as autosomal from X - linked forms of the 
disease. 

 The majority of DC patients recruited to the Dyskeratosis 
Congenita Registry in London are male. This observation sug-
gests that the X - linked recessive form of DC represents a major 
subset of cases. Initially, through linkage analysis in one large 
family with only affected males, it was possible to map the gene 
for the X - linked form to Xq28. The availability of polymorphic 
genetic markers from the Xq28 and additional X - linked families 
facilitated positional cloning of the gene ( DKC1 ) that is mutated 
in X - linked DC. Identifi cation of the  DKC1  gene in 1998 made 
available a genetic test that can be used to confi rm diagnosis in 
suspected cases and provide antenatal diagnosis in X - linked 
families. It also led to the demonstration that another rare syn-
drome, Hoyeraal – Hreidarsson (HH) syndrome, is due to muta-
tions in the  DKC1  gene. HH syndrome is a severe multisystem 
disorder characterized by severe growth failure, abnormalities 
of brain development (particularly cerebellar hypoplasia), 
aplastic anaemia and immunodefi ciency (T +  B  −   NK  −   severe 
combined immunodefi ciency). The recognition that HH syn-
drome is a severe variant of DC has further highlighted the 
considerable variability of the DC phenotype. 

 In addition to providing an accurate diagnostic test, this 
genetic advance has provided insights into the pathogenesis of 
DC. The  DKC1  gene is expressed in all tissues of the body, 
indicating that it has a vital housekeeping function in the 

  Table 12.5    Somatic abnormalities in dyskeratosis congenita. 

   Abnormality     Percentage of patients  

  Abnormal skin pigmentation    89  

  Nail dystrophy    88  

  Bone marrow failure    85.5  

  Leucoplakia    78  

  Epiphora    30.5  

  Learning diffi culties/developmental 

delay/mental retardation  

  25.4  

  Pulmonary disease    20.3  

  Short stature    19.5  

  Extensive dental caries/loss    16.9  

  Oesophageal stricture    16.9  

  Premature hair loss/greying/sparse 

eyelashes  

  16.1  

  Hyperhidrosis    15.3  

  Malignancy    9.8  

  Intrauterine growth retardation    7.6  

  Liver disease/peptic ulceration/

enteropathy  

  7.3  

  Ataxia/cerebellar hypoplasia    6.8  

  Hypogonadism/undescended testes    5.9  

  Microcephaly    5.9  

  Urethral stricture/phimosis    5.1  

  Osteoporosis/aseptic necrosis/scoliosis    5.1  

  Deafness    0.8  

(about 60 – 70%), pulmonary complications (about 10 – 15%) 
and malignancy (about 10%).  

  Cell and  m olecular  b iology 

 DC has many features in common with FA, in which cells 
display hypersensitivity to clastogenic agents such as MMC. 
Although the occasional DC patient may show some evidence 
of chromosome breakage, in general there is no signifi cant dif-
ference in chromosomal breakage between DC and normal 
lymphocytes with or without the use of bleomycin, DEB, MMC 
and  γ  - irradiation. This observation enables DC patients to be 
distinguished from FA. 

 Primary DC skin fi broblasts are abnormal in both morphol-
ogy and growth rate. Furthermore, they show unbalanced chro-
mosomal rearrangements (dicentrics, tricentrics, translocations, 
end - to - end fusions) in the absence of any clastogenic agents. In 
addition, peripheral blood and bone marrow metaphases from 
some patients show unbalanced chromosomal rearrangements 
in the absence of any clastogenic agents. These studies provide 
evidence for a defect that predisposes DC cells to developing 
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TERC and TERT. In patients with X - linked DC, it was initially 
demonstrated that the level of TERC was reduced and that 
telomere lengths were much shorter than in age - matched 
normal controls. Subsequently, it was found that telomeres are 
also shorter in cells from patients with autosomal forms of DC. 
This therefore suggested that DC might principally be a disease 
of defective telomere maintenance rather than of ribosome bio-
genesis. Further clarifi cation came from linkage analysis in one 
large DC family, which showed that the gene for autosomal 
dominant DC is on chromosome 3q, in the same area where 
the gene for TERC had been previously mapped. This led to 
 TERC  mutation analysis in this and other DC families and the 
demonstration that autosomal dominant DC is due to muta-
tions in the  TERC  gene. 

 As the  DKC1  - encoded protein dyskerin and TERC are both 
components of the telomerase complex (Figure  12.5 ), it now 
appears that DC arises principally from an abnormality in tel-

human cell. This correlates well with the multisystem pheno-
type of DC. The  DKC1  gene and its encoded protein, dyskerin, 
are highly conserved throughout evolution. Dyskerin is a nucle-
olar protein associated with the H/ACA class of small nucleolar 
RNAs (snoRNAs) and is involved in pseudo - uridylation of spe-
cifi c residues of ribosomal RNA (rRNA). This step is essential 
for ribosome biogenesis and therefore initially suggested that 
DC arises largely because of defective ribosome production. 

 Subsequent studies have shown that dyskerin also associates 
with the RNA component of telomerase (TERC), which also 
contains an H/ACA consensus sequence. Telomerase is an 
enzyme complex that is important in maintaining chromo-
somal telomere length after cell division. The precise composi-
tion of the telomerase complex is unknown, but two essential 
components, the RNA component (TERC) and the catalytic 
reverse transcriptase (TERT), have been well characterized. 
Telomerase activity can be reconstituted  in vitro  using just 

The reverse transcriptase component (TERT): 
heterozygous mutations identified in AA, DC, 
MDS and pulmonary fibrosis 
Homozygous mutations cause classical DC 
and HH

TIN2: heterozygous mutations 
cause DC, HH and RS

The RNA component
(TERC): heterozygous 
mutations identified 
in DC, AA, MDS, 
pulmonary fibrosis

Dyskerin: hemizygous 
mutations cause 
X-linked DC and severe 
variant, HH

NOP10: homozygous
mutation causes autosomal 
recessive DC

GAR1

NHP2: biallelic
mutations 
cause autosomal 
recessive DC

TPP1

5’

TRF1 TRF2/RAP1
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     Figure 12.5     A schematic representation of the telomerase 

complex (dyskerin, GAR1, NHP2, NOP10, TERC and TERT), the 

shelterin complex and their association with different categories 

of dyskeratosis congenita and related diseases. The telomerase 

complex is an RNA – protein complex since TERC is a 451 - base 

RNA molecule that is never translated. The other molecules 

(dyskerin, GAR1, NHP2, NOP10 and TERT) are proteins. Recent 

studies suggest that the minimal active telomerase enzyme is 

composed of two molecules each of TERT, TERC and dyskerin. 

Dyskerin, GAR1, NHP2 and NOP10 are believed to be important 

for the stability of the telomerase complex. The shelterin complex 

is made up of six proteins (TIN2, POT1, TPP1, TRF1, TRF2 and 

RAP1) and is important in protecting the telomere. Mutations in 

components of the telomerase complex or the shelterin complex, 

as occurs in different subtypes of DC, result in telomere 

shortening. AA, aplastic anaemia; DC, dyskeratosis congenita; 

HH, Hoyeraal – Hreidarsson syndrome; MDS, myelodysplastic 

syndrome; RS, Revesz syndrome.  
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  Table 12.6    Genetic subtypes of dyskeratosis congenita ( DC ). 

   DC subtype     Approximate percentage 

of DC patients  

   Chromosome location     RNA/protein product     Exons  

  X - linked recessive    30    Xq28    Dyskerin    15  

  Autosomal dominant     <    5    3q26.2    TERC    1  

       <    5    5p15.33    TERT    16  

      10    14q12    TIN2    6  

  Autosomal recessive     <    1    15q14 – q15    NOP10    2  

       <    1    5p15.33    TERT    16  

       <    1    5q35.3    NHP2    4  

  Uncharacterized   *       40 – 50    ?    ?    ?  

    * These are likely to represent more than one genetic locus and include the genetically heterogeneous autosomal recessive DC.   

omerase activity. Affected tissues are those that need constant 
renewal, consistent with a basic defi ciency in stem cell activity 
due to defective telomerase activity. The demonstration of 
 DKC1  and  TERC  mutations in DC families provides an accurate 
diagnostic test, including antenatal diagnosis, in a signifi cant 
subset of cases (Table  12.6 ). For DC patients, this now also 
provides the basis for designing new treatments. For the wider 
community it provided the fi rst direct genetic link between a 
human disease characterized by features of premature ageing 
(premature grey hair/hair loss, early dental loss, abnormalities 
of skin pigmentation, nail dystrophy, bone marrow failure, 
increased predisposition to malignancy) and short telomeres. 
Therefore, unravelling the biology of this rare disease has had 
important implications not only for patients with DC but also 
for the more common disorders, such as ageing, cancer and AA, 
that are also associated with abnormal telomeres.     

 Recently, heterozygous  TERC  mutations have been observed 
in a subset of patients with AA and myelodysplastic syndrome 
(MDS) but who lacked classical features of DC. Furthermore, 
AA patients associated with  TERC  mutations had signifi cantly 
shorter telomeres than age - matched controls. These data indi-
cate that, in a subset of patients with AA and MDS, the disorder 
is associated with a genetic defect in the telomere maintenance 
pathway. They also highlight the diverse manifestations of DC: 
its severe variant form (HH syndrome), its classical form and 
its  ‘ cryptic ’  form (AA or MDS). The similarities between DC 
and AA are given in Table  12.2 . 

 These fi ndings also suggest that treatments aimed at restora-
tion of telomere length might be useful in this group of patients. 
Heterozygous mutations in  TERT  have also recently been found 
in some patients with bone marrow failure and autosomal 
dominant DC. These fi ndings further support the model 
that DC is principally a disorder of telomere maintenance. 
Additionally, telomerase dysfunction (heterozygous mutations 
in  TERT  or  TERC ) has also been identifi ed as the likely cause 
of a subset of familial idiopathic pulmonary fi brosis, a disease 

in which fi brotic tissue forms in the lungs, eventually leading to 
respiratory failure. More recently, a subset of DC patients have 
been found to have heterozygous mutations in a component of 
the shelterin complex TIN2. Patients with  TIN2  mutations also 
have very short telomeres, providing further evidence that DC 
is principally a disorder of defective telomere maintenance. 

 Recently, the genetic basis of some cases of autosomal reces-
sive DC has been elucidated. In one large family with autosomal 
recessive DC, the disease has been found to be due to 
homozygous mutations in the telomerase - associated protein 
NOP10. Patients with homozygous  NOP10  mutations, like 
patients with  DKC1  and  TERC  mutations, were also found 
to have very short telomeres, further highlighting that DC is 
principally a disease of defective telomere maintenance. In 
some autosomal recessive families it has been found that the 
disease is due to biallelic mutations in  TERT , suggesting that a 
pure but severe defi ciency in telomerase can produce a pheno-
type of classical autosomal recessive DC and its severe variant, 
HH syndrome. Very recently, in two autosomal recessive fami-
lies biallelic mutations have been found in the telomerase 
component NHP2 and these patients also had very short 
telomeres.  

  Treatment 

 Transient successful responses to granulocyte/macrophage 
colony - stimulating factor (GM - CSF), granulocyte colony - 
stimulating factor (G - CSF) and erythropoietin have been 
reported. As in FA, the anabolic steroid oxymetholone (0.5 –
 2.0   mg/kg daily) can produce an improvement in haemopoietic 
function in many ( >    50%) patients for a variable period of time. 
The use of oxymetholone and growth factors may be synergistic 
in some patients. However, the main treatment for severe bone 
marrow failure is allogeneic HSCT, and there is some experi-
ence using both sibling and alternative stem cell donors. 
Unfortunately, because of early and late fatal pulmonary/
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galy, rib/thoracic cage abnormalities, hypertelorism, syndactyly, 
cleft palate, dental dysplasia, ptosis and skin pigmentation. 

 The spectrum of haematological abnormalities includes neu-
tropenia ( ∼    60%), other cytopenias ( ∼    20% have pancytopenia), 
myelodysplasia and leukaemic transformation ( ∼    25%). The age 
at which leukaemia develops varies widely, from 1 to 43 years. 
AML is the commonest category and there is an unexplained 
preponderance of cases of leukaemia in males (male to female 
ratio approximately 3   :   1). 

 Exocrine pancreatic insuffi ciency and haematological abnor-
malities are also seen in Pearson syndrome (PS), and this is 
therefore an important differential diagnosis. In PS, the anaemia 
is usually more prominent than neutropenia and the marrow 
usually shows ringed sideroblasts along with vacuolation of 
myeloid and erythroid precursors. In addition, acidosis, abnor-
malities of liver function and mitochondrial DNA rearrange-
ments are seen in PS. PS has a worse prognosis than SDS, with 
many patients dying before the age of 5 years from liver or 
marrow failure. Other differential diagnoses to be excluded are 
cartilage hair syndrome and cystic fi brosis.  

  Cell and  m olecular  b iology 

 The SDS gene ( SBDS ) on 7q11.22 was identifi ed in 2003. The 
majority ( >    90%) of SDS patients have been found to have 
mutations in this gene (Table  12.7 ). Its precise function is 
unknown but, based on the function of its homologues, it is 
predicted to have an important role in RNA metabolism and/
or ribosome biogenesis. Recent data from yeast studies provide 
compelling evidence that the SBDS protein has an important 
role in the maturation of the 60S ribosomal subunit (Figure 
 12.6 ). Several abnormalities in SDS cells have been observed, 
including haemopoietic stem and stromal defects, increased 
rates of apoptosis and short telomeres. It will be interesting to 
see how mutations in the  SBDS  gene lead to all these cell defects, 
the increased frequency of isochromosome 7q and the clinical 
abnormalities characteristic of SDS. More immediately, this 
advance provides a genetic test that will facilitate diagnosis in 
diffi cult cases. It will also enable researchers to determine the 
role of the  SBDS  gene in AA, MDS and leukaemia in general. 
In this regard it has recently been shown that the SBDS protein 
can act to stabilize the mitotic spindle, preventing genomic 
instability, and that cells from SDS patients exhibit an increased 
incidence of abnormal mitoses.      

vascular complications after HSCT, the results of conventional 
transplants have been less successful than in FA. The presence 
of pulmonary disease in a signifi cant proportion of DC patients 
perhaps now explains the high incidence of fatal pulmonary 
complications in the setting of HSCT. It also highlights the need 
to avoid therapies (such as busulfan and radiotherapy) associ-
ated with pulmonary toxicity. As bone marrow failure is the 
main cause of premature death in DC patients and HSCT is the 
only curative option for bone marrow failure at present, HSCT 
should continue to be performed on carefully selected patients. 
Perhaps the best candidates for HSCT are patients with no pre -
 existing pulmonary disease and who have sibling donors. HSCT 
using fl udarabine - based protocols that avoid radiotherapy and 
busulfan appears to be giving encouraging preliminary results. 

 DC is theoretically a good candidate for haemopoietic gene 
therapy. In any given patient, DC is a single - gene disorder and 
the cells that need to be targeted (haemopoietic stem cells) are 
accessible. Furthermore, there is evidence from fi broblast 
culture studies and from skewed XCIPs in X - linked DC carriers 
that cells transfected with the normal gene would have a growth/
survival advantage compared with uncorrected cells. Such an 
advantage would also be predicted from the role of the DC 
genes in telomere maintenance. It remains to be seen whether 
treatments aimed at restoration of telomere length will prove 
to be of clinical benefi t in DC and related disorders.   

  Shwachman – Diamond  s yndrome 

  Clinical  f eatures 

 Shwachman and Bodian and their colleagues fi rst reported this 
disease independently in 1964. Shwachman – Diamond syn-
drome (SDS) is now recognized as an autosomal recessive dis-
order characterized by exocrine pancreatic insuffi ciency (100%), 
bone marrow dysfunction (100%) and other somatic abnor-
malities (particularly involving the skeletal system). Signs of 
pancreatic insuffi ciency (malabsorption, failure to thrive) are 
apparent early in infancy (note that pancreatic function can 
improve in a subset of patients with SDS by 5 years of age). 
Other common somatic abnormalities include short stature 
( ∼    70%), protuberant abdomen and an ichthyotic skin rash 
( ∼    60%). Metaphyseal dysostosis is seen on radiographs in 
about 75% of patients. Other abnormalities include hepatome-

  Table 12.7    Genetic subtypes of Shwachman – Diamond syndrome ( SDS ). 

   SDS subtype     Approximate percentage 

of SDS patients  

   Chromosome location     Protein product     Exons  

  Autosomal recessive     >    90    7q11.22    SBDS    5  

  Uncharacterized     <    10    ?    ?    ?  
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bone marrow from such patients. Therefore, for those who 
develop leukaemia, the only approach likely to be successful 
is allogeneic HSCT, perhaps in the future using low - intensity 
conditioning regimens that include fl udarabine. The similari-
ties between SDS and the other common inherited bone marrow 
failure syndromes emphasize that SDS should be regarded as 
a disorder with high propensity to develop both AA and leu-
kaemic transformation, particularly AML with erythroid dif-
ferentiation (AML - M6). As these complications may not 
develop until adult life, it is important to continue close hae-
matological follow - up throughout life. It is noteworthy that 
non - haematological malignancies have not been observed in 
SDS patients.   

  Diamond – Blackfan  a naemia 

  Clinical  f eatures 

 Red cell aplasia was fi rst reported in 1936 by Josephs. In 1938, 
Diamond reported on four children with hypoplastic anaemia 

  Treatment 

 The malabsorption in SDS responds to treatment with oral 
pancreatic enzymes. For those with neutropenia, G - CSF may 
produce an improvement in the neutrophil count. Some 
patients with anaemia and/or thrombocytopenia may achieve 
haematological responses with oxymetholone treatment. As in 
other cases of bone marrow failure, supportive treatment with 
red cell and platelet transfusions and antibiotics is very impor-
tant. The main cause of death is infection or bleeding. 

 Recent analysis of SDS patients has showed that the incidence 
of myelodysplasia and transformation to AML (about 15 – 25%) 
is higher than reported previously. The development of leukae-
mia, often with features of myelodysplasia, usually has a poor 
prognosis. SDS patients with leukaemia treated with conven-
tional courses of chemotherapy usually fail to regenerate normal 
haemopoiesis. As this is a constitutional disorder all somatic 
cells, including haemopoietic stem cells, are abnormal. In addi-
tion, the haemopoietic stem cells may have accumulated sec-
ondary abnormalities as suggested by complex karyotypes 
(especially involving chromosome 7) often observed in the 
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     Figure 12.6     Schematic diagram showing scheme of ribosomal (r)

RNA processing in human cells and the points at which this is 

possibly disrupted in the different bone marrow failure 

syndromes. The rRNAs are transcribed by RNA polymerase I as a 

single precursor transcript (45S rRNA). The 45S rRNA is then 

processed to 18S, 5.8S and 28S rRNAs. The 18S is a component 

of the 40S ribosomal subunit. The 5.8S and 28S together with 5S 

(synthesized independently) are components of the 60S 

ribosomal subunit. The 40S and 60S subunits are assembled to 

form the 80S ribosomes. The processing steps affected in 

Diamond – Blackfan anaemia (due to heterozygous mutations in 

 RPS19 ,  RPS17 ,  RPS24 ,  RPS7 ,  RPL35a ,  RPL5  and  RPL11 ), 

5q –  syndrome (haploinsuffi ciency of  RPS14 ) and Shwachman –

 Diamond syndrome (biallelic mutations in  SBDS ) are indicated 

by the different coloured stars. DBA, Diamond – Blackfan 

anaemia; SDS, Shwachman – Diamond syndrome.  
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 in vitro  long - term culture - initiating cell assay, they provided 
evidence for a trilineage haemopoietic defect in patients with 
refractory DBA. Thus, although DBA has been regarded classi-
cally as a pure red cell aplasia, a more global haemopoietic 
defect is likely to be present, and this may be seen more fre-
quently in the future as patients are surviving longer due to 
improved medical care.  

  Cell and  m olecular  b iology 

 The classical haematological profi le in DBA patients consists of 
normochromic macrocytic anaemia, reticulocytopenia and a 
normocellular marrow with selective defi ciency of red cell pre-
cursors. A number of different defects of  in vitro  erythroid 
progenitor proliferation, differentiation and cytokine respon-
siveness have been reported but have not clarifi ed the mecha-
nism of  in vivo  erythroid failure. For many years, based on the 
typical selective defi ciency in red cell precursors, many research-
ers believed that DBA was due to an intrinsic problem with 
erythroid proliferation/differentiation. On the other hand, the 
observation of a wide range of somatic abnormalities in a sig-
nifi cant proportion of patients and case reports of thrombocy-
topenia, neutropenia and AA, together with the recent evidence 
for a trilineage haemopoietic defect, suggest that the primary 
problem in DBA is not confi ned to the erythroid lineage. 

 The establishment of DBA registries, advances in genetics 
and the identifi cation of a female with a balanced X;19 translo-
cation has facilitated a change in research strategy in DBA. 
Genetic mapping studies localized a gene responsible for DBA 
to a 1 - Mb region on 19q13 on the basis of (i) the identifi cation 
of a  de novo  balanced reciprocal X;19 translocation breakpoint 
in a girl with DBA; (ii) linkage analysis in multiplex DBA fami-
lies; and (iii)  de novo  microdeletions associated with the disease. 
Cloning of the chromosome 19q13 breakpoint demonstrated 
that this breakpoint interrupts the gene encoding ribosomal 
protein S19 ( RPS19 ). The subsequent fi nding of  RPS19  muta-
tions in about 25% of DBA patients led to the fi rst genetic 
characterization of DBA and has paved the way for subsequent 
studies. Interestingly, mutations in the  RPS19  gene were also 
found in some apparently unaffected individuals from DBA 
families presenting only with an isolated elevation of erythro-
cyte adenosine deaminase activity. The lack of a genotype – 
phenotype correlation implies that other factors modulate the 
phenotypic expression of the primary genetic defect in families 
with  RPS19  mutations. 

 Over the last 10 years, heterozygous mutations in other genes 
encoding ribosomal proteins of the small (RPS214, RPS17, 
RPS7) and large (RPL5, RPL11 and RPL35a) ribosomal subu-
nits have also been reported (Table  12.8 ); collectively the genetic 
basis of approximately 50% of DBA patients can now be sub-
stantiated at the genetic level. It has also been demonstrated that 
mutations in these genes are associated with diverse defects in 
the maturation of rRNAs in the large or the small ribosomal 

and this has now come to be recognized as Diamond – Blackfan 
anaemia (DBA) or congenital pure red cell aplasia. DBA usually 
presents in early infancy, with features of anaemia such as pallor 
or failure to thrive. The hallmark of classical DBA is a selective 
decrease in erythroid precursors and normochromic macro-
cytic anaemia associated with a variable number of somatic 
abnormalities such as craniofacial, thumb, cardiac and urogeni-
tal malformations. Hitherto the diagnostic criteria for DBA 
have comprised (i) normochromic, usually macrocytic, but 
occasionally normocytic anaemia developing in early child-
hood; (ii) reticulocytopenia; (iii) normocellular bone marrow 
with selective defi ciency of erythroid precursors (erythroblasts 
 <    5%); (iv) normal or slightly decreased leucocyte counts; and 
(v) normal or often increased platelet counts. More recently, 
elevated erythrocyte deaminase activity, macrocytosis and ele-
vated fetal haemoglobin have been added to the list of support-
ive features of DBA. It has also been recognized that in a subset 
of cases the presentation may be in adulthood. 

 There is considerable heterogeneity in the associated somatic 
abnormalities, pattern of inheritance and response to therapy. 
Analysis of 420 cases recruited to the DBA Registry of North 
America (DBAR) has confi rmed previous fi ndings as well as 
highlighting new features. The annual incidence of DBA is 
about 5 per million live births. The median age at presentation 
was 8 weeks and 93% of patients presented in the fi rst year of 
life. In total, 79% were initially responsive to steroids, 17% 
were non - responsive and 4% were never treated with steroids; 
31% of patients were receiving transfusions at analysis. The 
actuarial survival rates at older than 40 years were 100% for 
those in sustained remission, 87% for steroid - maintained 
patients and 57% for transfusion - dependent patients. Of the 36 
deaths reported to the DBAR, 25 were treatment related: fi ve 
from infections, fi ve from complications of iron overload, 
one related to vascular access and 14 from transplant - related 
complications. 

 In the DBAR, 8.8% of families had more than one affected 
individual. Most of the familial cases displayed an autosomal 
dominant pattern of inheritance. Somatic anomalies, excluding 
short stature, were found in 47% of patients. Of these, 50% were 
craniofacial (high - arched palate, cleft lip, hypertelorism and fl at 
nasal bridge), 38% were upper limb and hand (fl at thenar emi-
nence, triphalangeal thumb), 39% genitourinary and 30% 
cardiac. Height was below the third centile for age in about 
30%. 

 MDS and AML have been reported in a few patients with 
DBA, suggesting an increased predisposition to haematological 
malignancies. There are also cases that have evolved into AA; 
neutropenia and thrombocytopenia are relatively common 
after the fi rst decade. Giri and colleagues reported on moderate 
to severe bone marrow hypocellularity in 21 of 28 (75%) 
patients with steroid - refractory DBA; marrow hypoplasia cor-
related with the development of neutropenia (9 of 21, 43%) 
and/or thrombocytopenia (6 of 21, 29%). Furthermore, using 
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to patient. For those patients who fail to respond or become 
refractory to steroids, blood transfusion is the mainstay of treat-
ment. As in thalassaemia, the major complication from transfu-
sions is iron overload, and chelation of iron with desferrioxamine 
should therefore be commenced as soon as patients have 
increased iron stores. The promising results with the new oral 
iron chelator deferasirox are likely to have a positive impact in 
the management of this group of DBA patients. Splenectomy 
may be indicated in the event of an increased transfusion 
requirement secondary to hypersplenism. For patients who are 
transfusion dependent and who have a compatible sibling 
donor, HSCT may be appropriate and is potentially curative.   

  Congenital  d yserythropoietic  a naemia 

 Congenital dyserythropoietic anaemia (CDA) comprises a het-
erogeneous group of inherited disorders of erythropoiesis char-
acterized by anaemia, increased ineffective erythropoiesis and 
frequently morphological evidence of dyserythropoiesis. The 
fi rst description of this group of disorders was in 1966 by 
Crookston and colleagues. In 1968 Wendt and Heimpel classi-
fi ed CDA into three types (I, II and III) (Table  12.9 ). Over the 
years many additional subtypes (IV, V, VI and VII) have been 
added to the list, often based on case report studies. Much of 
the work of establishing diagnostic features and criteria for clas-
sifi cation of CDA has been done by Wickramsinghe and col-
leagues. With the emerging genetics it will be interesting to see 
how this classifi cation will evolve.   

   CDA   t ype  I  

 Over 150 cases have been published. The majority of patients 
present with splenomegaly and mild to moderate anaemia. In 
some cases non - haematological features (e.g. skeletal abnor-
malities, abnormal skin pigmentation) have been observed. In 

subunit production pathway (see Figure  12.6 ). These studies 
therefore suggest that the primary defect in DBA is defective 
ribosome biogenesis, which then leads to other biological 
defects including increased apoptosis and alterations in mole-
cules such as c - Myc and p53. It will now be important to estab-
lish how precisely mutations in these ribosomal protein genes 
lead to altered cell growth (and anaemia), developmental 
anomalies and increased susceptibility to cancer. Review of 
clinical and genetic data has shown that patients with mutations 
in the  RPL5  gene tend to have multiple physical abnormalities, 
including craniofacial, thumb and heart anomalies, whereas 
isolated thumb malformations are predominantly seen in 
patients with heterozygous  RPL11  mutations. Some genotype –
 phenotype correlations are therefore beginning to emerge.   

 In summary, it is noteworthy that the recent advances in the 
genetics of DBA have demonstrated that (i) DBA is caused by 
mutations in genes important in the biogenesis of the small 
( RPS19 ,  RPS24 ,  RPS17  and  RPS7 ) and large ( RPL11 ,  RPL5  and 
 RPL35a ) ribosomal units; (ii) the  SBDS  gene mutated in SDS 
(see above) is required for the maturation of the large ribosomal 
unit; and (iii) the 5q –  syndrome (a recognized subtype of 
acquired myelodysplasia) is associated with haploinsuffi ciency 
of the gene encoding the ribosomal protein RPS14. These 
advances have thus provided a very interesting connection 
between DBA, SDS, MDS and defective ribosome biogenesis 
(see Figure  12.6 ). They also highlight the importance of studies 
on rare syndromes, as often they can provide signifi cant insights 
into the pathology of more common diseases.  

  Treatment 

 The fi rst line of treatment for DBA remains corticosteroids. 
Once a maximal haemoglobin response has been achieved, the 
dose of prednisolone should be tapered slowly until the patient 
is on the lowest dose possible on an alternate - day regimen. The 
dose required to achieve this can vary considerably from patient 

  Table 12.8    Genetic subtypes of Diamond – Blackfan anaemia ( DBA ). 

   DBA subtype     Approximate percentage 

of DBA patients  

   Chromosome location     Protein product     Exons  

  Autosomal dominant    25    19q13.2    RPS19    6  

  2    10q22 – 23    RPS24    7  

   <    1    15q25.2    RPS17    5  

  7    1p22.1    RPL5    8  

  5    1p36.1 – p35    RPL11    6  

  3    3q29 – qter    RPL35a    5  

   <    1    2p25    RPS7    7  

  Uncharacterized  *       ∼    50    ?    ?    ?  

    * These are likely to represent more than one genetic locus.   
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have shown that not all patients previously classifi ed as CDA 
type 1 have mutations in this gene, suggesting that there is 
genetic heterogeneity within this subtype. The precise function 
of this gene (and its encoded protein, codanin - 1) remains 
unkown.  

   CDA   t ype  II  

 This is the most common subtype of CDA (over 300 reported 
cases) and was initially described as hereditary erythroblastic 
multinuclearity with a positive acidied serum lysis test 
(HEMPAS) in 1969. It is inherited as an autosomal recessive 
trait and has been described in several ethnic groups. The 
anaemia is variable (haemoglobin 8 – 11   g/dL). It is important to 
recognize that about 10% of cases require regular transfusions 
and that some cases present with anaemia at birth. The clinical 
presentations include a variable degree of jaundice, hepatome-
galy and splenomegaly and cirrhosis. Mental retardation has 
been reported in some cases. 

 Peripheral blood morphology shows moderate to marked red 
cell anisocytosis. Bone marrow features include normoblastic 
erythroid hyperplasia with usually more than 10% binucleate 
erythroblasts (Figure  12.8 ). At the electron microscope level, 
the erythroid cells have a characteristic peripheral arrangement 
of the endoplasmic reticulum giving the appearance of a  ‘ double 
membrane ’  (Figure  12.9 ). Red cells from patients with CDA 
type II are haemolysed by some acidifi ed sera but not by the 
patient ’ s own serum. The primary defect in CDA type II remains 
unknown. There is some evidence to suggest that CDA type II 
is associated with defects in the synthesis of complex  N  - linked 
oligosaccharides. The gene for CDA type II has been mapped 
to chromosome 20q11.2.    

a review by Wickramasinghe and colleagues, the steady - state 
haemoglobin varied between 6.6 and 11.6   g/dL and approxi-
mately 70% had macrocytosis. Ineffective erythropoiesis was 
evidenced by morphological abnormalities in the peripheral 
blood (anisocytosis) and in the marrow (megaloblastic eryth-
roid precursors, internuclear chromatin bridging, binuclearity 
affecting 3 – 7% of erythroblasts; Figure  12.7 ), as well as by 
increased markers of haemolysis (elevated lactate dehydroge-
nase and bilirubin). The defi ning ultrastructural feature is a 
spongy ( ‘ Swiss cheese ’ ) appearance of the heterochromatin in 
the majority of erythroblasts on electron microscopy.   

 Recognized to be an autosomal recessive disorder, the gene 
responsible for CDA type 1 ( CDAN1 ) was identifi ed in 2002 
and is located on chromosome 15q15.2. Subsequent studies 

  Table 12.9    Characteristics of common subtypes of congenital dyserythropoietic anaemia. 

   Feature     Type I     Type II     Type III  

  Inheritance    AR    AR    AD, AR  

  Erythrocytes    Macrocytic    Normocytic    Macrocytic  

  Erythroblasts              

     Light microscopy    Megaloblastic, internuclear 

chromatin bridges  

  Normoblastic, binuclearity    Megaloblastic, up to 

12 nuclei/cell  

     Electron microscopy     ‘ Swiss - cheese ’  appearance    Peripheral double membranes    Non - specifi c  

  Serology              

     Ham test    Negative    Usually positive    Negative  

     Anti - i - agglutinability    Normal/strong    Strong    Normal/strong  

  SDS - PAGE    Normal    Band 3 thinner and migrates    Band 3 migrates  

          faster than normal    faster than normal  

  Gene location    15q15.2    20q11.2    15q21 – q25  

  Genes identifi ed  *       CDAN1     ?    ?  

    * It is not known how many genes are mutated in each CDA subtype.   

  Source :   modifi ed from Wickramasinghe  &  Wood  (2005)  with permission. 

     Figure 12.7     Congenital dyserythropoietic anaemia type I. Bone 

marrow aspirate showing internuclear bridging in normoblasts.  
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  Treatment 

 Those with mild anaemia require no major intervention. Folate 
supplementation should be given to prevent folate defi ciency. 
If regular transfusions are necessary, early attention to iron 
chelation is essential. Splenectomy may be of benefi t in some 
patients (CDA type II) and there are rare case reports of suc-
cessful HSCT. In CDA type I there are also case reports of 
improvement in the haemoglobin after treatment with inter-
feron alfa. The mechanism of this therapeutic benefi t remains 
unclear.   

   CDA   t ype  III  

 This subtype is rare, with three large families having been 
described as well as some sporadic cases. In one of the largest 
(Swedish) families investigated the disease was characterized by 
giant multinucleated erythroblasts in the marrow (Figure 
 12.10 ). There appears to be an increased prevalence of lympho-
proliferative disorders in CDA type III. The disease in the 
Swedish family appears to be autosomal dominant and the gene 
has been mapped to chromsome 15q21 – q25.    

     Figure 12.8     Congenital dyserythropoietic anaemia type II 

(HEMPAS). Bone marrow aspirate showing typical 

multinuclearity.  

     Figure 12.9     Congenital dyserythropoietic anaemia type II. Electron micrographs of erythroblast showing peripheral arrangement of 

endoplasmic reticulum with  ‘ double membrane ’  appearance.  

     Figure 12.10     Congenital dyserythropoietic anaemia type III. 

Giant multinucleated erythroblast from the marrow.  
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  Congenital and  c yclical  n eutropenias 

 Congenital neutropenia is a heterogeneous disorder (Table 
 12.10 ). It includes Kostmann syndrome, which was fi rst 
described in 1954. Although the original description by 
Kostmann was of an autosomal recessive disorder, other con-
genital neutropenia subtypes (both sporadic and autosomal 
dominant) have subsequently been included in this category. 
The neutropenia is usually recognized at birth and the neu-
trophil count is often below 0.2    ×    10 9 /L. The haemoglobin 
and platelet count are usually normal and the bone marrow 
shows maturation arrest of myelopoiesis at the level of the 
promyelocyte/myelocyte (with abundant promyelocytes but 
with selective reduction in myelocytes, metamyelocytes and 
neutrophils).   

 The neutropenias are associated with severe infections and 
early death. No patient has developed AA but myeloid leukae-
mias ( ∼    25% by 25 years) can occur. The availability of G - CSF 
has revolutionized the outcome of these children. However, 
somatic mutations in the gene that encodes the G - CSF receptor 
have been documented during the evolution to leukaemia in 
patients receiving G - CSF. The precise contribution of G - CSF 
therapy to the development of G - CSF receptor mutations 
remains unclear. For patients who become refractory to G - CSF 
or who develop leukaemia, HSCT may be appropriate and 
curative. 

 Cyclical neutropenia is characterized by a neutrophil count 
that usually reaches a nadir with a 21 - day periodicity. Around 
the nadir, patients may develop fever and mouth ulcers. In 
cyclical neutropenia, the pattern of inheritance is usually auto-
somal dominant. Linkage analysis in affected families resulted 
in the localization of the disease gene to 19p13.3. Subsequent 
studies identifi ed mutations in the gene ( ELA2 ) encoding neu-
trophil elastase. An extraordinary twist to the story was the 
identifi cation of  ELA2  mutations in many patients with con-
genital neutropenia as well. In cyclical neutropenia, the muta-
tions are usually clustered around the active site of the molecule, 
whereas the opposite face of the molecule tends to be mutated 
in congenital neutropenia. Neutrophil elastase is a serine pro-

  Table 12.10    Genetic subtypes of neutropenia. 

   Subtype     Approximate percentage 

of patients  

   Chromosome location     Gene/protein product     Exons  

  Autosomal dominant    50 – 60    19p13.3     ELA2 /neutrophil elastase    5  

  Autosomal recessive    10 – 15    1q21.3     HAX1     7  

  Autosomal dominant     <    1    1p22     GFI1       

  Uncharacterized  *      30 – 40    ?    ?    ?  

    * This is likely to be a heterogeneous group. Furthermore, some patients initially presenting as isolated neutropenia may turn out to be 

cryptic presentations of other syndromes, such as Wiskott – Aldrich and Shwachman – Diamond syndromes.   

tease that is synthesized predominantly at the promyelocytic 
stage and can be expected to be important in neutrophil devel-
opment. Recent studies suggest that  ELA2  mutations lead to 
accumulation of the non - functional protein, which in turn trig-
gers an unfolded protein response leading to maturational 
arrest. The precise mechanism leading to maturation arrest of 
promyelocytes remains unclear. The original family described 
by Kostmann had autosomal recessive severe congenital neu-
tropenia, and has recently been shown to be associated with 
biallelic mutations in the  HAX1  gene, predicted to lead to 
defects in cell death. Biallelic mutations in  HAX1  account for 
approximately 10% of congenital neutropenia. The HAX1 
protein is a critical regulator of the mitochondrial membrane 
potential and cellular viability. While there are data which 
suggest that HAX1 is important in controlling apoptosis, it is 
unclear why premature death of neutrophils is consistently 
associated with HAX1 defi ciency. Mutations in other genes 
( GFI1 ,  WASP ) are also known to be rarely associated with severe 
congenital neutropenia, demonstrating genetic heterogeneity.  

  Thrombocytopenia with  a bsent  r adii 

 Thrombocytopenia with absent radii (TAR) is an autosomal 
recessive disorder characterized by hypomegakaryocytic throm-
bocytopenia and bilateral radial aplasia. Babies with TAR often 
have haemorrhagic manifestations at birth, when the diagnosis 
is usually made because of the characteristic physical appear-
ance combined with thrombocytopenia. Additional skeletal 
abnormalities (absent ulnae, absent humeri, clinodactyly) and 
other somatic abnormalities (microcephaly, hypertelorism, 
strabismus, heart defects) may be seen in some patients. 

 The platelet count is usually below 50    ×    10 9 /L. The leucocyte 
count can be normal or raised, sometimes up to 100    ×    10 9 /L 
( ‘ leukaemoid reaction ’ ). Bone marrow cellularity is normal 
and myeloid and erythroid lineages are normal or increased. 
Megakaryocytes are absent or decreased. Most patients bleed in 
infancy and then improve after the fi rst year. The mainstay of 
management is prophylactic and therapeutic use of platelet 
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  Table 12.11    Genetic subtypes of congenital amegakaryocytic thrombocytopenia ( CAMT ). 

   CAMT subtype     Approximate percentage 

of CAMT patients  

   Chromosome location     Gene/protein product     Exons  

  Autosomal recessive    ?    1p34     MPL     12  

  Uncharacterized    ?    ?    ?    ?  

transfusions. Patients with TAR have a very good prognosis 
after infancy. There have been no reports of AA or leukaemia. 

 The pathophysiology of TAR is unknown. Thrombopoietin 
levels are usually elevated and thrombopoietin receptor expres-
sion on the surface of TAR platelets is normal. Therefore, defec-

tive megakaryocytopoiesis/thrombocytopoiesis does not appear 
to be caused by a defect in thrombopoietin production. There 
is some evidence that it may be due to a lack of response to 
thrombopoietin in the signal transduction pathway of the 
thrombopoietin receptor (c - mpl).  

  Table 12.12    Laboratory tests useful in 

the investigation of patients with bone 

marrow failure. 

   Test     Diagnostic value  

   Peripheral blood       

  Fetal haemoglobin    High level suggestive of generalized bone 

marrow failure  

  DEB/MMC chromosomal breakage    Increased in FA  

  Mutation analysis of specifi c genes      

      FANCA  –  FANCN     Mutated in FA  

      DKC1 ,  TERC ,  TERT ,  NOP10 ,  NHP2 , 

 TINF2   

  Mutated in DC  

      SBDS     Mutated in SDS  

      RPS19 ,  RPS24 ,  RPS17 ,  RPL5 ,  RPL11 , 

 RPL35a ,  RPS7   

  Mutated in DBA  

      CDAN1     Mutated in CDA type I  

      ELA2 ,  HAX1 ,  GFI1     Mutated in congenital and cyclic neutropenia  

      MPL     Mutated in CAMT  

  Mitochondrial DNA analysis    Deletions seen in PS  

  X - chromosome inactivation patterns    Skewed in carriers of X - linked DC  

  Ham test (CD59 analysis)    Abnormal in paroxysmal nocturnal 

haemoglobinuria  

  Telomere length    Short in AA, very short in DC  

  Constitutional karyotype    Abnormality suggestive of constitutional AA  

   Other investigations       

  To identify somatic abnormalities      

     Skeletal survey    Presence of somatic abnormalities in 

association with AA is suggestive of 

constitutional/inherited AA  

     Ultrasound of abdomen      

     Pulmonary function tests      

     Echocardiogram      

  Exocrine pancreatic function    Abnormal in SDS and PS  

  Neutrophil chemotaxis    Abnormal in SDS  

  Fibroblast cultures    Abnormalities seen in DC  

   AA, aplastic anaemia; CAMT, congenital amegakaryocytic thrombocytopenia; CDA, 

congenital dyserythropoietic anaemia; DBA, Diamond – Blackfan anaemia; DC, dyskeratosis 

congenita; DEB/MMC, diepoxybutane/mitomycin C; FA, Fanconi anaemia; PS, Pearson 

syndrome; SDS, Shwachman – Diamond syndrome.   
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  Congenital  a megakaryocytic 
 t hrombocytopenia 

 Congenital amegakaryocytic thrombocytopenia (CAMT) is a 
rare disorder that usually presents in infancy and is character-
ized by isolated thrombocytopenia and reduction/absence of 
megakaryocytes in the bone marrow, usually with no somatic 
abnormalities. It is genetically heterogeneous with autosomal 
recessive and X - linked subtypes. Approximately 50% of patients 
will develop AA, usually by the age of 5 years. For patients with 
severe thrombocytopenia or AA, the treatment of choice is 
HSCT if a compatible donor is available. 

 In a subgroup of patients with CAMT, mutations in the gene 
encoding the thrombopoietin receptor ( MPL ) have been identi-
fi ed (Table  12.11 ). As patients with  MPL  mutations can also 
have abnormalities in the leucocyte count and haemoglobin 
level and central nervous system (CNS) abnormalities (e.g. cer-
ebral and cerebellar hypoplasia), this study highlights the 
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  Conclusion 

 Since the identifi cation of the fi rst FA gene ( FANCC ) in 1992, 
there have been signifi cant advances in our understanding of 
FA, DC and other bone marrow failure syndromes. This is 
already facilitating diagnosis, as highlighted in Table  12.12 . It 
can be anticipated that further studies of the pathophysiology 
of these disorders is likely to lead to a better understanding of 
normal haemopoiesis and how this becomes defective in many 
patients presenting with the more common forms of AA and 
MDS. Indeed, recent studies have already established a link 
between DC and AA and, in turn, to defective telomere main-
tenance. Equally, a link between DBA, SDS and MDS and, in 
turn, defective ribosome biogenesis has been recognized. These 
advances also suggest that new treatment strategies, based on 
correction of the primary defect in each syndrome, may now 
emerge.    

  Acknowledgements 

 I would like to thank all my research colleagues past (Stuart 
Knight, Anna Marrone, David Stevens and Philip Mason) and 
present (Richard Beswick, Upal Hossain, Michael Kirwan, 
Amanda Walne and Tom Vulliamy) and all the patients and 
clinicians on whom research in our laboratory depends. The 
research work is supported by funding from the Wellcome 
Trust and the Medical Research Council UK.  



Inherited aplastic anaemia/bone marrow failure syndromes 

205

translational activation of ribosomes in yeast .  Nature Genetics  
 39 :  486  –  96 .   

  Diamond – Blackfan  a naemia 
    Dianzani   I  ,   Loreni   F   ( 2008 )  Diamond – Blackfan anaemia: a ribos-

omal puzzle .  Haematologica   93 :  1601  –  4 .  
    Draptchinskaia   N  ,   Gustavsson   P  ,   Andersson   B    et al.  ( 1999 )  The 

gene encoding ribosomal protein S19 is mutated in Diamond –
 Blackfan anaemia .  Nature Genetics   21 :  169  –  75 .  

    Gazda   HT  ,   Sheen   MR  ,   Vlachos   A    et al.  ( 2008 )  Ribosomal protein 
L5 and L11 mutations are associated with cleft palate and abnor-
mal thumbs in Diamond – Blackfan anaemia patients .  American 
Journal of Human Genetics   83 :  769  –  80 .  

    Lipton   JM  ,   Astidaaftos   E  ,   Zyskind   I    et al . ( 2006 ).  Improving clinical 
care and elucidating the pathophysiology of Diamond Blackfan 
anaemia: an update from the Diamond Blackfan Anaemia 
Registry .  Pediatric Blood and Cancer   46 :  558  –  64 .   

  Congenital  d yserythropoietic  a naemia 
    Dgany   O  ,   Avidan   N  ,   Delaunay   J    et al . ( 2002   Congenital dyseryth-

ropoietic anaemia type I is caused by mutations in codanin - 1 . 
 American Journal of Human Genetics   71 :  1467  –  74 .  

    Wickramasinghe   SN  ,   Wood   WG   ( 2005 )  Advances in the under-
standing of congenital dyserythropoietic anaemia .  British Journal 
of Haematology   131 :  431  –  46 .   

  Congenital and  c yclical  n eutropenia 
    Dale   DC  ,   Person   RE  ,   Bolyard   A    et al.  ( 2000 )  Mutations in the gene 

encoding neutrophil elastase in congenital and cyclic neutrope-
nia .  Blood   96 :  2317  –  22 .  

    Klein   C  ,   Grudzien   M  ,   Appaswamy   G    et al.  ( 2006 )  HAX1 defi ciency 
causes autosomal recessive severe congenital neutropenia 
(Kostmann disease) .  Nature Genetics   39 :  86  –  92 .  

    Person   RE  ,   Li   FQ  ,   Duan   Z    et al . ( 2003 )  Mutations in proto - 
oncogene GFI1 cause human neutropenia and target ELA2 . 
 Nature Genetics   34 :  308  –  12 .  

    Zeidler   C  ,   Germeshausen   M  ,   Klein   C    et al.  ( 2008 )  Clinical implica-
tions of ELA2, HAX1 and GCSF - receptor mutations in severe 
congenital neutropenia .  British Journal of Haematology   44 : 
 459  –  67 .   

  Congenital  a megakaryocytic  t hrombocytopenia 
    Ihara   K  ,   Ishii   E  ,   Eguchi   M    et al.  ( 1999 )  Identifi cation of mutations 

in the c - mpl gene in congenital amegakaryocytic thrombocyto-
penia .  Proceedings of the National Academy of Sciences USA   96 : 
 3132  –  6 .    

 

 

 

    Dokal   I   ( 2000 )  Dyskeratosis congenita in all its forms .  British 
Journal of Haematology   110 :  768  –  79 .  

    Heiss   NS  ,   Knight   SW  ,   Vulliamy   TJ    et al.  ( 1998 )  X - linked dyskera-
tosis congenita is caused by mutations in a highly conserved gene 
with putative nucleolar functions .  Nature Genetics   19 :  32  –  8 .  

    Knight   SW  ,   Heiss   NS  ,   Vulliamy   TJ    et al.  ( 1999 )  Unexplained 
aplastic anaemia, immunodefi ciency, and cerebellar hypoplasia 
(Hoyeraal – Hreidarsson syndrome) due to mutations in the dys-
keratosis congenita gene, DKC1 .  British Journal of Haematology  
 107 :  335  –  9 .  

    Marrone   A  ,   Walne   A  ,   Tamary   H    et al . ( 2007 )  Telomerase reverse 
transcriptase homozygous mutations in autosomal recessive dys-
keratosis congenita and Hoyeraal – Hreidarsson syndrome .  Blood  
 110 :  4198  –  205 .  

    Mitchell   JR  ,   Wood   E  ,   Collins   K   ( 1999 )  A telomerase component is 
defective in the human disease dyskeratosis congenita .  Nature  
 402 :  551  –  5 .  

    Savage   SA  ,   Giri   N  ,   Baerlocher   GM  ,   Orr   N  ,   Lansdorp   PM  ,   Alter   BP   
( 2008 )  TINF2, a component of the shelterin telomere protection 
complex, is mutated in dyskeratosis congenita .  American Journal 
of Human Genetics   82 :  501  –  9 .  

    Vulliamy   T  ,   Marrone   A  ,   Goldman   F    et al.  ( 2001 )  The RNA com-
ponent of telomerase is mutated in autosomal dominant dysk-
eratosis congenita .  Nature   413 :  432  –  5 .  

    Vulliamy   T  ,   Marrone   A  ,   Dokal   I    et al.  ( 2002 )  Association between 
aplastic anaemia and mutations in telomerase RNA .  Lancet   359 : 
 2168  –  70 .  

    Vulliamy   T  ,   Beswick   R  ,   Kirwan   M    et al.  ( 2008 )  Mutations in the 
telomerase component NHP2 cause the premature ageing 
syndrome dyskeratosis congenita .  Proceedings of the National 
Academy of Sciences USA   105 :  8073  –  8 .  

    Walne   AJ  ,   Vulliamy   T  ,   Marrone   A    et al . ( 2007 )  Genetic heterogene-
ity in autosomal recessive dyskeratosis congenita with one 
subtype due to mutations in the telomerase - associated protein 
NOP10 .  Human Molecular Genetics   16 :  1619  –  29 .  

    Yamaguchi   H  ,   Calado   RT  ,   Ly   H    et al.  ( 2005 )  Mutations in TERT, 
the gene for reverse transcriptase, in aplastic anaemia .  New 
England Journal of Medicine   352 :  1413  –  24 .   

  Shwachman – Diamond  s yndrome 
    Boocock   GRB  ,   Morrison   JA  ,   Popovic   M    et al.  ( 2003 )  Mutations in 

 SBDS  are associated with Shwachman – Diamond syndrome . 
 Nature Genetics   33 :  97  –  101 .  

    Dror   Y  ,   Freedman   MH   ( 2002 )  Shwachman – Diamond syndrome . 
 British Journal of Haematology   118 :  701  –  13 .  

    Menne   TF  ,   Goyenechea   B  ,   Sanchez - Puig   N    et al.  ( 2007 )  The 
Shwachman – Bodian – Diamond syndrome protein mediates 



206

Postgraduate Haematology : 6th edition. Edited by A. Victor Hoffbrand, 
Daniel Catovsky, Edward G.D. Tuddenham, Anthony R. Green 
© 2011 Blackwell Publishing Ltd.

  CHAPTER 13 

Acquired  a plastic  a naemia  
  Judith CW    Marsh 1     and    Neal S    Young 2   
   1 King ’ s College Hospital, London, UK  
   2 National Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, Maryland, USA       

13

                           Characterization and defi nition , 206  
   Epidemiology , 206  
  Incidence, 206  
  Aetiology, 207    
   Pathogenesis and its clinical relevance , 208 
   The haemopoietic defect in AA, 208  
  The immune - mediated nature of acquired 

AA, 209  
  Mouse models, 209  

  Genetic predisposition to AA, 211    
   Clinical features , 211  
   Diagnostic investigations and differential 

diagnosis , 213 
   Differential diagnosis, 214    
   Management , 214 
   Supportive care, 214  
  General comments relating to the management 

of AA, 215  

  Indications for treatment of AA, 216  
  Immunosuppressive therapy, 216    
   Haemopoietic stem cell transplantation , 220 
   Pretransplant assessment of the patient, 220  
  HLA - matched sibling donor transplantation, 221  
  Unrelated donor HSCT for AA, 223  
  Alternative forms of HSCT, 223    
   Selected bibliography , 224           

  Characterization and  d efi nition 

 Aplastic anaemia (AA) is defi ned by pancytopenia with a 
hypocellular bone marrow in the absence of an abnormal infi l-
trate and with no increase in reticulin. The term  ‘ aplastic 
anaemia ’  encompasses different entities, but here we discuss 
acquired idiosyncratic AA, most often idiopathic though some-
times a drug or chemical or a virus infection is implicated. 
 ‘ Inevitable ’  AA/myelosuppression occurs after treatment with 
cytotoxic drugs or radiation; it is dose dependent and recovery 
is usually predictable, and is discussed no further here. 

 AA is a bone marrow failure disorder and shows considerable 
overlap with clonal disorders of bone marrow failure, including 
myelodysplastic syndrome (MDS), acute myeloid leukaemia 
(AML), paroxysmal nocturnal haemoglobinuria (PNH) and 
T - large granular lymphocyte leukaemia/lymphoproliferative 
disorder (T - LGL), and a tendency itself to later evolve to MOS/
AML (Figure  13.1 ). The inherited forms of AA, such as Fanconi 
anaemia (FA), dyskeratosis congenita (DC) and Shwachmann –
 Diamond syndrome (SDS), are rarer than acquired AA and are 
discussed in detail in Chapter  12 . However, the importance of 
excluding an inherited form of AA and the increasing propor-
tion of adults with apparent acquired AA with related genetic 
lesions is highlighted in this chapter.   

 In AA there must be at least two of the following: (i) haemo-
globin below 10   g/dL; (ii) platelet count below 50    ×    10 9 /L; and 

(iii) neutrophil count below 1.5    ×    10 9 /L. The severity of the 
disease is graded into very severe, severe and non - severe AA, 
according to the blood count parameters and bone marrow 
fi ndings as summarized in Table  13.1 . However, it is important 
to remember that routine use of the more accurate automated 
counting of reticulocytes overestimates the reticulocyte count 
used in the historical Camitta criteria for defi ning disease 
severity. The assessment of disease severity is important in treat-
ment decisions but has less prognostic signifi cance today in 
terms of correlation with response to antithymocyte globulin 
(ATG) (see section Predictors of response to ATG). Patients 
with bilineage or trilineage cytopenias that are less severe than 
this are not classifi ed as AA. However, they should have their 
blood counts monitored to determine whether they will develop 
AA later.    

  Epidemiology 

  Incidence 

 Because AA is a rare disease, only large national and interna-
tional prospective studies, with appropriate diagnostic criteria, 
will provide meaningful data on the aetiology of this condition. 
Studies indicate an incidence of AA in the West of 2 per million 
per year. There is a twofold to threefold higher incidence rate 
in Asia. In a large prospective study from Thailand, an incidence 
of 3.9 per million was reported from the metropolitan area of 
Bangkok compared with 5 per million in the northeast region 
of Khonkaen. An incidence of 7.4 per million was reported from 
a prospective study from China, although this may represent an 
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  Aetiology 

 The reasons for the differences in incidence are not known but 
may include environmental and genetic factors. The relative 
importance of genetic factors was examined in a hospital - based 
study of children with AA in Canada. A higher incidence was 
reported among Asian children who had emigrated to Canada, 
and an association with human leucocyte antigen (HLA) type 
demonstrated. 

 Post - hepatitic AA accounts for around 5 – 10% of cases; invar-
iably such cases are negative for the known hepatitic viruses. AA 
may follow liver transplantation for severe hepatitis (also 
non - A, non - B, non - C hepatitis). Post - hepatitic AA is usually 
severe but responds well to immunosuppressive therapy, and 
similar oligoclonal expansion of activated cytotoxic T cells is 
observed as in idiopathic AA, suggesting a common pathogen-
esis for the hepatitis and bone marrow failure. However, the 
same therapeutic algorithm should be used for all cases of 
AA, with fi rst - line allogeneic haemopoietic stem cell transplan-
tation (HSCT) if the patient is young and has an HLA - matched 
sibling donor. Rarely, AA may be a sequela of infectious 
mononucleosis. 

 AA occurs in association with other systemic autoimmune 
disorders, especially eosinophilic fasciitis but also systemic 
lupus erythematosus (SLE), Sj ö gren syndrome and coeliac 
disease. There have been anecdotal reports of SLE - associated 
AA responsive to high - dose cyclophosphamide or ATG. SLE 
can also produce pancytopenia with a cellular bone marrow or 
it may occasionally be associated with myelofi brosis. A positive 
family history of rheumatoid arthritis occurs more frequently 
in patients with AA. AA may be associated with thymoma. Fatal 
AA is almost invariably the outcome of transfusion - associated 
graft - versus - host disease (GVHD); it is well documented clini-
cally and can be reproduced  in vivo  in a mouse model (see next 
section on pathogenesis). 

 AA can rarely occur in pregnancy, although this may be due 
to chance and other possible causes should always be sought. A 
retrospective review from Leiden over a 24 - year period of the 
frequency of pregnancy in 35 women of childbearing age and 
with a new diagnosis of AA found a similar frequency of preg-
nancy to that in the general population. However, due to the 
rarity of AA, this may not exclude a possible association in a 
larger number of patients. The disease may remit spontaneously 
after termination, whether spontaneous or therapeutic, and 
after delivery, but not in all cases. There is a risk of relapse in 
pregnancy in patients who have previously responded to immu-
nosuppressive therapy. In contrast, after successful allogeneic 
HSCT, pregnancy does not trigger relapse. 

 In rural areas of Thailand, the use of non - bottled water, 
agricultural pesticides, non - medical needle exposures and 
exposure of farmers to ducks and geese are signifi cant environ-
mental risk factors for developing AA. There is good evidence 
for an association between benzene exposure and AA, but for 

overestimate as a bone marrow trephine was not required for 
the diagnosis of AA. There is a biphasic age distribution, with 
peaks at 10 – 25 years and over 60 years; it is possible that some 
cases diagnosed in older patients represent hypocellular MDS 
rather than AA. There is no signifi cant difference in incidence 
between males and females.  

Hypocellular
MDS

Aplastic
anaemia

AA/PNH

Inherited AA
Fanconi anaemia

Dyskeratosis congenita
Shwachmann–

Diamond

PNH

MDS

AML

     Figure 13.1     The overlap of acquired and inherited aplastic 

anaemia (AA) with the clonal disorders of myelodysplastic 

syndrome (MDS), acute myeloid leukaemia (AML) and 

paroxysmal nocturnal haemoglobinuria (PNH).  

  Table 13.1    Defi nition of disease severity of aplastic anaemia ( AA ). 

   Severe AA   

  Bone marrow cellularity  <    25%, or 25 – 50% with  <    30% residual 

haemopoietic cells  

  Two out of three of the following:  

     Neutrophils  <    0.5    ×    10 9 /L  

     Platelets  <    20    ×    10 9 /L  

     Reticulocytes  <    20    ×    10 9 /L  

   Very severe AA   

  As for severe AA but neutrophils  <    0.2    ×    10 9 /L  

   Non - severe AA   

  Patients not fulfi lling the criteria for severe or very severe AA  

   The defi nition of severe AA is based on the so - called Camitta 

criteria (Camitta  et al .  1975 ). The reticulocyte count threshold 

was based on manual reticulocyte counts, but today automated 

reticulocyte counts are routinely estimated and these correlate 

poorly with manual counts. These criteria are still useful for 

management planning but are not predictive of response to 

immunosuppressive therapy.   
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may be declining in the literature as investigators become more 
sceptical of assigning aetiology based on putative association. 
Nevertheless, a careful drug history, including occupational 
exposures, should be obtained. Drug exposure in the year pre-
ceding presentation should be detailed. Earlier exposures should 
be recorded but are not likely to be relevant unless the particular 
drug or drug group has been readministered during the pre-
sumed critical period. If the patient is taking several drugs that 
may have been implicated in AA, even if the evidence is based 
on case reports alone, then all the putative drugs should be 
discontinued and the patient should not be rechallenged with 
the drugs after recovery of the blood count.   

 Since the 1950s chloramphenicol has been reported to be 
strongly associated with AA. It is likely that the risk has been 
overestimated, and more recent epidemiological studies, includ-
ing the study from Thailand where chloramphenicol is still 
used, have failed to demonstrate an association. Drugs com-
monly associated with AA are listed in Table  13.2 . European 
case – control epidemiological studies have reported relative 
risks for sulphonamides, gold, pencillamine, non - steroidal anti -
 infl ammatory drugs, anticonvulsants, allopurinol, ticlopidine 
and sulphonylureas; a similarly designed study from Thailand 
incriminated sulphonamides, thiazide diuretics and mebenda-
zole. More recently, the antibiotic linezolid has been implicated 
in bone marrow suppression but this has not been evaluated in 
population - based studies.   

  Pathogenesis and  i ts  c linical  r elevance 

  The  h aemopoietic  d efect in  AA  

 AA is characterized by both a quantitative and qualitative defect 
in the haemopoietic stem cell compartment. The primitive 
long - term culture - initiating cells and more mature haemopoi-
etic progenitors in the bone marrow (colony - forming cells) of 
all cell lineages are reduced or absent. The long - term bone 
marrow culture (LTBMC) system was modifi ed using crossover 
experiments, in which AA CD34 +  cells were inoculated onto 
irradiated preformed LTBMC stromas; this demonstrated a l
ack of generation of CFU - GM over time, consistent with 
impaired marrow repopulating ability of AA bone marrow 
CD34 +  cells. There is a reduction in the percentage of CD34 +  
bone marrow cells, and the CD34 +  cells are more apoptotic 
than normal CD34 +  cells. About 10 – 15% of patients with AA 
have shortened telomeres, as measured in blood leucocytes. 
This was initially presumed to refl ect  ‘ stressed ’  haemopoiesis, 
but subsequently mutations in the telomerase gene complex 
have been demonstrated in such patients with apparent 
acquired AA. 

 The bone marrow stromal cell microenvironment functions 
normally in most patients, as assessed by crossover LTBMC in 

other solvents, such as hair dyes and glycol ethers, the data are 
not strong. Occupational exposure to pesticides such as organo-
phosphates, lindane, DDT, paraquat and carbamates has also 
been implicated. A wide variety of chemicals including cutting 
oils and lubricating agents were identifi ed in a large British 
case – control study. However, confounding factors may compli-
cate this picture, for example exposure to an infectious agent in 
the environment in individuals exposed to a pesticide. For these 
reasons, blacklists of implicated drugs and chemicals need to be 
interpreted cautiously in assigning causation in an individual 
case, including for legal purposes. 

 Many drugs and chemicals have been implicated in the aeti-
ology of AA, but for only a few is there strong evidence for an 
association, and even then it is usually impossible to prove 
causality (Table  13.2 ). In most studies, drug exposure accounts 
for around 5 – 10% of cases of acquired AA, although in a recent 
epidemiological study from Spain AA was associated with drug 
exposure in 20.8% of cases. Confounding factors include expo-
sure to viruses and systemic diseases such as rheumatoid arthri-
tis, which may themselves contribute to an increased risk of AA. 
For these reasons, the proportion of cases attributed to drugs 

  Table 13.2    Drugs and occupational and environmental exposures 

reported to be associated with aplastic anaemia. 

   Drugs   

  Antibiotics: chloramphenicol, sulphonamides, co - trimoxazole, 

linezolid  

  Anti - infl ammatory agents: phenylbutazone, indomethacin, 

diclofenac, naproxen, piroxicam, gold, penicillamine  

  Anticonvulsants: phenytoin, carbamazepine  

  Antithyroid agents: carbimazole, thiouracil  

  Antidepressants: dothiepin, phenothiazides  

  Antidiabetic agents: chlorpropamide, tolbutamide  

  Antimalarial agents: chloroquine  

  Others: mebendazole, thiazides, allopurinol, ticlopidine  

   Occupational and environmental exposures   

  Benzene: evidence base includes large industrial studies, 

case – control study from Thailand  

  Pesticides (organochlorines such as lindane; organophosphates; 

pentachlorophenol): evidence base includes literature review of 

case reports and UK case – control study  

  Cutting oils and lubricating agents: evidence base includes UK 

case – control study  

  Recreational drugs (e.g. methylenedioxymethamphetamine, 

Ecstasy): evidence base includes case reports  

  Source :   Marsh JCW, Gordon - Smith EC (2009) Aplastic anaemia 

and other causes of bone marrow failure. In:  Oxford Textbook of 

Medicine  (DA Warrel, eds). Oxford University Press, Oxford, 

with permission. 



Acquired aplastic anaemia

209

 Gene expression profi ling in AA CD34 +  cells has shown that 
more than half the upregulated genes are related to the immune 
response, including genes for cytokines and cytokine receptors, 
signal transduction genes, as well as other immune response 
genes. Many apoptosis and cell death genes are upregulated and 
some anti - apoptotic genes downregulated. 

 It is unclear why T cells are activated in AA. HLA - DR2 and 
its split HLA - DR15 and DRB1 * 1501 and 1502 alleles are over -
 represented in AA, as a class I HLA - B * 4002 and HLA - A * 0206, 
indicating a possible role for antigen recognition. There is cor-
relation between ATG response and DRB1 * 1501, but most of 
these HLA data come from studies of Japanese patients. Studies 
of cytokine gene polymorphisms that may refl ect a heightened 
immune response in AA are limited; polymorphisms in the 
TNF -  α  promoter, IL - 6 and IFN -  γ  genes have been reported, but 
a systematic assessment of all potentially relevant cytokine 
genes has not been reported. 

 The specifi c cytotoxic T - cell targets on haemopoietic stem 
and progenitor cells in AA have not been identifi ed. Potential 
candidates, identifi ed by screening antibodies in patients ’  serum 
against a peptide library using leukaemia cell lines, include 
kinectin, DRS - 1 (diazepam - binding inhibitor - related protein -
 1), PMS1 (postmeiotic segregation increased 1), moesin and 
hnRNPK (heterogeneous nuclear ribonucleoprotein K). 
However, the relevance of these fi ndings is unclear, and they 
may represent epiphenomena rather than primary targets of 
cytotoxic T - cell attack. 

 Alternatively, a defect in the glycosylphosphatidylinositol 
(GPI) anchor may be the trigger for the immune response 
against normal progenitor cells through aberrant expression of 
intracellular GPI - protein(s) while at the same time providing a 
protective mechanism for GPI - defective cells. The expansion of 
PNH clones in a subset of patients with AA and hypoplastic 
MDS is also a well - established fi nding but the mechanism(s) 
that leads to this expansion is poorly understood. PNH cells 
may show a selective clonal advantage because (i) GPI - negative 
haemopoietic stem cells are spared from autoimmune attack 
because the absent GPI anchor is the target of the immune 
attack; (ii) GPI - negative cells acquire a second mutation that 
confers a survival advantage; or (iii)  PIGA  mutation confers an 
intrinsic resistance to apoptosis.  PIGA  mutations are present in 
the blood of most healthy individuals but do not result in 
disease. They may also appear following treatment with the 
monoclonal antibody alemtuzumab, which recognizes the GPI -
 linked antigen CD52. ATG contains high levels of antibodies to 
the GPI - defi cient proteins CD52 and CD48 and low levels of 
antibodies to CD16, which may contribute to the emergence of 
PNH clones after treatment of AA.  

  Mouse  m odels 

 There is currently no ideal animal model of AA. An early mouse 
model was produced by high - dose chronic administration of 

which normal bone marrow CD34 +  cells are inoculated onto 
irradiated AA stromal layers. Such an  in vitro  system does not 
examine individual cellular components of the stromal cell 
microenvironment and thus defects in particular cells cannot 
be excluded. The frequencies of fi broblast colonies (CFU - F) are 
normal in AA, and mesenchymal stem cells showed normal 
phenotype as defi ned by CD34  −  CD45  −  CD44 + CD29 + CD90 + CD1
05 + CD106 + . The differentiation capacity of AA mesenchymal 
stem cells has not yet been formally evaluated. Cultured AA 
mesenchymal stem cells support  in vitro  haemopoiesis after 
addition of normal bone marow mononuclear cells. 

 AA is not due to a defi ciency of any known haemopoietic 
growth factor (HGF). Long - term marrow culture studies have 
shown normal mRNA expression and/or secretion of granulo-
cyte/macrophage colony - stimulating factor, granulocyte col-
ony - stimulating factor (G - CSF), interleukin (IL) - 6, stem cell 
factor and thrombopoietin from stromal cells. Serum levels of 
most HGFs, including the above and recombinant human 
erythropoietin, are markedly elevated. These observations 
explain the lack of striking effects of HGFs in most AA patients.  

  The  i mmune -  m ediated  n ature of  a cquired  AA  

 In acquired AA, it is proposed that an inciting event, such as a 
virus or drug, provokes an aberrant immune response, trigger-
ing oligoclonal expansion of cytotoxic T cells that destroy hae-
mopoietic stem cells (Figure  13.2 ). Bone marrow transplantation 
(BMT) or immunosuppressive therapy leads to complete or 
partial response by eradicating or suppressing pathogenic T - cell 
clones (Figure  13.2 a, middle panel). Relapse occurs with recur-
rence of the immune response, and the immunologically 
stressed and depleted stem - cell compartment also allows selec-
tion of abnormal haemopoietic clones that manifest as MDS 
and occasionally AML.   

 There is strong evidence that AA has an autoimmune nature 
in many patients based on the following observations. 
  1     Haematological recovery after immunosuppressive therapy 
with ATG and ciclosporin (CSA) occurs in the majority of 
patients.  
  2     There are activated autoreactive oligoclonal CD8 +  T cells 
present in blood and bone marrow that release interferon 
(IFN) -  γ  and tumour necrosis factor (TNF) -  α , cytokines that 
inhibit haemopoiesis.  
  3     Intracellular IFN -  γ  levels in T cells correlate with response to 
immunosuppressive therapy.  
  4     Increased Fas expression on bone marrow CD34 +  cells indi-
cates increased apoptosis.  
  5     T - cell repertoire analysis shows oligoclonal expansion of 
CD8 +  T cells in AA, MDS and PNH.  
  6     Transcription factor T - bet is upregulated and binds to the 
IFN -  γ  promoter, resulting in increased expression of IFN -  γ .  
  7     CD4 + CD25 + FOXP3 +  regulatory T cells are reduced in AA 
patients.    
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     Figure 13.2     (a) Pathophysiology of acquired aplastic anaemia 

(AA). In acquired AA, it is proposed that an inciting event, such 

as a virus or drug, provokes an aberrant immune response, 

triggering oligoclonal expansion of cytotoxic T cells that destroy 

haemopoietic stem cells (left - hand panel, Onset). Bone marrow 

transplantation or immunosuppressive therapy leads to complete 

response (CR) or partial response (PR) by eradicating or 

suppressing pathogenic T - cell clones (middle panel, Recovery). 

Relapse occurs with recurrence of the immune response, and the 

immunologically stressed and depleted stem - cell compartment 

also allows selection of abnormal haemopoietic clones that 

manifest as myelodysplastic syndrome (MDS) and occasionally as 

acute myeloid leukaemia (AML) (right - hand panel, Late disease). 

(b) Immune destruction of haemopoiesis. Antigens are presented 

to T lymphocytes by antigen - presenting cells (APCs), which 

trigger T cells to activate and proliferate. T -  bet, a transcription 

factor, binds to the interferon (IFN) -  γ  promoter region and 

induces gene expression. SAP binds to Fyn and modulates SLAM 

activity on IFN -  γ  expression, diminishing gene transcription. 

Patients with AA show constitutive T - bet expression and low SAP 

levels. IFN -  γ  and tumour necrosis factor (TNF) -  α  upregulate 

cellular receptors on other T cells and also the Fas receptor. 

Increased production of interleukin (IL) - 2 leads to polyclonal 

expansion of T cells. Activation of Fas receptor by the Fas ligand 

leads to apoptosis of target cells. Some effects of IFN -  γ  are 

mediated through interferon regulatory factor (IRF) - 1, which 

inhibits the transcription of cellular genes and entry into the cell 

cycle. IFN -  γ  is a potent inducer of many cellular genes, including 

inducible nitric oxide synthase (NOS), and production of the 

toxic gas nitric oxide (NO) may further diffuse toxic effects. 

These events ultimately lead to reduced cell cycling and cell death 

by apoptosis. Ag, antigen; TCR, T - cell receptor. (This research 

originally published in  Blood . Young NS, Calado RT, Scheinberg 

P. Current concepts in the pathophysiology and treatment of 

aplastic anaemia.  Blood  2006;108:2509 – 19.  ©  American Society of 

Haematology.)  
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genes are involved in telomere maintenance, and all DC patients 
invariably have very short telomeres. About 10% of patients 
with apparent acquired AA have inherited mutations in  TERC , 
 TERT  or one of the two shelterin genes,  TERF1  and  TERF2 , with 
none or very mild mucocutaneous abnormalities. Families of 
affected individuals often show an increase in pulmonary fi bro-
sis and cirrhosis.   

 SDS is an autosomal recessive inherited form of bone marrow 
failure, and another example of disordered ribosomal biogen-
esis and RNA processing. SDS usually occurs in childhood with 
neutropenia, but can present in adult life. The molecular and 
clinical features of SDS are discussed in Chapter  12 . 

 In addition to mutations in the DC genes, other factors such 
as  ‘ stressed ’  haemopoiesis as a result of reduced stem cell 
numbers in AA, and environmental factors such as smoking, 
contribute to the shortened telomeres. Telomeres are assumed 
to be short in all organs, but they are only measured in blood 
leucocytes (the tissue for which there are suffi cient age - matched 
controls). The consequences of telomere shortening include 
genomic instability resulting in increased risk of malignant 
transformation (MDS, AML), bone marrow failure, and defects 
in repair and regeneration (pulmonary fi brosis, cirrhosis). The 
clinical consequences of missing an inherited form of AA 
include likely mortality after allogeneic HSCT using standard 
conditioning regimens and failure to screen potential family 
bone marrow donors for inherited bone marrow failure. 

 That not all patients with acquired AA respond to immuno-
suppressive therapy could be explained in pathogenetic terms 
by (i) complete stem cell depletion due to a severe autoimmune 
attack, (ii) insuffi cient degree of clinical immunosuppressive 
therapy, or (iii) a non - immune basis for the bone marrow 
failure, of which one mechanism may be a genetic predisposi-
tion resulting in genomic instability. The presence of shortened 
telomeres in AA does not preclude initial response to immuno-
suppressive therapy, but there are insuffi cient data in patients 
with  TERC  or  TERT  mutations on response to immunosup-
pressive therapy (see also section Predictors of response to 
ATG).   

  Clinical  f eatures 

 Patients with AA most commonly present with symptoms of 
anaemia and skin or mucosal haemorrhage (ecchymoses or 
petechiae), including buccal haemorrhages, or visual distur-
bance due to retinal haemorrhage. Infection, particularly sore 
throat or failure of minor infections to clear, may be a present-
ing feature but is less common. There is no lymphadenopathy 
or hepatosplenomegaly in the absence of infection. An impor-
tant careful history and clinical examination help to exclude an 
inherited form of AA, especially in children and young adults. 
This also applies to older patients as it has more recently been 

the cytotoxic drug busulfan. After a year, mice developed pan-
cytopenia, aplasia and very low CFU - S frequency. This model 
is used for studying chemotherapy - induced myelosuppression 
and is consequently not a model of immune - mediated AA. 

 Workers at the National Institutes of Health (NIH) have 
infused parent lymph node cells into F 1  hybrid mice to induce 
a model based on transfusion - induced GVHD. Allogeneic lym-
phocytes present in the infused cells attacked and destroyed 
host cells in a graft - versus - host response, resulting in pancyto-
penia, hypocellular bone marrow, increased serum IFN -  γ  levels, 
a 35 - fold increase in bone marrow CD4 +  cells, a 400 - fold 
increase in bone marrow CD8 +  cells, and increased bone 
marrow CD95 expression. However, the nature of the effector 
cells was unclear and mice did not show a response to CSA. 
Using a similar model, but without sublethal irradiation, the 
same group also demonstrated oligoclonal T - cell expansion, 
recovery of blood counts and improved survival after adminis-
tration of ATG or CSA, and improved survival after anti - IFN -  γ  
or anti - TNF -  α . This model involves transplanting cells that 
differ in major and minor histocompatibility antigens. Mismatch 
for minor histocompatibility antigens in the setting of HLA -
 identical sibling BMT is responsible for severe immune 
responses against host cells. Chen has recently shown that a 
single mismatch for the H60 minor histocompatibility antigen 
results in generation of H60 - specifi c cytotoxic T lymphocytes 
that can trigger AA in this mouse model, which is prevented 
by administration of CSA or CD4 + CD25 +  T cells. Mice were 
engineered with a germline deletion of T - bet (T - bet  − / −  ). Whereas 
T - bet +/+  lymph node cells induced severe aplasia, infusion of 
T - bet  − / −   cells into sublethally irradiated F 1  hybrids did not result 
in severe aplasia, CD4 +  and CD8 +  cells were diminished, bone 
marrow IFN -  γ  was reduced but IL - 4 and IL - 7 were increased, 
indicating that the reduced Th1 response due to T - bet defi -
ciency was partially compensated by increased Th2 and Th17 
responses.  

  Genetic  p redisposition to  AA  

 Inherited forms of AA have long been regarded as very rare 
causes of acquired AA, these including FA, DC and SDS (see 
Chapter  12 ). More recent awareness of these syndromes, with 
characterization of the genetic mutations in these and other 
bone marrow failure syndromes and the fi nding of very short 
telomeres in some patients with AA, indicate (i) a more common 
occurrence than previously realized, (ii) a shared defect in 
ribosomal biogenesis for SDS and Diamond – Blackfan anaemia 
(DBA), and (iii) a shared pathophysiology in DC and AA based 
on accelerated telomere attrition. 

 DC is due to mutations in the telomerase gene complex, a 
protein – RNA molecular machine for telomere repair, and also 
in the shelterin family, proteins that directly bind to and protect 
telomeres (Figure  13.3 ). The clinical features and gene muta-
tions are discussed in further detail in Chapter  12 . The DC 
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their thirties or forties and very rarely early fi fties. The fi ndings 
of leucoplakia, nail dystrophy and pigmentation of the skin are 
characteristic of DC, with a median age at presentation of 7 
years (range 6 months to 26 years). Some affected patients may 
have none of these clinical features and the diagnosis is made 
later after failure to respond to immunosuppressive therapy. 
For patients with AA and an inherited  TERC / TERT  mutation, 
the family history is very important as the pedigree may reveal 

realized that typical features of inherited bone marrow failure 
syndromes may be absent and/or other features may be present 
in older patients. The fi ndings of short stature, abnormal 
thumbs and forearms, caf é  - au - lait spots and skeletal anomalies 
would raise the possibility of an inherited form of AA, specifi -
cally FA, although FA can present in adults without physical 
anomalies. Patients with FA most commonly present between 
the ages of 3 and 14 years but can occasionally present later in 
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     Figure 13.3     The components of the telomerase gene complex: 

TERT (reverse transcriptase), TERC (RNA template for TERT) 

and the nucleolar protein dyskerin, which forms a protein 

complex with the other proteins NHP2, NOP10, GAR1, that 

associates with TERC. Shown in red are the mutations found in 

dyskeratosis congenita, in green the mutations found in patients 

with AA, and in black mutations the mutations found in 

 ‘ idiopathic ’  pulmonary fi brosis. The mutations shown in blue 

represent polymorphisms. (This research originally published in 

 Blood . Calado RT, Young NS. Telomere maintenance and human 

bone marrow failure.  Blood  2008;111:4446 – 55.  ©  American 

Society of Hematology.)  
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increased and abnormal cells are not present. Increased blasts 
are not seen in AA. 

 Liver function tests should be performed to detect antecedent 
hepatitis, but in post - hepatitic AA the serology is invariably 
negative for all the known hepatitis viruses. The onset of AA 
occurs 2 – 3 months after an acute episode of hepatitis and is 
more common in young males. Blood should be examined for 
hepatitis A antibody, hepatitis B surface antigen, hepatitis C 
antibody and Epstein – Barr virus (EBV). Cytomegalovirus 
(CMV) and other viral serology should be assessed if HSCT is 
being considered. HIV is not a recognized cause of AA but can 
cause isolated cytopenias. Appropriate investigations to exclude 
alternative aetiologies of cytopenias (vitamin B 12 , red cell folate 
and HIV) should be performed, although bone marrow aplasia 
secondary to vitamin defi ciency is exceedingly rare. Blood 
should be sent for antinuclear antibody to exclude SLE as 
another rare cause of AA. 

 The presence of a PNH clone is diagnosed by performing 
fl ow cytometry. Analysis of GPI - anchored proteins, such as 
CD55, CD59 and CD66b, is a sensitive and quantitative test for 
PNH that enables the detection of small PNH clones, which 
occur in up to 50% of patients with AA. Small clones are most 
easily identifi ed in the neutrophil and monocyte lineages in AA 
and will be detected by fl ow cytometry and not by the Ham test. 
A recent blood transfusion does not prevent the diagnosis of a 
PNH clone, as fl ow cytometry will detect a GPI - defi cient popu-
lation of neutrophils and monocytes; a population of GPI -
 defi cient red cells can be demonstrated in the presence of the 
transfused red cells. The clinical signifi cance of a small PNH 
clone in AA as detected by fl ow cytometry remains uncertain. 
Such clones can remain stable, diminish in size, disappear or 
increase. A large PNH clone may be seen with clinical or labora-
tory evidence of haemolysis. 

 Cytogenetic analysis of the bone marrow should be attempted, 
although this may be diffi cult in a very hypocellular bone 
marrow and often insuffi cient metaphases are obtained. In this 
situation, fl uorescence  in situ  hybridization analysis of chromo-
somes 5 and 7 can be attempted. The relevance of an abnormal 
cytogenetic clone in patients with no morphological features of 
MDS or AML remains controversial. Abnormal cytogenetic 
clones may be present in up to 12% of patients with otherwise 
typical AA at diagnosis. Common cytogenetic abnormalities 
include trisomy 6, trisomy 8, trisomy 15 and monosomy 7/del 
7q. Monosomy 7 is associated with a high risk of MDS and poor 
response to immunosuppressive therapy. In contrast, trisomy 8 
is associated with a good response to ATG and excellent sur-
vival. Abnormal cytogenetic clones may also arise during the 
course of the disease. If there is a lymphocytosis or prominent 
large granular lymphocytes on the blood fi lm, immunopheno-
typing and analysis of T - cell receptor gene rearrangement 
should be performed to detect a clonal T - cell disorder such as 
T - LGL. 

pulmonary fi brosis, cirrhosis, osteoporosis or avascular necrosis 
of bone. A previous history of malabsorption or neutropenia 
may underlie a diagnosis of SDS in children or young adults, 
especially as the malabsorption often resolves in later life. A 
preceding history of jaundice, usually 2 – 3 months, may indicate 
a post - hepatitic AA.  

  Diagnostic  i nvestigations and  d ifferential 
 d iagnosis 

 To diagnose AA with certainty, it is important to consider other 
possible causes of pancytopenia with a hypocellular bone 
marrow and to exclude an inherited form of AA, as this will 
have important implications for treatment options, the choice 
of conditioning regimen for BMT, genetic screening and coun-
selling of family members and the choice of donor for HSCT. 
All patients should be screened by cytogenetics and for a PNH 
clone. 

 The full blood count shows pancytopenia, although usually 
the lymphocyte count is preserved. In most cases the haemo-
globin level and neutrophil and platelet counts are all uniformly 
depressed, but in the early stages isolated cytopenia, particularly 
thrombocytopenia, may occur. Such patients may be misdiag-
nosed as having immune thrombocytopenic purpura. There is 
anaemia with reticulocytopenia, and macrocytosis is common. 
The blood fi lm should be examined to exclude the presence 
of dysplastic neutrophils and abnormal platelets, blasts and 
other abnormal cells such as hairy cells. In AA, anisopoikilocy-
tosis is common and neutrophils may show toxic granulation. 
Platelets are reduced in number and are mostly of small 
size. 

 Both a bone marrow aspirate and trephine biopsy are 
required. Fragments should be readily obtained from the aspi-
rate. A  ‘ dry tap ’  should raise the suspicion of a diagnosis other 
than AA, such as primary myeloid metaplasia or myelofi brosis 
secondary to a malignancy. The bone marrow is hypocellular 
with prominent fat and variable amounts of residual haemo-
poietic cells. Erythropoiesis is reduced or absent; dyserythropoi-
esis is very common and often marked, and on its own does not 
indicate MDS. Megakaryocytes and granulocytic cells are 
reduced or absent; dysplastic megakaryocytes and granulocytic 
cells are not seen in AA. Lymphocytes, macrophages, plasma 
cells and mast cells appear prominent. In the early stages of the 
disease, one may also see prominent haemophagocytosis by 
macrophages, as well as background eosinophilic staining rep-
resenting interstitial oedema. The trephine is needed to assess 
overall cellularity, the morphology of residual haemopoietic 
cells and to exclude an abnormal infi ltrate. The trephine is 
hypocellular throughout but is sometimes patchy, with hypocel-
lular and cellular areas. A  ‘ hotspot ’  in a patchy area may explain 
why sometimes the aspirate is normocellular. Reticulin is not 
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  Management 

  Supportive  c are 

  Transfusions 
 Support with red cell and platelet transfusions is essential for 
patients with AA to maintain a safe blood count. Current prac-
tice in both the UK and USA is to give prophylactic platelets 
when the platelet count is below 10    ×    10 9 /L (or  <    20    ×    10 9 /L 
in the presence of fever, sepsis or bleeding). A trial to evaluate 
the use of prophylactic platelets in thrombocytopenic patients 
is currently ongoing in the UK (TRAP, Trial to Reduce 
Alloimmunization to Platelets). Predicting bleeding is diffi cult 
in an individual patient. Fatal haemorrhage, usually cerebral, is 
more common in patients who have less than 10    ×    10 9 /L plate-
lets, extensive retinal haemorrhages, buccal haemorrhages or 
rapidly spreading purpura. 

 A common problem in multitransfused patients with AA, 
compared with leukaemia patients, is that they may develop 
alloimmunization to leucocytes present in red cell and platelet 
transfusions by generating HLA or non - HLA (minor histocom-
patibility) antibodies. In AA, rates of alloimmunization obtained 
prior to universal leucodepletion are around 30 – 50%. 
Leucodepletion, which has been universally applied to cellular 
blood components in the UK since November 1999, has 
probably reduced the incidence of alloimmunization. 
Alloimmunization can result in platelet refractoriness, as well 
as an increased risk of graft rejection after allogeneic BMT. 
Patients who become refractory to platelet transfusions should 
be screened for HLA antibodies, once other causes of platelet 
refractoriness have been excluded. If a patient does become 
sensitized to random donor platelets, HLA - matched platelets 
should be used. Current matching strategies in the UK and USA 
are based on counting the number of HLA - A and  - B mis-
matches between patient and donor. This procedure requires 
the availability of a large HLA - typed donor panel and even then 
sometimes no suitable matches can be found. Novel approaches, 
including the use of HLA epitope - matched platelets, merit 
further evaluation. 

 Red cell and platelet transfusions should be given to maintain 
a safe haemoglobin level and platelet count and not be withheld 
for fear of sensitizing the patient. Directed blood and platelet 
donations from family members are not permitted within the 
National Blood Service, and not looked on favourably in the 
USA either; the recipient may become sensitized to minor his-
tocompatibility antigens from the potential bone marrow 
donor, resulting in a high risk of graft rejection. In exceptional 
circumstances, a family donor may provide the most compat-
ible platelets if a patient has developed multispecifi c HLA anti-
bodies and requires platelets urgently. 

 If a patient is a candidate for early or later BMT, it is recom-
mended that the patient is transfused with CMV - negative blood 

 The diagnosis of FA is made by culturing peripheral blood 
lymphocytes for spontaneous and diepoxybutane (DEB) -  or 
mitomycin C (MMC) - induced chromosomal breakages. This 
test should be performed in younger patients and is mandatory 
before stem cell transplantation. Rarely, FA has been diagnosed 
in the fi fth decade of life. DC may be excluded by identifying a 
known mutation but there are probably other mutations yet to 
be identifi ed. Along with measuring telomere lengths, this is not 
currently available as a routine clinical service in the UK, and 
at present remains a research investigation. Rarely, the chromo-
somal breakage test performed on peripheral blood may be 
falsely negative in patients with FA who have haemopoietic 
mosaicism due to genetic reversion in one allele. In this situa-
tion, skin fi broblast cultures will demonstrate hypersensitivity 
to DEB or MMC. 

 Chest radiography is useful at presentation to exclude infec-
tion and for comparison with subsequent fi lms. Radiographs of 
the radii are not routinely indicated but may be helpful in 
inherited AA, especially FA. An abdominal ultrasound may 
be performed if an enlarged spleen and/or enlarged lymph 
nodes and a malignant haematological disorder are suspected. 
Abnormal anatomically displaced kidneys or a single kidney are 
features of FA. 

  Differential  d iagnosis 

 The following disorders may sometimes present with pancyto-
penia and a hypocellular bone marrow. 
   •      Hypocellular MDS/AML, featuring dysplastic megakaryo-
cytes and dysplastic granulocytic cells, increased reticulin fi bro-
sis, blasts, ALIPs (abnormal localization of abnormal precursors), 
the presence of any ringed sideroblasts and an increase in 
CD34 +  cells.  
   •      Aleukaemic leukaemia describes cases of hypocellular 
acute lymphoblastic leukaemia, or less often hypocellular 
AML, in children. It presents initially with pancytopenia 
and a hypocellular bone marrow but later evolves to overt 
leukaemia.  
   •      Hairy  cell  leukaemia  classically  presents  with pancyto-
penia, monocytopenia, an interstitial infi ltrate of hairy cells 
and increased bone marrow reticulin. Splenomegaly is 
common.  
   •      Lymphomas, either Hodgkin disease or non - Hodgkin lym-
phoma, and myelofi brosis. Myelofi brosis is usually accompa-
nied by splenomegaly.  
   •      Mycobacterial infections, especially atypical infection. Other 
bone marrow abnormalities include granulomas, fi brosis, 
marrow necrosis, haemophagocytosis and demonstrable acid 
alcohol - fast bacilli.  
   •      Anorexia nervosa or prolonged starvation. The bone marrow 
may show hypocellularity and gelatinous transformation 
(serous degeneration/atrophy) with loss of fat cells as well as 
haemopoietic cells, and increased ground substance.      
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loaded AA patients showed that after 1 year there was a median 
fall in serum ferritin of 946    µ g/L from a baseline median of 
3254    µ g/L. There were no cases of myelosuppression due to 
deferasirox.  

  Infections 
 Patients with AA are at risk of bacterial and fungal infections, 
depending in part on the degree of neutropenia. Very severe 
neutropenia (neutrophils  <    0.2    ×    10 9 /L) carries a high risk of 
systemic bacterial and fungal infections. At neutrophil counts 
between 0.2 and 0.5    ×    10 9 /L, the risk of infection is less but 
acquired infection cannot be readily counteracted. If there is 
severe neutropenia, non - absorbable antibiotics are sometimes 
administered to reduce the potential pathogenic load from 
the gastrointestinal tract. An alternative option is an oral qui-
nolone, although neither is standard practice in the USA. Oral 
hygiene is important. Entry sites for venous access are potential 
sources of systemic infection. Patients with AA are at high risk 
of fungal infection, including  Aspergillus . Fluconazole provides 
no protection against  Aspergillus  species, for which the drugs of 
choice are itraconazole, which has clinically signifi cant but 
manageable or avoidable interactions with other drugs, and 
posaconazole, which has not yet been shown to be superior in 
effi cacy to itraconazole. 

 Fever should be treated with broad - spectrum antibiotics 
without waiting for laboratory isolation of organisms, and 
with early introduction of systemic antifungal therapy if fever 
fails to respond to antibiotics. Chest radiography should be part 
of the investigation of new or persistent fever, along with com-
puted tomography of the chest. G - CSF is usually ineffective in 
severe AA due to a marked reduction or absence of myeloid 
progenitor cells, although it is reasonable to consider giving a 
short course to assess for a temporary increase in the neutrophil 
count.   

  General  c omments  r elating to 
the  m anagement of  AA  

 Because AA is a rare disease, the haematologist responsible for 
the patient should contact a centre/specialist with expertise in 
AA soon after presentation to discuss a management plan for 
the patient. Patients should be offered the opportunity to be 
reviewed in a specialist centre. Whenever possible, patients 
should be enrolled into prospective national or international 
trials. 

 Prior to administration of specifi c treatment for the disease, 
the patient should be stabilized clinically in terms of controlling 
bleeding and treating infection. The presence of infection is an 
adverse factor for outcome after HSCT, although it may some-
times be necessary to proceed with HSCT in the presence of 
active infection, particularly fungal infection. In this setting, 
transplantation may offer the best chance of early neutrophil 

products until the patient ’ s CMV status is known. CMV -
 negative blood products should then be continued only if both 
the patient and donor are CMV negative. 

 It is currently unclear whether red cell and platelet transfu-
sions should be routinely irradiated in all AA patients who 
are potential HSCT candidates and in all patients undergoing 
treatment with ATG. The rationale for considering the use 
of irradiated blood products is twofold. Firstly, animal data 
demonstrate that irradiation of all red cell and platelet transfu-
sions before HSCT further reduces the risk of sensitization 
to minor histocompatibility antigens (and hence reduced risk 
of graft rejection after allogeneic HSCT). Leucodepletion of 
blood products is likely to have reduced alloimmunization in 
AA patients. Secondly, irradiated blood products would abolish 
the potential risk of transfusion - associated GVHD associated 
with ATG therapy. Transfusion - associated GVHD has very 
rarely been reported after ATG. Rabbit ATG is more immuno-
suppressive than is horse ATG. Rabbit ATG also results in a 
more prolonged period of lymphopenia and has a longer 
half - life and higher - affi nity IgG subtype to human lymphocytes 
than does horse ATG. For these reasons, even though there 
is no evidence base, the British Committee for Standards 
in Haematology now recommends empirically the use of 
irradiated blood components for all AA patients receiving 
ATG. 

 The use of granulocyte transfusions is being re - evaluated 
as supportive therapy in patients with life - threatening neutro-
penia. Adverse events, such as febrile reactions, HLA alloim-
munization and transfusion - related acute lung injury, are 
well - recognized complications following granulocyte transfu-
sions. Irradiated granulocyte transfusions are used at special-
ized centres to support patients with fungal/mould disease or 
bacterial sepsis who are severely neutropenic and not adequately 
responding to maximal antibiotics, when the possible benefi ts 
outweigh the hazards.  

  Iron  c helation  t herapy 
 Many AA patients require multiple red cell transfusions leading 
to transfusion haemosiderosis. Iron overload impacts adversely 
on outcome after allogeneic BMT. Iron chelation therapy 
should commence when the serum ferritin is above 1000    µ g/L, 
although the evidence base for this is lacking. It may be diffi cult 
to deliver subcutaneous desferrioxamine to AA patients on 
account of local haemorrhage and infection from subcutaneous 
injections. If not tolerated, intravenous desferrioxamine 
through a central line may be considered. Alternative oral 
agents include deferiprone and deferasirox (Exjade). Because 
of a high incidence of agranulocytosis with deferiprone, it is 
not used routinely in patients with AA. In the USA, deferasirox 
is now widely prescribed in the marrow failure syndromes. 
There were initial concerns about cytopenias in patients treated 
with deferasirox, so its safety in AA patients was unclear. Results 
of a recent prospective study of deferasirox in 166 iron - over-
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  4     direct stimulation of normal and AA CD34 +  bone marow 
cells and a mitogenic effect in the absence of complement 
resulting in release of HGFs;  
  5     direct stimulation of T - regulatory cells has been demon-
strated when normal bone marrow mononuclear cells are incu-
bated with rabbit ATG.    

 In the UK, most of Europe and many other countries, 
the standard preparation of ATG has until recently been 
horse ATG (Lymphoglobuline, Genzyme). In the USA, horse 
ATG (Atgam) is still widely used. The rabbit preparation 
(Thymoglobuline, Genzyme) was usually reserved for second 
or subsequent courses. From June 2007, horse ATG was with-
drawn due to manufacturing diffi culties in maintaining quality 
control. 

 ATG is a powerful immunosuppressive drug and its use in 
severely neutropenic patients requires very careful monitoring, 
the prophylaxis and treatment of fevers and infections, as well 
as adequate (and sometimes intensive) platelet transfusion 
support. Rabbit ATG is given for 5 days as a daily intravenous 
infusion over 12 – 18 hours through a central venous catheter. 
The daily dose of rabbit ATG is 1.5 vials per 10   kg body weight 
(1 vial of rabbit ATG contains 25   mg protein, so the daily dose 
is 3.75   mg/kg). A test dose must be given beforehand and if a 
severe systemic reaction or anaphylaxis occurs, further doses of 
that preparation of ATG must not be given. Instead of giving a 
separate test dose, some centres give the fi rst 100   mL of the fi rst 
infusion very slowly over 1 hour. Allergists maintain that this is 
inadequate to prevent anaphylaxis as the amounts delivered are 
relatively large. In the USA, a skin test for horse ATG sensitivity 
is routinely given but by custom not for rabbit ATG in the 
absence of published data. Horse ATG (Atgam) dosage is 40   mg/
kg daily for 4 days. 

 Immediate side - effects are allergic and occur commonly, 
including fever, rigors, rash, hypertension or hypotension and 
fl uid retention. Each daily dose should be preceded by intrave-
nous methylprednisolone and chlorpheniramine. In the USA, 
patients are pretreated with diphenhydramine and pethidine if 
fever and chills have occurred. Platelet transfusions should be 
given to maintain a safe platelet count (ideally  >    30    ×    10 9 /L; in 
the USA, a threshold of  >    20    ×    10 9 /L is used). Prior to starting 
ATG, patients should be assessed to ensure adequate platelet 
increments with random donor platelets. Poor platelet incre-
ments should be investigated beforehand. Patients are often in 
isolation with reverse barrier nursing, but this is not standard 
practice in the USA. Fevers are treated with broad - spectrum 
antibiotics. Intravenous methylprednisolone (or oral pred-
nisolone) and paracetamol are given at least 30   min before each 
daily dose of rabbit ATG 1 – 2   mg/kg, with reduction of the pred-
nisolone dose by half every 5 days. Prednisolone is given to help 
prevent serum sickness. Serum sickness typically occurs between 
7 and 14 days from the start of ATG treatment. The common 
symptoms of serum sickness include arthralgia, myalgia, rash, 

recovery, and delaying the transplant may risk progression of 
the fungal infection.  

  Indications for  t reatment of  AA  

 The two main treatment options for AA are allogeneic HSCT 
or immunosuppressive therapy with ATG and CSA, based on 
disease severity, age of the patient, availability of a matched 
sibling donor, and patient choice. Young patients with a low 
neutrophil count have a signifi cant advantage if treated with 
fi rst - line HSCT. Older patients with a higher neutrophil count 
do better if given immunosuppressive therapy as fi rst - line 
therapy. For patients with severe AA who are under 40 years of 
age, the fi rst - line treatment is matched sibling donor HSCT. For 
all other patients who require treatment, namely those with 
non - severe AA or those older than 40 years, immunosuppres-
sive therapy is the fi rst option. An exception to this is children 
with non - severe AA who are transfusion dependent, where 
fi rst - line treatment is matched sibling donor HSCT. Unrelated 
donor HSCT is indicated after failure to respond to one course 
of immunosuppressive therapy, for those patients who lack a 
matched sibling donor, and who are under 50 years of age, or 
older if of good performance status. 

 The currently recommended regimen for immunosuppres-
sive therapy comprises the combination of ATG and CSA. 
There is no role for HGFs as specifi c therapy for AA. 
Corticosteroids should not be given to treat AA as they are inef-
fective and encourage fungal and bacterial infections. Figure 
 13.4  illustrates current treatment algorithms for severe and 
non - severe AA.    

  Immunosuppressive  t herapy 

  Antithymocyte  g lobulin:  p roperties,  m echanism of 
 a ction and  a dministration 
 ATG is a polyclonal IgG antibody preparation produced 
by immunizing horses or rabbits with human thymocytes 
obtained at the time of cardiac surgery in children. It binds to 
T cells, B cells, monocyte/macrophages, dendritic cells and 
endothelial cells, and also reacts with molecules involved in the 
immune response, cell migration and adhesion and signal 
transduction. Its mechanism of action in AA is not entirely 
clear. Furthermore, the mode of action of rabbit and horse ATG 
preparations may differ. Possible mechanisms include the 
following: 
  1     T - cell depletion by complement - mediated lysis;  
  2     destruction of activated cytotoxic T lymphocytes by 
Fas - mediated apoptosis and antibody - dependent cellular 
cytotoxicity;  
  3     reduced apoptosis and Fas expression on AA CD34 +  bone 
marrow cells;  
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     Figure 13.4     Algorithms for treatment of (a) severe acquired 

aplastic anaemia and (b) non - severe aplastic anaemia. AA, 

aplastic anaemia; ATG, antithymocyte globulin; BMT, bone 

marrow transplantation; CSA, ciclosporin; FBC, full blood count; 

IST, immunosuppressive therapy; UD, unrelated donor; HLA id 

sib BMT, HLA - identical sibling BMT; CRP, clinical research 

protocol; UCB, umbilical cord blood.  (Modifi ed from Marsh 

 et al.  ( 2009 )  British Journal of Haematology   147 : 43 – 70, with 

permission of Wiley Publishers.)   
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using MMF in combination with ATG and CSA compared to 
therapy without MMF. The second study examined the addi-
tion of sirolimus in a prospective randomized study. Sirolimus 
was chosen because it has a different pathway of action to CSA, 
and in solid transplantation it is synergistic with CSA. Sirolimus 
blocks mTOR (mammalian target of rapamycin), a serine/
threonine kinase, and so may target those autoreactive T cells 
that escape inhibition through calcium - independent or CSA -
 resistant pathways. However, no signifi cant difference in 
response was demonstrated to ATG and CSA with or without 
sirolimus (37% at 3 months and 51% at 6 months in the arm 
with sirolimus; 57% at 3 months and 62% at 6 months without 
sirolimus).  

  Survival  a fter  ATG  
 Data from EBMT and large single centres confi rm that over the 
last three decades overall survival after ATG therapy has 
improved steadily, with 5 - year survival of 70 – 80% reported 
(Figure  13.5 ). The reasons for improved survival have been dif-
fi cult to assess formally, but likely factors include (i) improved 
supportive care for prevention and treatment of infections, 
especially superior antifungals and better availability and quality 
of blood products, (ii) the use of CSA with ATG and (iii) suc-
cessful second - line therapies including another round of ATG, 
unrelated donor BMT (UDBMT) in younger patients and allo-
geneic HSCT in older adults. A summary of large studies report-
ing outcomes after immunosuppressive therapy with ATG and 
CSA is shown in Table  13.3 .      

  Predictors of  r esponse to  ATG  
 Although disease severity does not impact on overall survival, 
patients with non - severe AA are more likely to respond than 

fever, mild proteinuria and platelet consumption often neces-
sitating increased platelet transfusion support.  

  Evolution of  ATG  -  b ased  i mmunosuppression 
 ATG was fi rst used in the treatment of AA by George Math é , 
who observed autologous recovery after haploidentical BMT 
with ATG. Subsequent work confi rmed that the responses seen 
were due to ATG and not the haploidentical bone marrow. 
During the late 1970s and early 1980s, ATG was given with 
high - dose methylprednisolone, on the (incorrect) assumption 
that high - dose methylprednisolone contributed to response. 
The addition of androgens (in most cases oxymetholone) to 
ATG and high - dose methylprednisolone during the early to 
mid 1980s failed to signifi cantly improve response rates or sur-
vival after ATG. ATG in combination with CSA during the mid/
late1980s resulted in a signifi cant improvement in response 
rates and survival. For non - severe AA, the combined use of 
ATG and CSA resulted in 75% response compared with 45% 
for CSA alone. For severe AA, signifi cantly better responses 
were seen with the combination of ATG and CSA compared 
with ATG alone. 

 The rationale for using daily G - CSF (administered for 3 
months) with ATG and CSA was to help reduce infection and 
to improve response. There were concerns about an increase in 
later clonal disorders with G - CSF, particularly from studies in 
Japan; transformation could only be fully appreciated with 
follow - up of at least 10 years. Two prospective randomized 
studies comparing ATG, CSA and G - CSF with ATG and CSA 
alone demonstrated no difference in response and survival 
between the two groups. A further prospective study from 
Europe is awaiting analysis. A large retrospective study from the 
European Group for Blood and Marrow Transplantation 
(EBMT) of patients treated with ATG and CSA, of whom 
43% also received G - CSF, reported an incidence of MDS/
AML of 10.9% with G - CSF and 5.8% without G - CSF.  In vitro  
studies have shown that incubation of AA CD34 +  bone marrow 
cells with G - CSF selected cells in which there was upregulation 
of the class IV mRNA isoform of G - CSFR, which is defective 
in cellular differentiation signalling. Incubation of bone 
marrow cells from AA patients with monosomy 7 with high 
doses of G - CSF increased the proportion of monosomy 7 cells. 
These studies showed that high doses of G - CSF did not induce 
monosomy 7 in AA but caused expansion of pre - existing 
monosomy 7 cells. Because of the above observations, and the 
continued need for longer follow - up in these studies, the 
routine use of G - CSF with ATG and CSA is not currently 
recommended. 

 There is a good rationale for considering the use of additional 
immunosuppressive drugs with ATG and CSA, as some non -
 responders may not have received adequate immunosuppres-
sion. Two separate studies from NIH evaluated the addition of 
mycophenolate mofetil (MMF) and sirolimus to ATG and CSA. 
There was no improvement in response or reduction in relapse 
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     Figure 13.5     Survival of patients with severe aplastic anaemia: 

overall survival of 2400 patients reported to the EBMT database 

according to year of treatment with ATG with or without 

ciclosporin.  (From Passweg JR, Tichelli A (2009) 

Immunosuppressive treatment for aplastic anaemia: are we 

hitting the ceiling?  Haematologica   94 : 310 – 12 with permission.)   
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later cytogenetic abnormalities and evolution to MDS and 
AML. Thus telomere length at diagnosis may refl ect depleted 
stem cell reserve so that prolonged stem cell division is not pos-
sible, resulting in later relapse; later clonal evolution refl ects 
genomic instability of the critically shortened telomeres. In 
patients with  TERC  or  TERT  gene mutations, there are insuf-
fi cient data on their response to immunosuppressive therapy.  

  Repeat  c ourses of  ATG  
 A second course of rabbit ATG may be administered if there is 
relapse after the fi rst course or no response to the fi rst course 
by 3 – 4 months. The response rate following a second course of 
horse ATG for relapse was 61%, and 64% in patients who did 
not respond to the fi rst course. When rabbit ATG is given for 
the second course following an initial course of horse ATG, the 
response rate was only 30% for non - responders and 65% for 
relapsing patients. A recent study from Japan has examined 
prospectively the outcome of 52 children who failed one course 
of horse ATG, and who went on to receive either a second 
course of horse ATG or an unrelated donor HSCT. The response 
to a second course of ATG was only 11%, with a 5 - year failure -
 free survival of only 9.5%; three children had anaphylaxis to the 
second course of ATG. Another study has assessed the value of 
giving three courses of ATG. Among those patients who showed 
no response to the fi rst or second courses, there were no sus-
tained responses, but for those who had relapsed after two 
previous courses, all responded to a third. Those patients 
treated with more than two courses of ATG had received various 
combinations of horse and rabbit ATG. Following the with-
drawal of horse ATG (Lymphoglobuline), there are currently 
no data on using rabbit ATG more than twice in the same 
patient. For patients receiving more than one course of ATG, 
the risk of anaphylaxis may be higher. Serum sickness is still 
unpredictable though it may occur earlier following a second 
course of the same animal preparation of ATG.  

  Table 13.3    Immunosuppressive therapy using  ATG  and  CSA . 

   Study      N      Median age (years)     Response (%)     Relapse (%)     Clonal evolution (%)     Survival (%)  

  1    84    32    66    19    8    59 at 11 years  

  2    100    16    77    12    11    85 at 5 years  

  3    122    35    61    35    11    55 at 7 years  

  4    119    9    68    22    6    89 at 3 years  

  5    104    30    62    37    9    80 at 4 years  

   Only studies with more than 20 enrolled patients are shown. Responses to immunosuppressive therapy are usually partial; blood counts 

may not normalize but patients become transfusion independent and recovery of neutrophil count is suffi cient to prevent infection. 

Study 4 included androgens with or without G - CSF; study 5 included mycophenolate mofetil.  

   Key to studies : 1, Frickhofen  et al .  (2003) ; 2, Bacigalupo A, Bruno B, Saracco P  et al .  (2000) ; 3, Rosenfeld  et al .  (2003) ; 4, Kojima  et al . 

 (2000) ; 5, Scheinberg  et al .  (2006) .   

  Source :   modifi ed from table originally published in  Blood . Young NS, Calado RT, Scheinberg P. Current concepts in the 

pathophysiology and treatment of aplastic anaemia.  Blood   2006 ;108:2509 – 19.  ©  American Society of Hematology. 

are patients with severe or very severe AA. However, the classi-
cal Camitta criteria (see Table  13.1 ) were not designed to predict 
response to ATG. Furthermore, automated reticulocyte count-
ing tends to overestimate at low levels and correlates poorly 
with manual counts. 

 In a recent multivariate analysis from NIH of response at 6 
months, only younger age, absolute reticulocyte count (ARC) 
and absolute lymphocyte count (ALC) correlate with response 
to ATG. The lack of association with the absolute neutrophil 
count refl ected a high number of early deaths in patients with 
very severe neutropenia. For patients with ARC 25    ×    10 9 /L or 
more and ALC 1.0    ×    10 9 /L or more, the response was 83% 
compared with 41% for those with lower counts. The better 
prognostic group also showed signifi cantly better survival. 

 Several studies have examined whether the presence of a 
PNH clone is associated with response to ATG, with confl icting 
results. This may refl ect differences in sensitivity of the test used 
to detect a PNH clone. Those using very sensitive tests to detect 
GPI - defi cient clones of less than 0.003 cells show a strong cor-
relation with response. 

 HLA type may also correlate with response to immunosup-
pressive therapy. A Japanese study showed that HLA - DRB1 * 1501 
associated with response to CSA. Although HLA - DR15 or 
DRB1 * 1501 predicts response to ATG in white patients with 
MDS, no association was seen in AA patients. More recently, 
the same Japanese group demonstrated that of the 30 different 
DRB1 alleles, only DRB1 * 1501 and DRB1 * 1502 occurred more 
frequently in AA than in controls, and that response to ATG 
and CSA was only associated with DRB1 * 1501 in the presence 
of a PNH clone. Thus specifi c HLA haplotypes correlate with 
response to immunosuppressive therapy in Japanese patients, 
but similar studies in white Europeans are lacking. 

 Recent studies from NIH indicate that shortened telomere 
length does not preclude initial response to immunosuppressive 
therapy, but predicts relapse after ATG and is a risk factor for 
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cytopenias exposed patients to a high risk of fatal fungal infec-
tions and a signifi cant increase in use of blood and platelet 
transfusions, days of intravenous antibiotics and amphotericin, 
and inpatient days in hospital. In addition, HDC treatment did 
not eliminate the risk of clonal events. Consequently, the use of 
HDC in the treatment of AA has not been met with much 
enthusiasm.  

  Alemtuzumab 
 The anti - CD52 monoclonal antibody alemtuzumab (Campath -
 1H) is effective in other autoimmune disorders such as multiple 
sclerosis, autoimmune cytopenias and the vasculitides. It is 
currently being evaluated in the treatment of AA. It produces 
profound lymphocyte depletion by antibody - dependent cell -
 mediated cytotoxicity and complement - mediated lysis. A small 
prospective study combined with a retrospective review of cases 
reported to EBMT on the use of a single course of alemtuzumab 
(100   mg over 5 days) and CSA in AA showed response in 9 of 
18 patients, although relapses were common. At the NIH, pre-
liminary data from ongoing studies (but with a larger number 
of patients) suggest that alemutuzumab (100   mg over 10 days) 
is effective for patients refractory to horse ATG or who have 
relapsed.     

  Haemopoietic  s tem  c ell  t ransplantation 

 Outcomes following allogeneic HSCT for acquired AA, whether 
from a matched sibling donor or a matched unrelated donor, 
have steadily improved over time. Matched sibling donor trans-
plantation for severe AA results in a 75 – 90% chance of long -
 term cure in young patients, but is less successful in older 
patients (Figure  13.6 ). More recently, signifi cant improvements 
have been observed for matched unrelated donor HSCT for AA 
patients failing immunosuppressive therapy, with 60 – 80% sur-
vival and the best results seen in younger patients. Major dif-
fi culties remain for older patients in general and for patients 
who have failed immunosuppressive therapy and who have no 
suitable bone marrow donor. For these patients, new transplan-
tation approaches are needed.   

  Pretransplant  a ssessment of the  p atient 

 A reassessment bone marrow examination with cytogenetics 
and fl ow cytometry for GPI - defi cient cells should be performed 
to exclude a malignant, premalignant or PNH clone, along with 
a careful re - evaluation to ensure that a constitutional form of 
aplasia has been excluded, since this would infl uence the choice 
of transplant conditioning regimen. Patients with FA need a 
much reduced intensity conditioning regimen compared with 
that used for acquired AA. A repeat HLA antibody screen 
should be performed to exclude HLA alloimmunization. 

 Pretransplant comorbidities impact adversely on non - relapse 
mortality after HSCT, including iron overload. Iron status is 

  Late  c omplications  a fter  ATG  
 Relapse occurs in up to 30 – 35% of patients when CSA is with-
drawn at 6 months. A more prolonged course of CSA with a 
later slow tapering of the drug reduces the relapse risk to around 
13 – 16%. About one - third of patients are CSA dependent and 
require a small dose long term. CSA can be continued for at 
least 12 months after a maximal response before starting to 
taper the drug, followed by a very slow taper, for example by 
25   mg every 3 months. 

 Patients treated with ATG are also at risk of developing clonal 
disorders, such as PNH, MDS and AML. A survey in 1993 from 
EBMT reported a 10 - year incidence of developing MDS of 10%; 
the corresponding 10 - year incidence for AML was 5%. Long -
 term follow - up of the prospective German national study of 84 
patients treated with either the combination of ATG and CSA 
or ATG alone, between 1986 and 1989, reported overall survival 
of 58% and 54%, respectively, at 11 years. The actuarial prob-
ability of developing haemolytic PNH at 11 years was 10%, 
MDS or AML 8% and a solid tumour 11%. Risk factors for 
developing MDS/AML include repeated courses of ATG, older 
age, and high doses, prolonged duration of G - CSF with ATG 
and CSA, and shortened telomeres. Long - term follow - up from 
a large NIH cohort showed a 55% 7 - year overall survival, 35% 
relapse at 5 years, and 10% risk of PNH and 15% risk of clonal 
evolution excluding PNH at 10 years.  

   ATG   t reatment in  o lder  p atients and  c hildren 
 For older patients, the response rate and survival rate are 
lower compared with younger patients, with a higher risk of 
bacterial and fungal infections, bleeding and serious cardiac 
events after ATG. Although there is no upper age limit for ATG 
treatment, consideration for treatment should be preceded by 
medical assessment to exclude signifi cant comorbidities and 
bone marrow examination to exclude hypocellular MDS. For 
older patients who are not candidates for ATG, CSA may be 
considered, but there is increased risk of renal toxicity and 
hypertension. 

 Excellent response to ATG is seen in children. Current 
response rates are around 75%, with 90% long - term survival. 
Hence, for children with severe AA who lack an HLA - identical 
sibling donor, fi rst - line therapy should be ATG with CSA. If 
there is no response to a single course of immunosuppressive 
therapy, unrelated donor HSCT should be explored.  

  Other  i mmunosuppressive  d rugs  u sed in  AA  

  Cyclophosphamide 
 High - dose cyclophosphamide (HDC) administered at 200   mg/
kg has been used to treat AA in the absence of stem cell support, 
following the observation that complete autologous haemato-
logical recovery occurs in a small number of patients undergo-
ing allogeneic sibling BMT using HDC. Although durable 
responses were seen, the predictable and markedly prolonged 
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for International Blood and Marrow Transplant Research 
(CIBMTR) registry failed to show a signifi cant difference in 
graft rejection, GVHD or survival when HDC alone was com-
pared with HDC and ATG. Standard GVHD prophylaxis is 
with CSA and methotrexate. Alemtuzumab has also been 
used with CSA; one small single - centre study confi rmed a sig-
nifi cant reduction in GVHD compared with ATG - based condi-
tioning regimens in AA. Because AA patients are at risk of late 
graft failure, CSA is usually continued for 12 months after 
HSCT.  

  Dose and  s ource of  h aemopoietic  s tem  c ells 
 It is important to give at least 3    ×    10 8  nucleated marrow cells/
kg because at lower doses the risk of graft rejection increases 
signifi cantly higher. Infusion of less than 2    ×    10 6  CD34 +  cells/
kg is associated with delay in neutrophil engraftment and 
increased risk of graft failure and bacterial infections. 

 There is thus a good theoretical rationale for considering 
using G - CSF mobilized peripheral blood stem cells in HSCT for 
AA as a means of obtaining a high stem - cell dose and early 
engraftment, although a retrospective study showed more 
chronic GVHD in younger patients after peripheral blood stem 
cell transplantation in younger patients, worse survival and 
graft rejection the same, compared with BMT. At present, 
routine use of peripheral blood stem cell transplantation for AA 
is not recommended, although data from the EBMT Registry 
show that its use in AA continues to increase.  

  Graft  r ejection 
 Historical data indicate that AA patients have a higher rate 
of graft rejection compared with patients transplanted for 
haematological malignancies, although this has not been re -
 evaluated in the light of now routine practice of giving only 
leucodepleted blood products. Graft rejection occurred in 
5 – 15% of matched sibling donor and 10 – 30% of matched unre-
lated donor HSCT. Early (or primary) graft rejection results in 
either no evidence of engraftment following the transplanta-
tion, with persistent pancytopenia, or early engraftment with 
neutrophils and monocytes but followed by pancytopenia. Late 
(or secondary) graft rejection occurs after a period of estab-
lished engraftment. 

 Factors associated with graft rejection in AA include: 
  1     Multiple blood transfusions, in most series classifi ed as 
more than 50 transfusions prior to HSCT, can result in 
alloimmunization to HLA and minor histocompatibility anti-
gens present on donor cells but lacking in recipients.  
  2     Pretransplant and post - transplant immunsuppression 
affect graft rejection, namely the use of CSA or irradiation.  
  3     A low dose of donor haemopoietic stem cells.  
  4     T - cell depletion of donor marrow.  
  5     Sex - mismatched HSCT when male donors used for female 
recipients.  
  6     Progressive mixed chimerism.     

especially relevant to patients with AA who have often been 
multiply transfused prior to HSCT. Efforts should be made to 
reduce the serum ferritin before transplantation, although there 
is no clear guidance on the target level to achieve. The issues 
relating to pre - existing comorbidities are of importance in older 
patients with AA, because their transplant - related mortality is 
higher than in younger patients.  

   HLA  -  m atched  s ibling  d onor  t ransplantation 

  Conditioning  r egimens 
 The standard conditioning regimen for younger patients is 
HDC 200   mg/kg, which results in survival of at least 80% in 
younger patients ( <    30 years). HDC is relatively free of long -
 term side - effects, and fertility is usually preserved. The dose 
needs to be carefully calculated because it is close to a cardio-
toxic dose. The commonly used transplant regimens for AA 
patients are non - myeloablative. Older patients may need modi-
fi ed conditioning, as discussed later. 

 ATG is widely used with HDC to reduce graft rejection, 
although a prospective randomized study from the Centre 
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     Figure 13.6     Survival of patients transplanted for severe aplastic 

anaemia according to (a) year of transplant and (b) patient age. 

 (Data obtained from EBMT database, JR Passweg, 2007.)   



Postgraduate Haematology

222

of worse outcomes in older patients transplanted for AA, new 
approaches are needed. There are encouraging preliminary 
results using minimal - intensity conditioning with fl udarabine, 
low - dose cyclophosphamide and ATG, with improved 
survival.  

  Graft -  v ersus -  h ost  d isease 
 GVHD (especially chronic) is one of the most serious complica-
tions, as it adversely impacts on performance status, quality of 
life and survival after marrow transplantation, especially in a 
disease like AA where there is no advantage in having a graft -
 versus - disease effect. It is seen mainly in patients with complete 
donor chimerism. Using ATG - based conditioning regimens, 
the incidence of acute GVHD is 12 – 30% and of chronic GVHD 
30 – 40%. Chronic GVHD remains one of the most important 
challenges in HSCT for AA. 

 The risk factors for chronic GVHD include (i) history of 
prior acute GVHD, (ii) infusion of unirradiated donor buffy 
coat cells (this manoeuvre was used previously to overcome the 
problem of graft rejection but abandoned because of the high 
incidence of chronic GVHD), (iii) older patient age, (iv) the use 
of peripheral blood stem cells and (v) the use of ATG compared 
with alemtuzumab - based conditioning regimens.  

  Long -  t erm  c omplications of  HSCT  

  Infertility 
 Fertility is usually well preserved when irradiation is not used 
in the conditioning regimen, and the chances of pregnancy or 
fathering a child are much higher in patients who receive a 
marrow transplant for AA than for haematological malignan-
cies. Pregnancies in patients transplanted for AA usually have a 
successful outcome. Fludarabine - based conditioning regimens 
in AA use much lower doses of cyclophosphamide and may 
therefore have a theoretical advantage over conventional inten-
sity protocols in preserving fertility, but data are lacking.  

  Secondary  m alignancies 
 There is an increased frequency of solid tumour malignancies 
after marrow transplantation for AA, but the risk is lower than 
in patients transplanted for haematological malignancies when 
irradiation is avoided. A combined study from Seattle and Paris 
of 700 patients, of whom 79 had FA, reported an estimated risk 
of developing a secondary tumour at 20 years for AA patients 
(excluding FA) of 14% and a median time for developing 
a second tumour of 9 years. Signifi cant risk factors were 
treatment of chronic GVHD with azathioprine, irradiation 
and age. 

 Risk factors for EBV post - transplant lymphoproliferative 
disease after allogeneic HSCT for acute and chronic leukaemia 
and AA include unrelated donor HSCT, mismatched related 
donor transplantation, T - cell depletion of donor marrow, use 
of ATG, older age ( >    50 years) and patients receiving second 

  Chimerism 
 Using polymerase chain reaction for short tandem repeats on 
unfractionated bone marrow or peripheral blood mononuclear 
cells, the Dublin group in collaboration with EBMT reported 
mixed chimerism in 25% of HSCTs for AA. Full donor chimer-
ism occurs in 75%. Patients with mixed chimerism may have 
either stable or progressive mixed chimerism. All the cases of 
graft failure occurred in the progressive mixed chimerism 
group, of whom 50% rejected their grafts. Patients with stable 
mixed chimerism had excellent survival and no chronic GVHD, 
suggesting a state of tolerance may be achieved. Regular moni-
toring of chimerism is especially important at the time of CSA 
withdrawal. Increasing recipient chimerism would indicate the 
need for continued CSA.  

  Treatment of  g raft  r ejection 
 If graft rejection occurs, a second HSCT may be indicated. If 
there is residual host haemopoiesis, reconditioning of the recip-
ient is necessary. Graft rejection associated with inadequate 
donor haemopoiesis may benefi t from  ‘ booster ’  donor stem 
cells without the need for further immunosuppression. Late 
graft failure may respond to reintroduction of therapeutic doses 
of CSA if the rejection occurred after discontinuation or with-
drawal of CSA. Outcome after second HSCT depends on per-
formance status and timing of the second transplant, with 
better outcome if the patient is transplanted more than 3 
months after the fi rst HSCT. There have been anecdotal reports 
of using donor lymphocyte infusion in cases of late graft failure, 
but there have been no formal clinical trials to fully evaluate its 
effectiveness and safety. The major concern with this approach 
is the induction of chronic GVHD. Complete autologous recov-
ery may occur after graft rejection, and is defi ned as normaliza-
tion of the blood count with restoration of host haemopoiesis; 
it results in excellent long - term survival.  

  Adverse  f actors for  o utcome 
 The effect of age on matched sibling donor HSCT is an impor-
tant factor determining outcome. An EBMT study showed actu-
arial survival of patients aged 16 years or less, 17 – 40 years and 
over 40 years to be 77%, 68% and 54%, respectively. Other 
adverse prognostic factors are prior failed immunosuppressive 
therapy, long interval between diagnosis and HSCT, heavy 
transfusion burden and active infection before HSCT. For 
patients transplanted for haematological malignancies, iron 
overload is an adverse factor for outcome. 

 The outcome of patients above 40 years of age undergoing 
HSCT with conventional intensity protocols is signifi cantly 
inferior compared with younger patients. A recent CIBMTR 
study has compared outcomes in patients over 40 years of age. 
Older patients showed worse survival, more GVHD and slower 
platelet recovery. Factors impacting on survival in older patients 
included poor performance status, multiple blood transfusions 
and more than 6 months from diagnosis to transplant. Because 
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300   mg/m 2  daily for 4 days and ATG 15   mg/kg. Survival is 73% 
at 2 years, and graft rejection 18%. For children ( <    14 years) 
survival is excellent at 84% with only 5% graft rejection, but for 
older patients survival is 61% and rejection 32%. Acute GVHD 
occurs in 11% and chronic GVHD in 27%. For older patients, 
EBMT now recommend the addition of 2 - Gy TBI and a reduc-
tion in ATG to 7.5   mg in order to reduce the risk of EBV post -
 transplant lymphoproliferative disorder. With this modifi cation, 
graft rejection is 12% in older patients. 

 The exact degree of mismatch that can be tolerated is not 
clear. The Japanese study identifi ed mismatching for HLA - A or 
HLA - B as important, but not HLA - DR. The importance of HLA 
matching was examined further in a French national study. 
10/10 allelic matching for HLA - A,  - B,  - C,  - DRB1 and  - DQB1 
was associated with better survival and less graft rejection and 
GVHD, but this was not the case for HLA - A,  - B,  - DRB1 and 
 - DQB1 matched grafts, suggesting that mismatching for HLA - C 
could be particularly important. The current viewpoint is that 
(i) better outcomes follow high - resolution matching that 
approximates a matched sibling donor and (ii) the use of more 
aggressive conditioning regimens for mismatched UDBMT will 
likely increase the rate of late complications.   

  Alternative  f orms of  HSCT  

  Umbilical  c ord  b lood  t ransplantation 
 Experience in acquired AA is still limited. Recent studies show 
encouraging results, although graft rejection is the major issue. 
In a study of nine adult patients from China who received 
cyclophosphamide 60   mg/kg and ATG with CSA and meth-
otrexate, seven survived, six with stable mixed chimerism and 
normal or near - normal blood counts, and one with complete 
donor chimerism. The incidence of GVHD was low. The Japan 
Cord Blood Network reported 31 patients undergoing single 
umbilical cord blood transplantation, with a median age of 27.9 
years (range 0.8 – 72.7). Most patients received fl udarabine, TBI 
and melphalan, with or without ATG. Sustained engraftment 
was seen in only 17 patients. Median time to absolute neu-
trophil count above 0.5    ×    10 9 /L was 19 days (range 12 – 35) and 
median time to platelet count above 50    ×    10 9 /L was 59 days 
(range 39 – 145). Cumulative incidence of greater than grade II 
acute GVHD was 17%, and 19.7% for chronic GVHD. Survival 
at 2 years was 41%, but 20% for patients aged over 40 years. 
Favourable outcome factors were conditioning with fl udarab-
ine, cyclophosphamide and TBI, and the absence of ATG. A 
study of nine children from Texas, using most often fl udarab-
ine, cyclophosphamide, TBI and ATG, reported graft rejection 
in three patients, two of whom received a second umbilical 
cord blood transplantation using alemtuzumab. Actuarial sur-
vival was 78% at 3 years, there were three cases of extensive 
chronic GVHD, a high incidence of bacterial and viral infec-
tions, and three cases of EBV post - transplant lymphoprolifera-
tive disorder.  

transplants. For AA patients, immunosuppressive therapy with 
ATG prior to HSCT is also a risk factor. The use of alemtuzu-
mab in the conditioning regimen instead of ATG is associated 
with a lower risk as it depeletes not only T cells but also B cells 
(including EBV - infected B cells).    

  Unrelated  d onor  HSCT  for  AA  

  Indications and  t iming 
 Unrelated donor HSCT is considered for young adults and 
children with severe or very severe AA who have failed one 
course of ATG and CSA. In older patients a second course of 
ATG may be preferred before proceeding to matched unrelated 
donor BMT. They should ideally have a fully matched (at DNA 
level for both class I and II antigens) donor and be under 50 
years old, although patients aged 50 – 60 years may be considered 
if they have a good performance status.  

  Improvements in  o utcome  a fter  u nrelated  d onor 
 HSCT  for  AA  
 Up until the late 1990s, the outcome after unrelated donor 
HSCT for severe AA was dismal, with only 30 – 40% long - term 
survival. Subsequently, the EBMT identifi ed a signifi cant 
improvement in 5 - year survival, from 32% for patients trans-
planted before 1998 to 57% after 1998. Improved outcome may 
be due to better donor matching with high - resolution DNA 
typing and better supportive care. Because of improved out-
comes, unrelated donor HSCT is now considered earlier, after 
one failed course of immunosuppressive therapy as compared 
with the previous practice of deferring unrelated donor HSCT 
until patients had failed at least two courses of immunosuppres-
sive therapy. Earlier HSCT is likely to be more successful as 
there would be less chance of allosensitization from multiple 
transfusions, reduced iron overload and less risk of exposure to 
infections. 

 Two approaches have been used to improve outcome after 
unrelated donor HSCT, involving modifi cation of the condition 
regimen using (i) irradiation - based conditioning and (ii) non -
 irradiation, fl udarabine - based conditioning. Deeg and col-
leagues used a de - escalating dose of total body irradiation 
(TBI), from 6   Gy to 2   Gy, in combination with cyclophospha-
mide 200   mg/kg and ATG. Graft rejection was low (5%) and 
7 - year survival was 61% for matched unrelated donor HSCT. 
The risk of GVHD was high, 69% for grade II – IV acute GVHD 
and 52% for chronic GVHD. The optimal dose of TBI was 2   Gy: 
survival in patients under 20 years of age using this regimen was 
80%. The Japan Marrow Donor Programme has reported 154 
patients exposed to varying doses of TBI/limited fi eld irradia-
tion and cyclophosphamide 120 – 200   mg/kg, with or without 
ATG; survival at 5 years was 56% and graft failure 11%. 

 The European approach has been to use a radiation - free 
regimen, at least in younger patients. The initial regimen com-
prises fl udarabine 30   mg/m 2  daily for 4 days, cyclophosphamide 
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  Introduction 

 The primary purpose of transfusion medicine is to provide  ‘ safe ’  
blood when the clinician requires it. However, blood groups 
and immunohaematological problems of blood transfusion and 
transplantation are extremely interesting in their own right and 
their solutions have much to offer to haematology in general. 

 Blood group serology or immunohaematology includes the 
study of antigenic molecules present on the various cellular and 
soluble components of whole blood, together with study of the 
antibodies and lectins that recognize them and their interac-
tions. However, in practice the term  ‘ blood group serology ’  is 
generally restricted to red cell surface antigens and their interac-
tions with specifi c antibodies. In this narrower sense, the com-
plexities of human leucocyte antigen (HLA), granulocyte, 
platelet and plasma protein determinants do not normally fall 
within the blood group serologist ’ s realm, even though all are 
likewise genetically polymorphic and play a role in blood 
transfusion. 

 The narrower defi nition of blood group serology encom-
passes (i) determination of the phenotype of red cells using 

antibodies and reagents of known specifi city; (ii) the search for 
and identifi cation of antibodies using red cells of known phe-
notype; and (iii) compatibility testing of patients ’  sera against 
cell samples from donor units. At present, more than 2 million 
units of red cells are transfused to patients each year in the UK 
alone. 

 The aim of this chapter is to provide an introduction to 
blood group serology and to include aspects of immunology, 
biochemistry and molecular genetics that contribute to our 
understanding of blood group antigens, antibodies and anti-
gen – antibody reactions.  

  The  r ed  c ell  m embrane and  c hemistry of 
 b lood  g roup  a ntigens 

 The red cell membrane is composed of about 40% (w/w) lipids 
and up to 10% carbohydrates, the remainder being proteins. 
The exact arrangement of its components is still unresolved, but 
a rough model is shown in Figure  14.1 .   

 The lipids of the red cell membrane can be subdivided into 
60% (w/w) phospholipids, 30% (w/w) neutral lipids (mainly 
cholesterol) and 10% (w/w) glycolipids. The phospholipids and 
glycolipids play a role in the structure of the membrane and are 
important in the maintenance of red cell shape. These lipids 
have a molecular arrangement reminiscent of a tuning fork, 
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glycoprotein), but the Duffy glycoprotein has an extracellular 
amino - terminal domain. Type 5 membrane glycoproteins, 
which include the Dombrock and Cromer glycoproteins, reside 
in membrane microdomains rich in cholesterol known as lipid 
rafts and are attached to the lipid bilayer by a glycolipid, the 
glycosylphosphatidylinositol (GPI) anchor. 

 On the inside of the lipid bilayer is a network of glycoproteins 
that comprise the membrane skeleton, often called the cytoskel-
eton, which is responsible for maintenance of the shape and 
integrity of the red cell as it squeezes through the tiniest capil-
laries. The main components of the membrane skeleton are the 
 α  and  β  subunits of spectrin, which form long fl exible rods, plus 
actin, ankyrin, proteins 4.1R and 4.2, and several other glyco-
proteins. Band 3, the anion exchanger and Diego blood group 
antigen, has an extended N - terminal domain attached to the 
membrane skeleton through ankyrin and proteins 4.2 and 4.1R. 
Glycophorin (GP)C and GPD, the Gerbich glycoproteins, 
have C - terminal domains attached to the membrane skeleton 
through protein 4.1R and p55. In addition there is evidence that 
several other integral membrane proteins interact with compo-
nents of the membrane skeleton. Absence or reduced levels of 
these integral membrane proteins that interact with the mem-
brane skeleton often result in some degree of abnormal red cell 
morphology. 

 Blood group antigens have been found in the polypeptide 
and carbohydrate moieties of membrane glycoproteins and in 
the carbohydrate moieties of glycolipids (Table  14.1 ). Most 
blood groups represent amino acid sequence changes in glyco-
proteins, although the Rh antigens are non - glycosylated pro-
teins containing two or three molecules of palmitic acid. ABH 
and Ii antigens are found predominantly on the carbohydrate 
moieties of the major red cell glycoproteins band 3 (anion 

with the hydrophobic fatty acids forming the  ‘ prongs ’  and the 
polar group the  ‘ handle ’ . They are arranged in a bilayer with 
the  ‘ prongs ’  pointing inwards and the hydrophilic  ‘ handle ’  
pointing out towards the plasma or towards the cytoplasmic 
surface of the membrane. Cholesterol is inserted between the 
other lipids. This arrangement allows the interior of the mem-
brane to be in a semi - fl uid state and the whole membrane to be 
very fl exible. The lipid bilayer does not allow the passive transfer 
of ions. The carbohydrates are attached to the lipids and pro-
teins, and occur only on the external surface of the membrane. 
They are composed of chains of monosaccharides, the majority 
of which are hexoses. 

 About 60 – 80% of the proteins of the membrane are released 
only after drastic treatment with detergents. These are the inte-
gral proteins that penetrate the lipid bilayer and, in some cases, 
are bound to the membrane skeleton or cytoskeleton. Cell 
surface proteins are not necessarily discrete units within the cell 
membrane. They may congregate together in lipid rafts or 
might be part of complexes of proteins in which the compo-
nents contribute to the function of the whole. There are four 
types of integral proteins in the red cell membrane (Figure 
 14.1 ). Type 1 glycoproteins, typifi ed by the glycophorins, cross 
the membrane once, with the amino - terminal domain on the 
outside and the carboxy - terminal domain in the cytosol. The 
Kell glycoprotein is a type 2 structure. It also crosses the mem-
brane once, but has the carboxy - terminal domain on the outside 
and the amino - terminal domain in the cytosol. Type 3 glyco-
proteins are polytopic: they cross the membrane several times 
giving rise to a series of extracellular loops, one of which is 
usually glycosylated. These N - glycans express ABO, H and Ii 
blood group activity. In most of these type 3 proteins both 
terminal domains are cytosolic (e.g. Rh proteins, band 3, Kidd 
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  Table 14.1    Blood group active proteins. 

   Protein     Blood group     Molecular mass (kDa)  *       Copies per cell ( × 10 3 )     Function  

  Band 3 (CD233)   †       Diego, ABH   ‡   , I    100    1000    Anion transport; cytoskeletal 

attachment  

  UT - B1    Kidd, ABH   ‡       46 – 60    14    Urea transport  

  Aquaporin 1    Colton, ABH   ‡       40 – 60    200    Water channel  

  Aquaporin 3    GIL    45        Glycerol and water channel  

  GLUT - 1    ABH   ‡       55    500    Glucose transport  

  RhD and RhCcEe proteins 

(CD240D and CE)   †     

  Rh    30 – 34    100 – 200    Unknown  

  RhAG (CD241)   †       RHAG, ABH   ‡       35 – 100    100 – 200    Involved in NH 3  
+  or CO 2  

transport?  

  Xk    Kx    37        Neurotransmitter transport?  

  Duffy glycoprotein (CD234)    Duffy    40 – 50    6 – 12    Chemokine receptor  

  Lutheran glycoprotein (CD239)    Lutheran    78 and 85    2 – 4    Adhesion (to laminin)  

  ICAM - 4 (CD242)   †       LW    37 – 47    3 – 5    Adhesion  

  CD44    Indian    80    6 – 10    Adhesion (to hyaluronan)  

  Xg and CD99 glycoproteins    Xg    23 – 28 and 32    1 – 10    Adhesion?  

  ERMAP    Scianna    60 – 68        Adhesion?  

  EMMPRIN (CD147)    Ok    35 – 68        Signal transduction?  

  CD108    JMH    76    1 – 3    Adhesion?  

  Kell glycoprotein (CD238)    Kell    93    4 – 8    Endopeptidase  

  Acetylcholinesterase    Yt    72    7 – 10    Acetylcholinesterase  

  Dombrock glycoprotein    Dombrock    47 – 57        ADP - ribosyltransferase  

  DAF (CD55)    Cromer    70    6 – 14    Complement regulation  

  CR1 (CD35)    Knops    190    0.2 – 1    Complement regulation  

  Glycophorin A (CD235A)   †       MN    43    1000    Sialic acid carrier  

  Glycophorin B (CD235B)   †       Ss    25    250    Sialic acid carrier  

  Glycophorins C and D (CD236)    Gerbich    40 and 30    143 and 82    Sialic acid carrier; cytoskeletal 

attachment  

    * Apparent molecular weight determined by electrophoresis.  

    †  Part of the band 3/Rh protein macrocomplex.  

    ‡  Carbohydrate antigens.   

exchanger) and on the glucose transporter, although they are 
also present on some other minor glycoproteins and on the 
carbohydrate portions of membrane glycolipids. P, P1 and P K  
antigens are expressed on the carbohydrate of glycolipids. The 
M and N antigens arise from interactions between the carbohy-
drate and polypeptide in the glycoprotein GPA. In addition to 
the antigens on integral membrane components, the Lewis and 
Chido/Rogers antigens are not of erythroid origin and are 
adsorbed from the plasma. Structural details of selected anti-
gens are given in Chapter  15 .    

  Antigens 

 Originally, an antigen was defi ned as the part of a molecule that 
is bound by a specifi c antibody. More recently, it has become 

customary to defi ne an antigen as a substance that can stimulate 
an immune response (immunogenicity). Immune responses 
can be either positive or negative. Positive responses lead to the 
production of antibodies (humoral immunity) and/or prolif-
eration of immunocompetent cells (cellular immunity) that can 
bind and eliminate their stimulatory antigen. In negative 
responses, the cells that mediate humoral and cellular immune 
responses are rendered non - responsive. This state is described 
as acquired immunological tolerance and is important in 
preventing autoimmune disease, as well as in establishing the 
 ‘ take ’  or acceptance of transplanted syngeneic and allogeneic 
tissues. 

 The hallmark of the adaptive immune response is its specifi -
city: specifi c immunocompetent cells and/or antibodies are 
produced, which can distinguish molecules that differ only by 
two or three atoms (e.g. trinitrophenol versus dinitrophenol). 
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As described later, even the difference between the A and B 
antigens is minimal. However, antibodies can often react with 
antigens similar, but not identical, to the stimulatory antigen 
(cross - reactivity). As far as is known, specifi c immune responses 
to human red cells are mediated by antibodies only;  specifi c  
cell - mediated immunity to red cell alloantigens or autoantigens 
has not been described. 

 The parts of an antigen that bind antibodies or cellular 
receptors are called epitopes, and those parts of the antibodies 
that bind to them are called paratopes. Most antigens that occur 
naturally are of high molecular weight, and each antigenic 
molecule may have several different or several identical epitopes. 
As antibodies are specifi c for the individual epitopes and not 
for the antigen as a whole, antisera will usually be a collection 
of antibodies specifi c for different regions of the antigen in 
question, arising from different clones of immunocompetent 
cells (polyclonal antibodies); such antibodies can sometimes 
be distinguished serologically by anti - idiotype reagents (see 
below). 

  The  b iological  s ignifi cance of  b lood 
 g roup  a ntigens 

 The functions of many red cell membrane protein structures 
bearing blood group antigenic determinants are known, or can 
be deduced from their structure (Table  14.1 ). Some are mem-
brane transporters, facilitating the transport of biologically 
important molecules through the lipid bilayer: band 3 mem-
brane glycoprotein, the Diego antigen, provides an anion 
exchange channel for HCO 3  

 −   and Cl  −   ions; the Kidd glycopro-
tein is a urea transporter; the Colton glycoprotein is aquaporin 
1, a water channel; and the GIL antigen is aquaporin 3, a glyc-
erol transporter. The Rh proteins and the Rh - associated glyco-
protein (RhAG) together with band 3 and other proteins form 
a protein macrocomplex. RhAG probably functions as a channel 
for rapid CO 2  transfer in and out of the cell. CO 2  in the red cell 
is converted to bicarbonate ions by carbonic anhydrase II and 
then transported rapidly out of the cell to the plasma by band 
3, where it is carried rapidly to the lungs. 

 The Lutheran, LW and Indian (CD44) glycoproteins are 
adhesion molecules, possibly serving their functions during 
erythropoiesis. The Duffy glycoprotein is a chemokine receptor 
and might function as a  ‘ sink ’  or scavenger for unwanted chem-
okines. The Cromer and Knops antigens are markers for decay 
accelerating factor and complement receptor 1, respectively, 
which protect the cells from destruction by autologous comple-
ment. Some blood group glycoproteins have enzyme activity: 
the Yt antigen is acetylcholinesterase and the Kell antigen is an 
endopeptidase with the ability to cleave a biologically inactive 
peptide to produce the vasoconstrictor endothelin - 3. The 
C - terminal domains of the Gerbich antigens, GPC and GPD, 
and the N - terminal domain of the Diego glycoprotein, band 3, 
are attached to components of the cytoskeleton and function to 

anchor the membrane to it skeleton. The carbohydrate moieties 
of the membrane glycoproteins and glycolipids, especially those 
of the most abundant glycoproteins, band 3 and GPA, consti-
tute the glycocalyx, an extracellular coat that protects the cell 
from mechanical damage and microbial attack. 

 The difference between red cell antigens that represent the 
products of alleles (e.g. A and B, K and k, Fy a  and Fy b ) is small, 
often being just one monosaccharide or one amino acid. The 
biological importance of these differences is unknown and 
there is little evidence to suggest that one antigen confers any 
signifi cant advantage over another. Most blood group systems 
have a null phenotype in which the whole blood group protein 
is absent from the red cells or any other cells. These usually 
result from homozygosity for gene deletions or inactivating 
mutations within the genes. In most cases, individuals with 
these null phenotypes are apparently healthy, suggesting that 
whatever the precise function of the missing structure may 
be, some other structure must be able to substitute in its 
absence. However, there are exceptions; 15% of whites lack the 
D protein of the Rh system with no ill effect, but those rare Rh null  
individuals who lack D and CcEe Rh proteins, as well as RhAG, 
have chronic haemolysis, which may be compensated by 
increased red cell production, but may require splenectomy 
for stabilization. Absence of the Xk protein causes weakness of 
expression of all Kell system antigens, as a result of linkage 
between the two proteins in the membrane, but is also associ-
ated with acanthocytosis and neurological and muscular disor-
ders. Very rare patients lacking the RAPH glycoprotein, CD151, 
have disruption of basement membranes causing hereditary 
nephritis, epidermolysis bullosa and neurosensory deafness. A 
patient lacking the Diego antigen, the anion transporter, only 
survived with extreme medical intervention, and no person 
with the Yt null  phenotype and thus absence of neurotransmitter 
acetylcholinesterase has been found. On the other hand, people 
with the rare Bombay phenotype lack ABH antigens from 
all cells and tissues, with no apparent ill effect or red cell 
abnormality. 

 Some blood group antigens are exploited by pathological 
microorganisms as receptors for attaching and entering cells. 
Consequently, in some cases absence of antigens can be benefi -
cial. The Duffy glycoprotein, expressing Fy a  or Fy b , is used by 
 Plasmodium vivax  to penetrate red cells. The Fy(a − b − ) pheno-
type is common in Africans and confers resistance to  P. vivax  
malaria. Fy(a − b − ) in Africans results from homozygosity for a 
mutation in an erythroid - specifi c transcription factor binding 
site, leading to absence of the Duffy glycoprotein from red cells 
but expression in other tissues.  Plasmodium falciparum  malaria 
appears to have played a part in the establishment of the ABO 
polymorphism. The geographic distribution of group O is con-
sistent with selection pressure by  P. falciparum  in favour of 
group O individuals in malaria endemic regions and there is 
evidence that blood group O protects against severe  P. falci-
parum  malaria through reduced rosetting.   
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noglobulin molecules held together by S – S bonds and a joining 
(J) chain (Figure  14.3 ).   

 There are two distinct types of light chain, kappa ( κ ) and 
lambda ( λ ). These are common to all immunoglobulins. Either 
of these chains may combine with any heavy chain, but in any 
one immunoglobulin molecule both light chains are of the same 
type and are identical;  κ  chains occur in about 65% and  λ  chains 
in about 35% of the normal immunoglobulins in each class. 
Each class has an immunologically distinct heavy chain:  γ  for 
IgG,  µ  for IgM,  α  for IgA,  δ  for IgD and  ε  for IgE (Figure  14.3 ). 

  Antibodies 

 Antibodies are immunoglobulins produced by the B lym-
phocytes of the adaptive immune system in response to an 
antigen for which they exhibit specifi c binding. Depending on 
the origin of the antigenic stimulus, antibodies can be termed 
(i) alloantibodies, when produced by an individual against 
epitopes present in another individual of the same species; (ii) 
autoantibodies, when reactive with determinants present on the 
individual ’ s own antigens; and (iii) xenoantibodies (or heter-
oantibodies), when produced against antigenic determinants 
present on the cells of another species. The fi rst two are the 
antibodies encountered routinely in the blood bank; xenoanti-
bodies can be used as antiglobulin sera or typing reagents when 
raised in animals against human antigens and are often present 
in reagents as monoclonal antibodies. 

 There are fi ve classes of immunoglobulins: IgM, IgG, IgA, 
IgD and IgE. Antibodies with specifi city for blood group anti-
gens are found only in the IgG, IgM and, rarely, IgA classes. IgA 
antibodies play a minor role in blood group serology as they 
only appear as alloantibodies together with IgM and/or IgG. 
Some of the biochemical and biophysical differences between 
IgG, IgM and IgA are listed in Table  14.2 .   

  Biochemistry and  g enetics 
of  i mmunoglobulins 

 Figure  14.2  shows a diagram of the basic immunoglobulin mol-
ecule. This consists of four polypeptide chains arranged as two 
light (L) chains and two identical heavy (H) chains. The light 
and heavy chains are held together by disulphide (S – S) bonds. 
IgG and serum IgA molecules are mainly monomers of this 
basic immunoglobulin structure; secretory IgA is mainly 
dimeric. IgM molecules are pentamers, with the basic immu-

  Table 14.2    Effector functions of the immunoglobulin isotypes.   *    

        IgG1     IgG2     IgG3     IgG4     IgA1     IgA2     Secretory IgA     IgM     IgE  

  Complement fi xation: classical pathway   †       +    (+)    ++     −      −      −      −     ++++     −   

  Complement fi xation: alternative pathway     −      −      −      −     +   ‡       ++     −      −      −    ‡     

  Placental transfer/lymphocyte binding    ++    +    +    +     −      −      −      −      −   

  Monocyte/macrophage Fc receptor binding    ++     −     +++     −      −      −      −      −     ?   §     

  Mast cell binding     −      −      −     (?)     −      −      −      −     +++  

  Binding to  Staphylococcus aureus  protein A    +    +     −     +     −      −      −      −      −   

    * No biological function has been ascribed to IgD, but it might be intimately involved in maturation of B cells into competent effector 

cells and/or memory cells.  

    †  IgG molecules fi x complement only up to C3.  

    ‡  Aggregated molecules can activate the alternative pathway.  

    §  Human IgE has been reported to bind to macrophages.   

s
s

Variable
part

Constant
part

Heavy chain

Heavy chain

Fd

Light chain

Light chain

Site of
papain
digestion

C-terminusN-terminus

Fab fragment Fc fragment

s
s

s
s

     Figure 14.2     Structure of the basic immunoglobulin molecule.  
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C H 4. In contrast, there is only one constant region domain for 
light chains and only one variable region domain for heavy and 
light chains. The segment between C H 1 and C H 2 is called the 
 hinge region . This area imparts fl exibility to the immunoglobu-
lin molecule so that antigen - binding sites can span varying 
distances. 

 The vast majority of the differences between antibodies of 
various specifi cities occurs in three or four short amino acid 
sequences in the L -  and H - chain variable regions. These hyper-
variable sequences contact the antigen on binding and provide 
the basis of antibody specifi city. The remaining sequences 
within the variable region are known as the framework deter-
minants. These are believed to provide the general skeleton of 
the antigen - recognizing region, within which variations in and 
between hypervariable sequences generate specifi city for the 
different epitopes bound by different antibodies. 

 Amino acid sequences within framework and hypervariable 
segments can sometimes be recognized by specifi c antisera, 
usually from another species, raised by deliberate immunization 
with a particular antibody. The sequences recognized are 
referred to as idiotopes, and the sera that defi ne them are called 
anti - idiotypes. The idiotype of the particular immunoglobulin 

There are four subclasses of human IgG (IgG1, IgG2, IgG3 and 
IgG4, with  γ 1,  γ 2,  γ 3 and  γ 4 heavy chains), and two IgA sub-
classes (IgA1 and IgA2, with  α l and  α 2 heavy chains). 

 Analyses of various light chains from different sources show 
that the amino acid sequence differs in half of the chain (vari-
able region), whereas in the other half the sequence remains 
remarkably constant (constant region) between light chains of 
the appropriate  κ  or  λ  groups. Similarly, in the corresponding 
heavy chain, there is a variable region and a constant region 
when different chains are analysed. 

 Papain can split the basic immunoglobulin molecule into 
three fragments at a site near the S – S bonds that hold the heavy 
chains together (Figure  14.2 ). One fragment contains the 
C - termini of the heavy chains and is called the Fc fragment. The 
other two are called Fab fragments, each of which consists of 
the N - terminus of the heavy chain (Fd portion) and the whole 
of the light chain, and contains the antigen - binding site of the 
molecule. 

 Repetition of amino acid sequences within the heavy chain 
constant regions indicates that there are either three (for IgG 
and IgA) or four (for IgM, IgD and IgE) constant region 
domains for H chains. These are designated C H 1, C H 2, C H 3 and 
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cytic cells, they are destroyed by phagocytosis or cytotoxicity 
(see Chapter  16 ).  
  3     Transplacental passage: there is preferential active transport 
of IgG1 relative to the other IgG subclasses.    

 Some functions can be ascribed to particular domains, for 
example C H 2 or C H 2/C H 3 for complement (C1q) binding and 
control of catabolic rate; the hinge region for binding to the Fc 
receptors of macrophages and monocytes; C H 2 and C H 3 for 
binding to staphylococcal protein A (IgG3 does not bind) and 
to the Fc receptors on placental syncytial trophoblasts and 
lymphocytes. 

 For blood group - specifi c antibodies, these class - dependent 
biological functions contribute to their clinical signifi cance. In 
the majority of cases, antigen – antibody binding does not cause 
red cell destruction per se; immune - mediated red cell destruc-
tion is usually a consequence of these secondary effector 
functions. 

 As only IgG passes the placental barrier, only IgG blood 
group antibodies can cause haemolytic disease of the fetus and 
newborn (HDFN) and only IgG1 and IgG3 will mediate signifi -
cant immune red cell destruction. The IgG level in cord blood 
will be much the same as the level in the mother. Passively 
transferred maternal IgG gradually disappears from the infant 
after birth and is almost gone by 3 months of age. The serum 
of newborn infants contains a small amount of IgM of fetal 
origin and almost no IgA; the production of IgA and IgG starts 
at about 1 – 2 months of age. 

 There are many ways of separating IgG and IgM molecules 
by physical methods (e.g. gel fi ltration and affi nity chromatog-
raphy). In routine serology, IgG is easily distinguishable from 
IgM by treating sera with mild reducing agents such as 2 - 
mercaptoethanol or dithiothreitol at low concentrations. These 
agents split the S – S bonds of the J chains, which link the 
IgM subunits, thereby rendering them non - agglutinating; 
IgA is either slightly affected or not affected by such reducing 
agents.   

  Blood  g roup  a ntibodies 

 Several terms have been used in the past and are still sometimes 
used to describe different types of blood group antibodies, 
including  ‘ naturally occurring ’  and  ‘ immune ’  antibodies,  ‘ cold ’  
and  ‘ warm ’  antibodies, and  ‘ complete ’  (or  ‘ saline ’ ) and  ‘ incom-
plete ’  antibodies. They are described below and an attempt is 
made to correlate these terms with the class of immunoglobulin 
involved. 

  Naturally  o ccurring and  i mmune  a ntibodies 

 Antibodies are naturally occurring when they are produced 
without any obvious immunizing stimulus, such as during 
pregnancy, transfusion or injection of blood. These antibodies 

molecule represents the sum of all the idiotopes of all its frame-
work and hypervariable sequences. 

 The binding of anti - idiotype sera that recognize idiotopes 
within hypervariable sequences of the immunizing immu-
noglobulin can be inhibited by the specifi c hapten recognized 
by that immunizing antibody. This is because contact between 
the hapten and the hypervariable sequences blocks access of the 
idiotype - specifi c antibody. In contrast, binding of anti - idio-
types to framework determinants of the immunizing antibody 
is usually not blocked by binding of the hapten recognized by 
that antibody. 

 The great diversity in the repertoire of antibodies generated 
by the immune system in response to the immense variety of 
antigens that it encounters is a direct refl ection of the immune 
system ’ s ability to generate variations within the three hyper-
variable sequences. This ability is partly genetic in origin 
and arises from the random selection and joining of several 
separate genetic elements that produce a single intact variable 
region gene coding for the fi nal variable region amino acid 
sequence. 

 The variable region genes comprise (i) genes coding for a 
large number of V - region sequences, with approximately 150 
 κ  - chain, 125  λ  - chain and 500 or so H - chain variable region 
genes; each of these genes is arranged in three exons, the random 
joining of which provides the variations that generate the fi rst 
and second hypervariable sequences; (ii) in H chains only, 
approximately 10 – 20 D (diversity) genes; and (iii) in both H 
and L chains, fi ve or six J (joining) genes. 

 The random joining of numerous choices, in a variety of 
combinations of V – J genes in L chains and V – D – J genes in H 
chains, during ontogeny of the immune response, generates 
the third hypervariable sequence and provides an additional 
somatic contribution for increasing the repertoire of the 
immune system. Following V – J/V – D – J joining, which is 
achieved by splicing together of certain DNA sequences and 
deletion of others during B - cell maturation, a further increase 
in antibody diversity is achieved by mutation in the spliced V 
gene DNA of mature B cells, during their proliferation in an 
ongoing immune response.  

  Biological and  p hysical  p roperties 
of  i mmunoglobulins 

 Immunoglobulins are essentially multifunctional; not only do 
they bind antigen, but they also perform various other func-
tions depending on the class. Most of these additional functions 
reside in the Fc fragment and are listed in Table  14.2 . The most 
important include the following. 
  1     Complement fi xation (IgM    >    IgG3    >    IgG1    >    IgG2); IgA does 
not bind complement in the classical pathway.  
  2     Binding to Fc receptors of mononuclear phagocytic cells, 
particularly monocytes and macrophages (IgG3    >>    IgG1). After 
IgG - coated cells bind to Fc receptors on mononuclear phago-
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 The advent of monoclonal antibody technologies has 
increased the repertoire of blood grouping reagents. By fusing 
the spleen cells of immunized mice or rats with drug - sensitive 
myeloma cells and selecting for drug - resistant hybrids, it has 
been possible to establish permanently growing cloned cell lines 
in tissue culture that secrete antibodies of desired specifi cities. 
Several murine hybrids secreting human blood group - specifi c 
monoclonal antibodies have now been established, many of 
which were raised using immunogens other than intact red cells 
(e.g. anti - A,  - B,  - Le a ,  - Le b ,  - M and  - N). Unfortunately, rodents 
have proved remarkably resistant to efforts to produce antibod-
ies to the human D antigen. 

 Attempts to produce human monoclonal antibodies by the 
cell fusion approach have been of limited success owing to the 
lack of suitable human myelomas. Nevertheless, human mono-
clonal antibodies specifi c for D, other Rh antigens, Jk a  and Jk b , 
and several other antigens, have been obtained by alternative 
approaches involving transformation of isolated peripheral 
blood lymphocytes from immunized individuals with Epstein –
 Barr virus or by fusion of human lymphocytes with mouse 
myelomas to form heteromyelomas. Monoclonal antibodies of 
murine and human origin have widely replaced polyclonal 
blood grouping reagents in everyday ABO and D grouping. 

 The future of antibody reagent production may lie in recom-
binant DNA technology, but a useful blood grouping reagent is 
still to be produced by these methods.  

  Lectins 

 Lectins are sugar - binding proteins, mostly extracted from 
plants and lower vertebrate animals. They are useful tools for 
routine and experimental blood group serology. They combine 
with simple sugars (e.g. fucose, galactose,  N  - acetylgalactosamine) 
present on the glycolipids and glycoproteins of cell membranes 
and body fl uids. Most lectins agglutinate red cells irrespective 
of target cell phenotype; hence only a handful are used with any 
regularity in blood group serology. The three most commonly 
used blood group - specifi c lectins are extracts from  Dolichos 
bifl orus ,  Vicia graminea  and  Ulex europaeus , which have anti - A 1 , 
anti - N and anti - H specifi cities, respectively. Several other 
lectins have proven valuable in investigating red cell polyag-
glutinability (see Chapter  15 ). In addition to blood grouping, 
lectins are also used for determining ABH secretor status and 
for partially purifying and identifying blood group - active mem-
brane glycoproteins.   

  Complement 

 Complement consists of a series of proteins, mainly enzymes 
present in fresh plasma as inactive precursors, which react 
sequentially with each other to form products that are impor-
tant in the immune destruction of cells, including bacteria. In 

are not present at birth and, in the case of anti - A and anti - B, 
start to appear in the serum at about 3 – 6 months of age. ABO 
antibodies are probably produced in response to antigens 
of bacteria, viruses and other substances that are inhaled or 
ingested; many Gram - negative organisms have antigens that 
are structurally similar to the A and B antigens. Despite this 
probable antigenic stimulus, the term  ‘ naturally occurring ’  is 
retained for these  ‘ non - red cell - induced ’  antibodies.  ‘ Immune ’  
blood group antibodies are only produced after pregnancy or 
following transfusion or injection of blood or blood group 
substances.  

  Cold and  w arm  a ntibodies 

 Cold antibodies give higher agglutination titres at low tempera-
tures (0 – 4 ° C) and many of them will not agglutinate red cells 
at 37 ° C. Most naturally occurring antibodies are cold reacting. 
Some, such as naturally occurring anti - A,B, have a wide thermal 
range and will still react at 37 ° C, at which temperature they will 
activate complement and lyse red cells, but the titre will be 
much higher at 0 – 4 ° C. Cold antibodies that fail to react above 
30 ° C are of no clinical signifi cance and can be ignored for blood 
transfusion purposes. 

 The thermal optimum of warm antibodies is 37 ° C and this 
implies that higher titres are obtained at this temperature. 
Immune antibodies are warm reacting. Any red cell antibody 
reacting above 30 ° C should be considered potentially capable 
of destroying red cells  in vivo .  

   I g M  and  I g G   a ntibodies 

 IgM or  ‘ complete ’  antibodies agglutinate red cells when they are 
suspended in saline. They are often called saline or directly 
agglutinating antibodies in laboratory parlance. Conversely, 
 ‘ incomplete ’  IgG antibodies will not agglutinate saline - 
suspended red cells. However, lack of agglutination does not 
mean that the antibodies have not bound to their antigen, and 
it can be shown that they have reacted by using antiglobulin 
reagents, which facilitate agglutination of antibody - coated 
cells (see below). Most naturally occurring antibodies are cold 
reacting, complete and IgM. Immune antibodies are always 
warm reacting; most are partly IgG, but some may be IgM. 
Exceptionally, and when very potent, IgG complete antibodies 
are found.  

  Monoclonal  a ntibodies 

 Animal sera have generally been a poor source of blood group-
ing reagents. Deliberate immunization of laboratory animals to 
produce blood group - specifi c xenoantibodies has had limited 
success as only a few polyclonal specifi cities have been made in 
rabbits, goats and chickens. The most useful reagents have been 
anti - A,  - B,  - M,  - N,  - P 1 ,  - Le a ,  - Le b  and  - LW. 



Postgraduate Haematology

234

sequentially according to their numerical order. Complement 
components in the alternative pathway include factor B, factor 
D and properdin. During activation of the  ‘ classical ’  compo-
nents, small - molecular - weight fragments (C4a, C3a, C5a) are 
released, which have important chemotactic and anaphylactic 
activity. Release of C3a and C5a, as well as vasoactive amines 
and cytokines, leads to most of the signs and symptoms observed 
in severe haemolytic transfusion reactions and also in febrile 
non - haemolytic transfusion reactions caused by white cell 
antibodies. 

  The  o psonization  p hase of the  c omplement 
 s equence    (Figure  14.4 )    

  The  c lassical  p athway 
 The classical pathway can be activated by many factors, includ-
ing antigen – antibody complexes, enzymes (trypsin, plasmin, 
lysosomal enzymes), endotoxins and low - ionic - strength media. 
Only one molecule of IgM on a cell membrane is necessary to 
activate the complement system, although at least two of the 
fi ve IgM subunits must attach to the cell membrane, in close 
proximity, for activation to occur. At least two IgG molecules 
must combine with antigen sites very close together on the cell 
membrane to bring about complement activation. 

 The fi rst component of complement is a complex of three 
protein molecules, C1q, C1r and C1s. After complement - fi xing 
antibodies have bound to their red cell antigens (EA is often 
used to denote the resulting erythrocyte – antibody complex), C1 
binding sites are exposed on the Fc fragments. If two such sites 

complement activation there are two stages of relevance. The 
fi rst stage is the generation of the active form of the third com-
ponent, C3b, which leads to the coating, or opsonization, of the 
cell with a large amount of protein. There are two pathways by 
which active C3b may be generated: the classical and alternative 
pathways (Figure  14.4 ). The second stage is the lytic stage: acti-
vation of the proteins of the membrane attack complex, com-
prising components C5 through C9, leads to the destruction of 
red cells in the circulation.   

 In general terms, the complement cascade is analogous to the 
clotting sequence. Activation of one component or group of 
components leads to the generation of enzyme activity for acti-
vation of the next components. To lead to haemolysis, however, 
the activated components in the plasma must bind to the red 
cell membrane (except C1, which binds only to a specifi c 
binding site on the antibody), which they do with varying 
degrees of effi ciency. Moreover, some activated components, 
for example C1, C4 and C3, have specifi c inactivators in the 
plasma as well as (for C3b and C4b) in the red cell membrane 
itself; even though these components bind to the red cell mem-
brane, their active life may be very short (half - life 2 – 25   min). 
As a consequence, and as happens with several IgG blood group 
antibodies such as anti - Jk a  and  - Fy a , the whole sequence is not 
completed and there is no intravascular haemolysis. In these 
cases, early components can be detected on the red cell surface 
with suitable antiglobulin reagents. 

 Complement components in the classical pathway are desig-
nated C1 to C9 in their native form. Apart from C4, which is 
activated before C2 and C3, the components are activated 
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     Figure 14.4     The complement cascade. 

Component C3b plays a central role in 

the classical and alternative pathways.  
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alternative pathway is a two - step process: (i) binding of C3b to 
an activator and (ii) interaction of bound C3b with neighbour-
ing surface structures. Initially, spontaneously generated fl uid -
 phase C3b interacts with factor B to form a complex. Factor B 
is activated through cleavage by the protease factor D, releasing 
a fragment Ba into the plasma and yielding a transient alterna-
tive C3 convertase, C3bBb. The latter can be stabilized by 
properdin, which is essential for preventing the dissociation of 
C3bBb by factor H. 

 The alternative C3 convertase splits serum C3 into C3a and 
C3b. C3b attaches to the cell surface and can then combine with 
more factor B and D, thereby restarting the feedback loop. The 
amount of C3b deposited by the alternative pathway is low 
owing to the small amount of convertase generated and to the 
ineffi cient deposition of C3b from plasma. This contrasts with 
the vast numbers of C3b molecules generated by the classical 
pathway. The two sources of C3b are indistinguishable; both act 
on C5 to start the lytic phase. 

 The classical and alternative pathways cannot be separated 
from each other  in vivo . The alternative pathway amplifi es the 
classical pathway because, when C3b is generated, factors B and 
D may be activated and complexed with it to generate further 
C3b.   

  The  l ytic  p hase of the  c omplement  s equence  
  (Figure  14.4 )    

 The lytic phase starts with the activation of C5 by C3b, yielding 
membrane - bound C5b and fl uid - phase C5a. This step is fol-
lowed by non - enzymatic interaction of C5b with C6, C7, C8 
and C9. These molecules adhere to each other to form the 
membrane attack complex and insert themselves into the lipid 
bilayer of the red cell membrane. C8 catalysed by C9 produces 
protein - lined cylinders in the red cell membrane that are about 
10   nm in diameter. They form pores through which ions and 
water can enter. The osmotic pressure exerted by haemoglobin 
draws water into the cell until it swells and bursts. 

  Optimum  t emperature and  p  H  for  c omplement  l ysis 
 Many of the active complement components are enzymes and 
as such are very sensitive to changes in pH and temperature. 
The optimum pH for haemolysis to occur is 6.8 and the 
optimum temperature is 32 – 37 ° C. At temperatures below 15 ° C, 
the red cell cannot be haemolysed by complement and it is 
assumed that the last stages of complement fi xation do not 
occur. However, the early stages of complement fi xation can 
occur at 15 ° C and the components can be detected on the red 
cell surface with anti - complement reagents.  

  Ability of the  a ntibody to  b ind  c omplement 
 Why some antibody molecules bind complement easily and 
others do not is not fully understood, but several factors seem 
to be important. 

are suffi ciently close together (approximately 25 – 40   nm), the 
C1 complex is fi xed through its C1q subunits. C1q is a complex 
molecule with six immunoglobulin - binding sites. Binding of 
C1q activates C1r, which in turn cleaves the third molecule, 
C1s, yielding the active enzyme form of the C1 complex, which 
is held together by calcium. In the presence of EDTA or other 
chelating agents, the complex falls apart and the whole process 
of complement fi xation will not occur. 

 C1s can now activate sequentially C4 and C2 in the presence 
of magnesium, generating a second enzyme, C4b2b, called C3 
convertase. 

 The cell - bound C4b2b can optimally activate several thou-
sand C3 molecules by splitting them into C3a and C3b. As C3 
is present in large amounts (100 – 150   mg/dL) in the serum, the 
fi xation of C3b can considerably increase the globulin coating 
of the red cells. While C3b is still intact, opsonized red cells will 
adhere to monocytes and macrophages through their C3b 
receptors and may then be phagocytosed. C3b has a short half -
 life and there is no free C3b in plasma. Hence, C3b coating 
of IgG - sensitized cells neutralizes the inhibitory effect of free 
plasma IgG on immune adherence to macrophage Fc receptors 
and amplifi es erythrophagocytosis and antibody - mediated 
cytotoxicity 100 - fold. Thus, C3b - coated IgG - sensitized cells are 
destroyed mainly in the liver, where there are numerous phago-
cytic cells with receptors able to bind cells coated with IgG and 
C3b. On the other hand, cells coated with non - complement -
 fi xing IgG antibodies can only be destroyed in the spleen where 
there is haemoconcentration and less competition of IgG -
 coated cells for Fc receptors with fresh IgG in plasma. The active 
phase of C3 is transient because C3b is rapidly degraded by an 
enzyme (C3b inactivator, C3bINA or factor I) and its accelera-
tor ( β IH or factor H) so that only C3dg remains on the red cell 
surface. C3dg is an end product of the complement sequence 
and, by occupying the C3 sites, can prevent further binding of 
C3b and therefore haemolysis of the red cell. C3dg, unlike C3b, 
is not capable of adhering to receptors on macrophages and 
monocytes, so that cells coated with C3dg may return to the 
circulation and will be resistant to further lysis. This explains 
the existence of a population of C3dg - coated cells refractory to 
lysis in chronic cold haemagglutinin disease. C3dg - coated cells 
can be detected by anti - complement in the antiglobulin test. 

 C4b2b3b will  ‘ trigger ’  the fi xation of C5, C6, C7, C8 and C9, 
leading to the formation of the membrane attack complex on 
normal red cells and bringing about their lysis.  

  The  a lternative  p athway 
 The alternative pathway does not necessarily involve antibody 
and represents non - specifi c  ‘ innate ’  immunity. The proteins of 
the alternative pathway form a feedback loop for the conversion 
of C3 to C3b; the latter is both a product and reactant of this 
loop. 

 The alternative pathway can be activated by aggregated IgA, 
zymosan, bacterial cells or lipopolysaccharides. Initiation of the 
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  4      Antibody specifi city.  Several warm - reacting antibodies are 
incapable of causing  in vivo  red cell destruction (e.g. anti - Ch, 
 - Rg,  - Cs a ,  - Kn a ,  - Xg a  and most examples of anti - Yt a ).  
  5      Antigen density on the red cell membrane.  The likelihood 
and degree of sensitization of a red cell with antibody and com-
plement increases with the number of antigen sites on the 
surface.  
  6      Volume of incompatible red cells transfused.  A small volume 
of incompatible red cells will be destroyed more rapidly than a 
large volume from the same donor. Larger volumes of cells may 
exhaust the circulating antibody available and saturate the 
mononuclear phagocytic system.  
  7      Presence of antigen in donor plasma.  Lewis antigens (Le a  and 
Le b ) and the Chido and Rogers antigens are primarily in plasma 
and are only secondarily adsorbed onto red cells. The free 
antigen in plasma can react with the antibody and inhibit its 
binding to red cells. Also, the amount of Lewis antigen on 
red cells depends on the ABO group. Hence, cross - match - 
compatible blood, of the same ABO group, unscreened for 
Lewis phenotype is transfused to patients with Lewis antibodies. 
Furthermore, when Lewis - positive blood is transfused to 
patients with antibodies, the cells lose their Lewis antigens and 
become Le(a − b − ). For this reason, Lewis antibodies are unable 
to cause delayed haemolytic transfusion reactions.  
  8      Activity of cells of the mononuclear phagocyte system.  The 
ability of macrophages to remove sensitized red cells varies 
between individuals. Splenectomy and drugs such as corticos-
teroids will decrease the clearance of IgG - sensitized cells.  
  9      Sensitivity of red cells to complement.  Because of the absence 
of cell - bound complement regulators, patients with paroxysmal 
nocturnal haemoglobinuria have red cells that are highly sensi-
tive to lysis by complement activation.  
  10      Extent of complement activation.  Some antibodies regularly 
bind complement and others do so rarely or not at all. Of the 
complement - binding antibodies, IgM (e.g. anti - A,  - B,  - PP 1 P K ) 
will activate the complement cascade through to C9, resulting 
in intravascular destruction, but IgG antibodies, such as anti -
 Fy a ,  - Jk a  and  - K, the cascade is interrupted at the C3 stage. 
Red cells coated with IgG and C3b will be destroyed extravas-
cularly in the liver. As a rule, Rh antibodies do not fi x 
complement.     

  Blood  g roup  a ntigen –  a ntibody  r eactions 

 In blood group serology, the interaction between the antigen 
sites on the cells and the corresponding antibody is normally 
detected by observing agglutination of the cells concerned. 
Agglutination is the result of the cross - linking of individual red 
cells by antibody molecules and can be thought of as occurring 
in two stages. The fi rst stage is the fundamental reaction, i.e. the 
combination of the antibody molecules with their specifi c 

  1     The immunoglobulin class and subclass of the antibody, as 
discussed later.  
  2     At least two C1q - binding sites properly aligned and close 
together are necessary for complement fi xation. One molecule 
of IgM antibody carries several C1q - binding sites, whereas one 
molecule of IgG carries only one and will therefore need another 
molecule of IgG alongside it (IgG doublet) in order to fi x C1q. 
Therefore, for IgG antibodies to cause lysis by complement, 
there must be many more molecules available. It has been 
shown that only one molecule of IgM anti - sheep red cell anti-
body is needed to lyse a sheep red cell, but at least 700 – 1000 
molecules of IgG antibody are needed to ensure that two IgG 
molecules are aligned in order to start the whole complement 
cascade.  
  3     If the antigen site density is low or moderate, it may be dif-
fi cult for two IgG molecules to be properly aligned regardless 
of quantity of antibody available. This may partly explain the 
poor performance of IgG antibody molecules in complement 
fi xation compared with IgM.  
  4     Flexibility at the hinge region is important; the wider the 
angle at this junction, the greater the ability of the IgG antibody 
to fi x complement.    
 In red cell destruction caused by complement - fi xing lytic anti-
bodies, the number of red cells that can be rapidly destroyed is 
limited only by the amount of antibody and complement avail-
able. In ABO - incompatible transfusions, there may be no sur-
viving A or B red cells in the circulation within 1 hour of 
transfusion. If antibodies are partially able to fi x complement 
up to C3b (most anti - Jk a ,  - K and  - Fy a ), red cell destruction will 
be extravascular and will proceed more slowly.    

  Clinical  s ignifi cance of  r ed  c ell  a ntibodies 

 The clinical signifi cance of different red cell antibodies depends 
partly on their destructive capacity and partly on their fre-
quency. For example, anti - PP 1 P K  (anti - Tj a ) is a very potent 
haemolysin, but it is of minimal importance in blood transfu-
sion practice owing to its rarity. Conversely, ABO and D anti-
bodies are by far the most signifi cant, owing to their prevalence 
and destructive capacity. 

 Several factors infl uence immune red cell destruction 
 in vivo . 
  1      Plasma concentration and avidity of the antibody .  
  2      Thermal amplitude of the antibody .  
  3      Immunoglobulin class and subclass.  The complement - fi xing 
ability of most warm - reacting IgM antibodies makes them clini-
cally signifi cant. Of the IgG subclasses, IgG1 and IgG3 have 
clinical importance because of the ability of some to fi x comple-
ment up to C3b and their capacity to bind to the Fc receptors 
of mononuclear phagocytic cells, the effector cells of extravas-
cular immune red cell destruction.  
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the ionic strength increases the rate of association ( k  1 ) of antigen 
with antibody but has little effect on their rate of dissociation 
( k  2 ). Low - ionic - strength saline (LISS) solutions have been used 
routinely in some blood banks to increase the speed and sensi-
tivity of pretransfusion tests. Regrettably, LISS can lead to 
failure to detect some clinically important antibodies, in par-
ticular anti - K. 

 LISS solutions are also used to coat red cells with comple-
ment components via the alternative pathway. For this reason, 
the use of LISS under uncontrolled conditions can lead to 
unwanted positive direct and indirect antiglobulin tests.  

  Temperature of the  r eaction 
 The effect of temperature on antigen – antibody reactions 
includes (i) an alteration in the equilibrium constant and (ii) 
an alteration of the rate of encounter. With warm antibodies, 
the equilibrium constant is not changed by variations in tem-
perature, but decreasing the temperature from 37 ° C to 4 ° C 
slows the rate of reaction 20 - fold. With cold antibodies, there 
is an increase in the equilibrium constant with decreasing 
temperature and, even though the encounter rate is reduced, 
stronger reactions and higher titres are found at lower 
temperatures.    

  Second, or  ‘  v isual ’ ,  s tage of  a gglutination 

  Factors that  a ffect the  s econd  s tage of  a gglutination 
 These include the degree of contact of the antibody - coated red 
cells with each other, the span of the antibody molecules, the 
electrical charge of the red cells, the location and density of the 
antigen sites on the red cells, and the capacity of the antibody 
to bind complement after reacting with the antigen. 

  Degree of  c ontact of  a ntibody -  c oated  c ells 
 This contact can be achieved by allowing the cells to settle by 
gravity, although full settling does not occur in a saline serum 
medium until 1 – 2 hours have elapsed. Settling can be acceler-
ated by centrifugation, but as red cell drifts mimicking aggluti-
nation may be formed, it is best to centrifuge at quite low speeds 
for not more than 1   min.  

  Electrical  c harge of the  r ed  c ells 
 Red cells suspended in 9   g/L of NaCl are negatively charged; 
because of this charge and the repulsive force that it generates, 
there is always a gap between individual red cells. The minimum 
distance of approach of unsensitized cells is approximately 
18   nm between their membranes. This is considerably greater 
than the maximum distance between the two arms of an IgG 
molecule (12   nm). IgM molecules, with a greater distance 
( ∼    30   nm) between the antigen - combining sites, are able to 
bridge this gap and thus cause agglutination of appropriate cells 
suspended in saline. For this reason IgM antibodies are called 

antigen sites. The second stage is the actual linkage of the indi-
vidual antibody - coated red cells. 

  First  s tage of  a gglutination:  c ombination 
of  a ntibody with  a ntigen 

 The combination of antigen with antibody cannot be observed 
directly; it arises from the fi t of the antigen into a structurally 
complementary site within the antibody molecule. The result-
ing complex is then stabilized by various short - range forces 
between the chemical groups of the antigen - binding site in the 
antibody and the antigenic determinant itself. These weak 
short - range forces include ionic attraction, hydrogen bonding, 
van der Waals forces and hydrophobic interactions. Individually, 
these forces are weak; however, when in close apposition, 
the simultaneous formation of a large number of bonds 
stabilizes antigen binding. The greater the interface between 
antigen and antibody, the stronger the binding forces generated 
and the greater the affi nity of the antibody for its specifi c 
antigen. 

 The association of antigen (Ag) with antibody (Ab) is revers-
ible and obeys the law of mass action, so that at equilibrium:
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where  k  1  and  k  2  are rate constants of association and dissocia-
tion respectively. Hence, at equilibrium:
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where  K  is the equilibrium constant for the reaction and refl ects 
the strength of association between antigen and antibody. The 
greater the value of  K , the greater the amount of antigen – 
antibody complex formed. 

  Factors  a ffecting the  fi  rst  s tage of  a gglutination 
 Factors that affect the equilibrium constant include pH, ionic 
strength and temperature. 

  p H  
 Most antibodies are not affected by changes in pH within the 
range 5.5 – 8.5. Below pH 4 and above pH 9, antigen – antibody 
complexes are largely dissociated and the antibody can be 
recovered in the supernatant. This is the basis of some tech-
niques for eluting antibodies from red cells.  

  Ionic  s trength of the  m edium 
 In saline of normal ionic strength, the ionized groups of both 
antigen and antibody are partially neutralized by oppositely 
charged ions in the medium. By lowering the ionic strength 
while maintaining tonicity, the ions become exposed and theo-
retically there should be an increase in attraction. Decreasing 
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  Detection of  r ed  c ell  a ntigen –  a ntibody 
 r eactions 

  Principles of  a gglutination  t echniques 

 There are various ways of detecting antigen – antibody reactions 
 in vitro . In manual methods, tubes, microplates or gels can be 
used. The most widely used methods employ the following 
techniques. 

  Direct  a gglutination 
 Most IgM antibodies will directly agglutinate the appropriate 
red cells suspended in saline. This method is used routinely for 
ABO and RhD grouping using monoclonal antibodies.  

  Indirect  a gglutination 
 Apart from ABO, antibodies against most blood group antigens 
are IgG and generally will not produce direct agglutination of 
red cells. Such antibodies can be detected with the aid of agents 
that enhance agglutination, for example proteases, albumin and 
other colloids, and aggregating agents such as polybrene.  

  Antiglobulin or Coombs  t est 
 The antiglobulin test is used to detect IgG antibodies that do 
not cause direct agglutination of red cells carrying the corre-
sponding antigen when suspended in saline. The technique can 
be used to test directly, with an antiglobulin reagent, for the 
presence of antibodies or complement components that are 
bound to the red cells  in vivo , as in autoimmune haemolytic 
anaemias or haemolytic transfusion reactions; this is the so -
 called direct antiglobulin test (DAT). Alternatively, the test can 
be used before transfusion to detect IgG antibodies in a patient ’ s 
serum by adding the appropriate screening test red cells and 
then, after incubation and thorough washing of the cells, adding 
an antiglobulin reagent that will agglutinate cells coated  in vitro  
with antibody or complement components; this is the so - called 
indirect antiglobulin test (IAT). 

 IATs are also used with many reagent antibodies for deter-
mining blood group phenotypes. If an IAT is undertaken with 
red cells suspended in normal - ionic - strength saline (NISS) 
solution, maximum antibody uptake, and hence maximum sen-
sitivity, is achieved within a 60 – 90   min incubation period. The 
incubation phase for IATs can be reduced to 10 – 15   min by 
using LISS solutions. LISS IATs may be performed by either 
suspending the test red cells in LISS before adding the patient ’ s 
serum or by adding LISS to the red cell – serum mixture. LISS 
IAT is less sensitive than NISS IAT for the detection of some 
examples of anti - K if the incubation time is reduced below 
15   min. A further disadvantage of LISS IAT is that, if used in 
the cold, clinically insignifi cant antibodies such as anti - P 1  and 
anti - Le a  may be detected more readily because of their increased 
uptake under low ionic strength conditions. In view of the many 

 ‘ complete ’ . Conversely, cells coated with IgG (e.g. anti - D) 
approach each other to within 6   nm between the Fc ends of the 
coating IgG. Agglutination of IgG - coated cells can then be 
brought about by various agents that bring them closer together 
or by molecules that cross - link coating IgG, such as proteases 
or neuraminidase, or antiglobulin reagents.  

  Span of the  a ntibody  m olecule 
 The span of an IgG molecule can be increased by mild reduction 
and alkylation, which opens up the hinge region by cleaving 
S – S bonds. Antibodies treated in this way can be used as direct 
agglutinins.  

  Location and  d ensity of  a ntigen  s ites 
 IgG anti - A,  - B,  - M and  - N may agglutinate the appropriate red 
cells in saline. This could be due to the comparatively high 
number of the corresponding antigen sites (see Chapter  15  and 
Table  14.1 ). For those antigens that protrude from the cell 
surface (e.g. ABO, MN, I, i), agglutination by the corresponding 
antibodies will occur more readily than for antigens embedded 
in the membrane (e.g. Rh). 

 The number of antigen sites is, for some blood group systems, 
a refl ection of the genotype;  MM  cells will carry twice the 
number of M antigens as  MN  cells and will be more readily 
agglutinated by the appropriate antibody (dosage effect). In 
other systems (e.g. ABO), zygosity dosage is not apparent.  

  Capacity of the  a ntibody to  b ind  c omplement 
 If an antibody binds complement, there might be no agglutina-
tion. The simplest explanation of this absence of agglutination 
is that the added presence of complement molecules, close to 
the antibody, prevents the antibody molecules from linking up 
individual cells. This lack of agglutination can be dangerous. In 
grouping or compatibility tests, for instance, anti - A,B in a 
patient ’ s fresh serum may cause partial lysis of the red cells and 
no agglutination of the unlysed cells. If this lysis is not noticed, 
the test may be read as negative and grossly incompatible blood 
might be regarded as compatible.    

  Use of  e nzyme -  t reated  r ed  c ells 

 Several proteases (papain from papaya, trypsin from calf spleen, 
bromelin from pineapple, fi cin from fi gs) are used to treat red 
cells and potentiate agglutination. Whether enzyme treatment 
of the red cells enhances agglutination by an antibody depends 
on the nature of the appropriate antigen. Agglutination by Rh, 
Lewis, P 1 , Kidd, I and i antibodies is enhanced regardless of 
whether the antibodies are IgM or IgG. Agglutination by most 
examples of anti - K is not enhanced with enzyme - treated cells. 
Several protein antigens are destroyed by protease treatment of 
intact red cells. These include M, N, S, Fy a , Fy b , Xg a , In a , In b , Yt a , 
Ch, Rg, Pr and Tn (see Chapter  15 ).   
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negative, it is necessary to test with anti - IgA and anti - IgM, 
which are now available ready for use in gel microcolumns. 
Polyclonal and monoclonal reagents against the four human 
IgG subclasses are commercially available and are generally 
used in research for characterizing clinically signifi cant red cell 
alloantibodies.  

  Standardization of  AHG   r eagents 
 All antiglobulin reagents available at present, monospecifi c or 
polyspecifi c, are standardized by the producer and issued pre-
diluted for immediate use or within the gel or bead matrix of a 
microcolumn. 

 When new batches of an AHG reagent or IAT microcolumns 
are acquired by a laboratory, they should be subjected to a 
minimum  verifi cation  with several IgG antibodies of different 
specifi cities to ensure that all are detectable. Laboratories 
should confi rm that, on each day of use, the AHG reagent is 
reacting according to the manufacturer ’ s specifi cations, with 
control red cells coated weakly with IgG. The control IgG -
 coated cells are the same cells as those used to check the validity 
of negative antiglobulin tests when a washing step is part of the 
process; the weakly coated cells are added to each tube that has 
given a negative result, followed by repeat centrifugation and 
reading. Agglutination of these cells confi rms that the AHG 
reagent in the tube had not been neutralized by residual 
unbound IgG that was not removed during washing of the 
original test cells.  

  Agents that  e nhance  a gglutination 
 Various agents may be added to serological mixtures to enhance 
the agglutinability of red cells. These include albumin and LISS, 
as described above, as well as polybrene and polyethylene glycol.  

  Inhibition of  a gglutination 
 Expected agglutination reactions with known antigens and anti-
bodies can be neutralized by soluble antigens of the appropriate 
specifi city. For example, the saliva of group A secretors inhibits 
the agglutination of group A cells by anti - A. Hydatid cyst fl uid 
with P 1 P K  activity can be used to confi rm the presence of anti - P 1  
in sera. Soluble antigens produced by recombinant DNA tech-
nology will become useful in reference laboratories as aids to 
sorting out complex serological problems.  

  Haemolysis 
 Red cell lysis indicates a positive antigen – antibody reaction 
mediated by IgM complement - fi xing antibodies. A pink or red 
coloured supernatant after settling or centrifugation of red cell –
 antibody mixtures is an indication of red cell lysis.  

  Adsorption and  e lution  t ests 
 Specifi c antibodies can be removed from serum by adsorption 
on red cells carrying the corresponding antigen. Bound 
antibodies can be subsequently recovered from the washed 

LISS preparations available, it is important that the manufac-
turer ’ s instructions are followed strictly. 

 When the DAT and IAT are performed in tubes or micro-
plates, it is essential that the red cells are washed three or four 
times with a large volume of saline before adding the antiglobu-
lin reagent, as any free IgG or complement will neutralize the 
anti - IgG or anti - complement reagent and lead to false - negative 
reactions. This test was previously mainly carried out in tubes, 
but the use of microplates and microcolumns containing a 
matrix of either a gel or glass beads is becoming increasingly 
popular. With columns, the wash phase, as described below, has 
been eliminated. 

 Anti - human globulin (AHG) serum was originally made by 
injecting animals, usually rabbits, sheep or goats, with human 
serum. Of particular relevance to the antiglobulin test are anti-
bodies against IgG and complement, which should always be 
present in polyspecifi c AHG reagents. The anti - IgG component 
is essential for pretransfusion antibody screening and cross -
 matching, as the vast majority of clinically signifi cant antibod-
ies, apart from anti - A and  - B, are IgG. The anti - complement 
component is needed for the detection of occasional examples 
of weak complement - binding antibodies (e.g. some anti - Jk a ) 
and for the detection of  in vivo  complement coating of red cells 
(i.e. in the DAT). Antiglobulin reagents are now generally pro-
duced from monoclonal antibodies to C3d and polyclonal anti-
bodies to IgG, made in animals. 

 The basic composition of a polyspecifi c reagent is a blend of 
anti - IgG and anti - C3d. Anti - C4d should be avoided and anti-
bodies against IgA and IgM are not necessarily always present 
in polyspecifi c reagents. Pure anti - IgG, anti - IgA and anti - IgM 
serum can be made in animals by injecting the appropriate 
purifi ed immunoglobulin and removing any antibody against 
L chains by absorption. 

 Most IgM blood group antibodies can be detected readily by 
direct agglutination. On those occasions when it is desirable to 
detect subagglutinating amounts of IgM active at 37 ° C, the lack 
of anti - IgM in polyspecifi c reagents can be offset by the ability 
of most IgM antibodies to fi x complement in the presence of 
fresh serum. Moreover, as only a few molecules of IgM are 
needed to start the complement sequence and lead to the 
binding of many hundreds of molecules of C3, the agglutination 
of complement - coated cells by anti - complement sera can be a 
very sensitive method of detecting IgM antibodies. Complement -
 fi xing IgG antibodies will also be detected with anti - comple-
ment sera but, in most cases, they can be detected effectively by 
anti - IgG. However, there are exceptional examples of comple-
ment - fi xing IgG red cell alloantibodies (e.g. anti - Jk a ) that are 
not detectable with anti - IgG, and anti - complement is essential 
for their identifi cation. 

 Polyspecifi c antiglobulin reagents composed of anti - IgG 
and anti - C3d are perfectly suitable for pretransfusion testing, 
including the cross - match. For those rare cases of autoimmune 
haemolytic anaemia in which the test with polyspecifi c AHG is 
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anti - IgG or polyspecifi c AHG. Any red cells coated with IgG 
will be agglutinated by the free anti - IgG in the matrix of the 
column, giving a positive result. No washing of sensitized cells 
is required as IgG in the serum does not penetrate the column 
and so does not neutralize the anti - IgG in the column. The 
advantages of microcolumn techniques are the ease of reading 
and reproducibility, and the fact that the tests can be stored for 
later examination, checking, photocopying or photographing. 
In the Diamed ID system, Sephadex gels are used. The Ortho 
Biovue system uses glass beads rather than gels. Both systems 
can be automated and the agglutination results evaluated by 
image analysis.  

  Microplate  t echniques 

 Semi - automated blood grouping and antibody screening can be 
performed in microtitre plates, which can also be used for 
extended phenotyping of red cells, antibody identifi cation and 
large - scale screening for rare red cells and antibodies. A single 
microplate is equivalent to 96 short test tubes and the same 

sensitized red cells by elution with heat treatment, freeze - 
thawing, low pH or chloroquine treatment.   

  Specialized  s erological  m ethods 

 Flow cytometry and enzyme - linked immunosorbent assays 
(ELISAs) are used for the estimation of the number of antigen 
sites on red cells and when more sensitive antiglobulin tech-
niques are required. The essence of these approaches is the use 
of a labelled antiglobulin: in fl ow cytometry, fl uorescent anti -
 IgG is used (or antibodies can be directly coupled with a fl uo-
rescent dye); in the case of ELISA, enzymes are attached 
covalently (i.e. conjugated) to the antiglobulin. 

 The execution of these assays requires antibody - coated cells 
or particles to be incubated with the labelled antiglobulin 
reagent. After incubation, excess unbound antiglobulin is 
washed away and bound labelled antiglobulin is then measured. 
For fl ow cytometry, a cytofl uorimeter is used to measure fl uo-
rescence of each cell. For ELISA, the bound enzyme conjugate 
is detected through the enzyme ’ s ability to modify, and usually 
effect a colour change, in its substrate (Figure  14.5 ). The colour 
intensity of the modifi ed substrate can then be measured with 
a spectrophotometer.    

  Microcolumn  t ests ( g el and  b eads) 

 The principle of microcolumn tests is the separation of agglu-
tinated from non - agglutinated red cells by centrifugation 
through a miniature fi ltration column. For blood grouping, red 
cells are layered on microcolumns impregnated with blood 
grouping sera; for antibody screening and identifi cation, phe-
notyped panel red cells are mixed with patients ’  sera within the 
incubation chamber of the microcolumn. After centrifugation, 
agglutinated red cells are retained towards the top of the micro-
column because the agglutinates are trapped by the column 
matrix, whereas unagglutinated red cells form a button at the 
bottom of the column (Figure  14.6 ).   

 Positive and negative results are discriminated by the appear-
ance of cells trapped within the matrix or at the bottom of the 
microcolumn respectively. Antiglobulin tests can be accom-
plished by centrifuging the preincubated mixture of red cells 
and patient ’ s serum through a column impregnated with 

Wash

Enzyme

Add 
conjugated
antiglobulin

Add 
specific
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Wash

Add 
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Coloured

     Figure 14.5     Enzyme - linked 

immunosorbent assay (ELISA) for 

cell - bound antibodies. Enzyme 

substrate is represented by open and 

closed stars, for colourless and 

coloured derivatives respectively.  

     Figure 14.6     Results of a gel microcolumn test. The subject is 

group B D - negative. Red cells remaining at the top of the gel 

represent a positive result; red cells collected at the bottom of the 

tube represent a negative result.  
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microplate systems, for example Tango (Biotest), Galileo 
(Immucor). The Qwalys system (Diagast) applies magnetized 
red cells for antigen typing and antibody detection, in order to 
avoid centrifugation. 

 A continuous - fl ow autoanalyser is commonly used for quan-
tifi cation of anti - D or anti - c, especially in antenatal patients and 
immunized volunteers, as well as in plasma pools used for the 
manufacture of anti - D immunoglobulin. Manual titration is 
simple, but provides only a fairly crude semi - quantitative esti-
mate of the concentration of anti - D. 

 Quantitative haemagglutination methods using continuous -
 fl ow automated analysers and appropriate anti - D or anti - c 
international standards are sensitive (e.g. as low as 0.02   IU/mL 
for anti - D), relatively simple, objective, rapid, of acceptable 
reproducibility, and amenable to routine use and standardiza-
tion. The method involves the agglutination of D - positive red 
cells by the anti - D to be quantifi ed, in the presence of an agglu-
tination enhancer, while being pumped through a series of 
coils at set temperatures to allow the desired incubation of the 
segments of reactants. The agglutinates are sedimented and 
removed, whereas the remaining unagglutinated red cells are 
haemolysed by a detergent. The absorbance of the haemolysate 
is proportional to the amount of haemoglobin and is thus 
inversely proportional to the number of agglutinated cells 
removed. This refl ects the antibody concentration, which can 
be calculated (in IU/mL) using the values obtained from the 
standard, run in parallel. 

 Flow cytometry can also be used for antibody quantitation, 
but is probably less reliable than the autoanalyser technology 
described above.  

  Blood  g rouping  r eagents 

 To avoid potential fatalities resulting from errors in ABO and 
D grouping, it is essential that the chosen ABO and RhD typing 
reagents have suitable potency and comply with the European 
Directive on  in vitro  diagnostic devices and the associated 
Common Technical Specifi cations and carry the  ‘ CE ’  mark to 
show they are in conformance. 

 Blood grouping reagents prepared from polyclonal antisera 
should be free of unwanted antibodies and should have been 
exhaustively tested with an extensive panel of cells to exclude 
common and rare specifi cities before they are issued for routine 
use. Unwanted contaminating antibodies are generally not a 
problem with monoclonal reagents as they have to be exten-
sively tested before being placed on the market. IgM mono-
clonal reagents are generally used for ABO, Rh and K typing. 

 Strict adherence to the manufacturer ’ s instructions for each 
reagent is essential. Standard operating procedures should 
include completing the worksheet prior to testing, labelling all 
tubes, microplates or gels, recording results immediately after 
reading, repeating discrepancies and using adequate controls. 
Any other equipment used in an investigation (centrifuge, 

basic principles of discrete analysis of agglutination apply. The 
advantages of these techniques include enhanced sensitivity, 
speed of performance, reduced reagent requirements, simplicity 
and reduced requirements for laboratory space and expensive 
equipment. Several commercial microplate - based blood group-
ing systems are now available that incorporate the use of bar 
codes to identify samples, automated liquid handling of samples 
and reagents, and plate readers linked to computers for easy and 
accurate record - keeping. 

 Solid - phase systems, involving microplates containing red 
cells adhered to the surface of the plastic, help to reduce the 
variability between tests that is inherent in liquid - phase systems 
when undertaken by different operators, and easily lend them-
selves to automated reading of results. Blood grouping (e.g. for 
ABO and D groups) by solid phase can be accomplished by the 
use of U - shaped microplate wells coated with the relevant anti-
body (e.g. anti - A,  - B,  - D); suspensions of patients ’  or donors ’  
red cells are added to the wells and then centrifuged. Positive 
results appear as a carpet of cells coated over the bottom of the 
well. Negative results appear as a tight pinhead of unattached 
cells in the centre of the well. 

 Antibody screening and identifi cation by a solid - phase tech-
nique can be achieved with microplates coated with a panel of 
phenotyped red cell ghosts. The wells are incubated with patient 
serum and LISS, washed and then anti - IgG is added. Anti - IgG 
will bind to those wells where the patient ’ s IgG red cell antibody 
has bound to the relevant red cell ghost; bound anti - IgG is then 
easily detected by adding indicator red cells coated with IgG 
(e.g. D - positive cells coated with anti - D), followed by brief 
centrifugation, as described above.  

  Automated  t echniques 

 Fully automated blood grouping and antibody screening, using 
microcolumn techniques or microplates, are carried out in 
transfusion centres, where large numbers of donor samples are 
tested daily, and increasingly in hospital transfusion laborato-
ries. In automated systems such as the Olympus PK, test samples 
are mixed with typing sera or screening cells in individual wells 
of a special microplate that are constructed to have a terraced 
surface at the bottom of the well. After incubation and settling 
of the red cells in the reaction mixtures, agglutination patterns 
are distinguished either on the basis of light transmission or by 
image analysis with the aid of a computer - controlled CCD 
camera. 

 Other automated systems are available for use with micro-
columns, for example ID - GelStation (Diamed) and AutoVue 
systems (Ortho). These are fully automated walk - away systems 
using bar codes to identify samples, reagents and test cards. 
Each has a pipetting (liquid handling) station, incubator, cen-
trifuge and reader linked to a computer to maintain the identity 
of the sample being tested throughout the entire testing process. 
Similar walk - away systems are available for use with solid - phase 
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to cause HDFN (see Chapter  16 ), it is benefi cial to be able to 
determine whether her fetus has the corresponding antigen and 
consequently whether it is at risk from HDFN. Such tests usually 
involve RhD typing, but may also involve typing for Rhc and K 
antigens, and rarely other blood group antigens. The usual 
source of fetal DNA used to be amniocytes, obtained by amnio-
centesis, an invasive procedure with a small risk of spontaneous 
abortion and a 20% risk of transplacental haemorrhage, which 
could boost the mother ’ s antibody. Non - invasive testing for D 
and other antigens is now used routinely in some countries, in 
which fetal blood group phenotype is predicted from the small 
quantity of free fetal DNA present in the maternal plasma. Such 
testing will also be useful for unsensitized RhD - negative preg-
nant women in order to genotype the fetus they are carrying 
and thus avoid giving antenatal Rh immunoglobulin prophy-
laxis when the fetus is shown to be D negative. 

 Another use of molecular methods for blood grouping is for 
transfusion - dependent patients, where serological methods are 
not possible because of the presence of transfused red cells that 
are always present in the patient ’ s blood. If genotypes can be 
determined for all clinically important blood group polymor-
phisms in transfusion - dependent patients, then matched blood 
can be provided to prevent the patient from making multiple 
antibodies to blood group antigens. Tests are carried out on 
DNA that is isolated from whole blood from the transfused 
patient. Another application is blood grouping of patients with 
autoimmune haemolytic anaemia, whose red cells are coated 
with immunoglobulin, making serological typing diffi cult. 

 Several types of tests are commonly used in blood group 
genotyping. 
  1     Amplifi cation of a portion of a blood group gene to deter-
mine whether it is present. This only applies to  RHD  of the Rh 
system. Presence of the amplifi ed product can be detected by 
gel electrophoresis, although monitoring of the amplifi cation 
by the use of a fl uorescent probe in a  ‘ real - time ’  system is the 
usual method for detecting fetal  RHD  in maternal plasma.  
  2     Amplifi cation of a portion of a gene followed by detection of 
the polymorphism with restriction endonucleases (see Chapter 
 15 ). Kits for blood group testing by this technology are available 
commercially.  
  3     Selective amplifi cation of a specifi c allele by the use of an 
allele - specifi c primer (see Chapter  15 ).  
  4     Amplifi cation of a portion of a gene followed by direct 
sequence of the amplifi ed product.  
  5     Allelic discrimination by polymerase chain reaction (PCR) 
incorporating allele - specifi c fl uorescently labelled probes, in 
which relative quantities of a pair of alleles are measured.  
  6     Application of some sort of microarray technology in which 
numerous polymorphisms can be tested from a relatively small 
quantity of DNA.    

 It is unlikely that molecular genetics will be used for routine 
ABO and Rh typing of donors and patients, at least in the near 
future. However, there may be other roles for molecular blood 

incubator) must be calibrated and in range at the time that the 
test is undertaken. 

 ABO grouping has an in - built control in the reverse grouping 
(serum check; see Chapter  15 ). Controls for D typing must 
always be used in order to prevent a D - negative patient being 
mistyped as D - positive. At least two potent anti - D reagents 
should be used in Rh typing and these reagents must be 
selected to detect or not detect variants of D, as appropriate (see 
Chapter  15 ).  

  Antibody  s creening and  i dentifi cation 

 With plenty of anticipation prior to transfusion, patients ’  sera 
should be screened against unpooled group O cells from selected 
individuals known to carry the following antigens between 
them: D, C, E, c, e, M, N, S, s, P 1 , Le a , Le b , K, k, Fy a , Fy b , Jk a  and 
Jk b . Ideally, one cell sample should be R 1 R 1  (DCe/DCe) and the 
other R 2 R 2  (DcE/DcE), so that the Rh antigens are all in double 
dose. A minimum homozygous expression (i.e. double dose) of 
Fy a  and Jk a  should be present on one of the red cell samples. It 
is generally possible to meet these requirements with two cells 
but if more antigens are required with homozygous expression, 
it might be necessary to use three cells. Zygosity can be checked 
by molecular genetic methods. 

 The techniques employed for antibody screening of patient ’ s 
sera need only include a well - controlled sensitive IAT, com-
monly using microcolumn techniques. If the antibody screen-
ing is positive, antibody identifi cation with a second sensitive 
technique (e.g. enzyme - treated cells or the polyethylene glycol 
or manual polybrene test), in addition to the IAT, should be 
used against a panel of fully phenotyped red cells. Saline tests 
are not essential for antibody screening or identifi cation and all 
incubations should be performed at 37 ° C; antibodies reacting 
at lower temperatures are of no clinical importance. 

 It is recommended that an autologous control be used by 
incubating the patient ’ s serum with the patient ’ s cells, by the 
methods used for antibody identifi cation. All tests must follow 
a written standard operating procedure. Immunohaematologists 
should not forget that the main aim of blood group serology is 
to provide hazard - free transfusions.   

  Molecular  t echniques for  b lood  g rouping 

 Almost all the genes for human blood groups have now 
been cloned and the molecular bases for all the clinically impor-
tant blood group polymorphisms have been determined. 
Consequently, it is now possible to predict blood group pheno-
types from DNA with a high degree of accuracy. This is usually 
performed when a blood group phenotype is required but a 
suitable red cell sample is not available. The most important 
application is the determination of fetal blood groups. When a 
pregnant woman has a blood group antibody with the potential 
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grouping in the future. One such function could be genotyping 
large numbers of blood donors for multiple blood groups in 
order to establish a database of donors typed for all clinically 
signifi cant blood groups. This would be valuable for the treat-
ment of transfusion - dependent patients, as it would facilitate 
the provision of compatible blood for those patients who have 
made blood group antibodies and matched blood for those who 
have not. To perform such testing, high - throughput methods 
will be required. High - throughput techniques for detecting 
DNA polymorphisms are available, and some are being devel-
oped for blood group testing.  
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  Introduction 

 The main topic of this chapter is red cell antigens and their 
antibodies. However, in human blood there are many other 
antigenic structures that stimulate the production of antibodies 
in recipients of blood transfusions. Leucocyte antibodies are an 
important cause of febrile transfusion reactions in patients who 
have had previous transfusions or pregnancies. Lymphocytotoxic 
antibodies and, rarely, platelet antibodies may be a cause of 
failure of the platelet count to rise after platelet transfusions. 
Thus, a description of granulocyte and platelet antigens and 
antibodies is also included. The human leucocyte antigen 
(HLA) system is covered in Chapter  37 . Antibodies against pro-
teins present in plasma may lead to urticarial or anaphylactic 
transfusion reactions; these are considered briefl y. 

 The International Society of Blood Transfusion recognizes 
308 red cell surface antigens, 270 of which belong to one of 30 
blood group systems (Table  15.1 ). Each system represents either 
a single gene locus or two or three very closely linked loci of 
homologous genes. Each system is genetically discrete from all 
the others. In addition, there are 38 antigens that have not been 

included in systems. Most blood groups are inherited as 
Mendelian characters, although environmental factors may 
occasionally affect blood group expression. The 35 genes repre-
senting the 30 systems have been located on a specifi c chromo-
some (Table  15.1 ). All are autosomal except  XG  and  XK , 
which are on the X chromosome, and  CD99 , which is located 
on both the X and Y chromosomes. All the genes have been 
cloned.   

 Blood group antigens may be integral proteins or glycopro-
teins of the red cell membrane, or they may be membrane 
glycolipids. In proteins and glycoproteins, blood group poly-
morphisms and variants may represent differences in the amino 
acid sequence (e.g. Rh and Kell antigens). In glycoproteins and 
glycolipids, the blood group activity may reside in the carbohy-
drate moiety and polymorphism is associated with differences 
in the oligosaccharide sequence (e.g. ABO). In some glycopro-
teins, blood group polymorphism may be caused by amino acid 
substitutions, but antigen expression is also dependent on gly-
cosylation of the polypeptide.  

  The  ABO   s ystem 

 The clinical importance of a blood group system in blood trans-
fusion lies in the frequency of its antibodies and in the possibil-
ity that such antibodies will destroy incompatible cells  in vivo . 
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world and in different races. Even in the UK, there is some 
variation between north and south, and in some cities the fre-
quencies will refl ect racial differences. In such areas, the blood 
groups of the patient population do not refl ect those of the 
predominantly white blood donors.   

ABO was the fi rst system to be recognized and remains the most 
important in transfusion and transplantation (histo - blood 
group system). Almost everybody over the age of about 6 
months has clinically signifi cant anti - A and/or anti - B in their 
serum if they lack the corresponding antigens on their red cells. 
Thus, if we consider the incidence of ABO blood groups in the 
UK (Table  15.2 ), transfusions given without regard to ABO 
would result in a major incompatibility (patient has the anti-
body and the antigen is on the transfused red cells) about once 
in every three cases.   

  Antigens of the  ABO   s ystem 

 The vast majority of human bloods can be grouped into six 
main ABO phenotypes (Table  15.3 ), although several other rare 
weak variants can be distinguished serologically. The incidence 
of ABO groups varies very markedly in different parts of the 

  Table 15.1    Human blood group systems  . 

   No.     Name     Symbol     No. of antigens     Gene name(s)     Chromosome     CD number  

  001    ABO    ABO    4     ABO     9      

  002    MNS    MNS    46     GYPA ,  GYPB ,  GYPE     4    CD235a/b  

  003    P    P1    1     P1     22      

  004    Rh    RH    50     RHD ,  RHCE     1    CD240D/CE  

  005    Lutheran    LU    19     BCAM     19    CD239  

  006    Kell    KEL    31     KEL     7    CD238  

  007    Lewis    LE    6     FUT3     19      

  008    Duffy    FY    6     DARC     1    CD234  

  009    Kidd    JK    3     SLC14A1     18      

  010    Diego    DI    21     SLC4A1     17    CD233  

  011    Yt    YT    2     ACHE     7      

  012    Xg    XG    2     XG ,  CD99     X/Y    CD99  

  013    Scianna    SC    7     ERMAP     1      

  014    Dombrock    DO    6     ART4     12    CD297  

  015    Colton    CO    3     AQP1     7      

  016    Landsteiner – Wiener    LW    3     ICAM4     19    CD242  

  017    Chido – Rodgers    CH/RG    9     C4A ,  C4B     6      

  018    H    H    1     FUT1     19      

  019    Kx    XK    1     XK     X      

  020    Gerbich    GE    8     GYPC     2    CD236  

  021    Cromer    CROM    15     CD55     1    CD55  

  022    Knops    KN    9     CR1     1    CD35  

  023    Indian    IN    4     CD44     11    CD44  

  024    Ok    OK    1     BSG     19    CD147  

  025    Raph    RAPH    1     CD151     11    CD151  

  026    John Milton Hagen    JMH    5     SEMA7A     15    CD108  

  027    I    I    1     GCNT2     6      

  028    Globoside    GLOB    1     B3GALT3     3      

  029    Gill    GIL    1     AQP3     9      

  030    RHAG    RHAG    3     RHAG     6    CD241  

  Table 15.2    Incidence of  ABO  groups in southern England. 

   Phenotype     Frequency (%)   

  O    44.9  

  A 1     30.8  

 10.3  

  
41.1

  

  A 2   

  B    10.1  

  A 1 B    2.7   
  3.9

  

  A 2 B    1.2  

�

�
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 There is also a qualitative difference between A 1  and A 2 , but 
this must be very subtle because A 2  red cells can absorb all the 
anti - A from group B serum if the absorption is carried out at 
0 – 4 ° C for suffi cient time. The chemical basis is unresolved, but 
A - active oligosaccharide structures called type 3A and type 4A 
(see p. 249) might represent A 1 : they are of relatively low abun-
dance on A 1  cells, but may be absent from A 2  red cells.  

   H   a ntigen 
 Group O cells have no antigens of the ABO system (Table  15.3 ) 
but do possess H antigen, the precursor upon which the prod-
ucts of the  ABO  genes act. The H gene (called  FUT1 ) segregates 
independently from  ABO  and is on a different chromosome: 
 ABO  on chromosome 9,  FUT1  on chromosome 19. The H 
antigen is present to some extent on almost all red cells, regard-
less of the ABO group, but the amount of H antigen varies with 
the ABO group as follows: O    >    A 2     >    A 2 B    >    B    >    A 1     >    A 1 B. 

 Individuals with the rare Bombay phenotype are homozygous 
for inactive  FUT1  alleles ( h/h ). Their red cells are not aggluti-
nated by anti - A or anti - B, regardless of  ABO  genotype, but are 

   A  1  and  A  2   s ubgroups 
 The distinction between the A 1  and A 2  subgroups is usually 
made by using anti - A 1 , which will agglutinate A 1 , but not A 2 , 
red cells. Anti - A l  can be obtained in several ways: (i) it can be 
made by absorbing anti - A (from group B people) with A 2  red 
cells; (ii) it is found in the serum of some A 2  and A 2 B persons 
(Table  15.3 ); (iii) it can be made from a saline extract of the 
seeds of the hyacinth bean  Dolichos bifl orus ; and (iv) mouse 
monoclonal anti - A 1 . Anti - A 1  is not used routinely as it is not 
necessary to distinguish group A 1  from group A 2  blood for most 
transfusion recipients. There is no specifi c antibody for A 2  red 
cells; if anti - A is absorbed with A 1  cells, all the antibody is 
removed. Group B serum can therefore be thought of as con-
taining two antibodies: anti - A, which agglutinates both A 1  and 
A 2  red cells, and anti - A 1 , which agglutinates only A 1  red cells. 
The anti - A component of group O serum also has both 
antibodies. 

 The presence of the  A  2  allele in the presence of  A  1  cannot be 
determined by serology. Among people who are genotypically 
 A/O  or  A/B , approximately three possess the  A  1  gene for every 
one who possesses  A  2  (Table  15.2 ). 

 The difference between the A 1  and A 2  subgroups is partly 
quantitative: the red cells of A 1  and A 1 B subjects have more A 
antigen sites than A 2  and A 2 B subjects, respectively. For practical 
purposes, A 2  can be regarded as a weaker form of A. Table  15.4  
shows quantitative differences in the number of A antigen sites 
on A 1  and A 2  red cells. When both the A and B antigens are 
present, there are less sites for each than when either is present 
alone. The practical importance of this lies in the fact that the 
A antigen of A 2 B red cells may give an extremely weak reaction 
with anti - A, which could be missed in routine grouping tests if 
reagents of inadequate potency are used. Moreover, if the same 
person ’ s serum contains anti - A 1  and is tested in the reverse 
grouping only with A 1  and not A 2  red cells, they will be grouped 
as B. For this reason, potent anti - A reagents reacting with A 2 B 
cells must be used in routine blood grouping.   

  Table 15.3     ABO  grouping. 

   Agglutination of test cells with     Agglutination by test serum of     ABO group of 

test sample  

   Possible genotype  

   Anti - A     Anti - A 1      Anti - B     Anti - A,B  *       A cells     B cells     O cells  

   −      −      −      −     +    +     −     O     O/O   

  +    +     −     +   †        −     +     −    †       A 1      A 1 /A 1  ,  A 1 /O ,  A 1 /A 2    

  +     −      −     +     − /+   ‡       +     −     A 2      A 2 /A 2  ,  A 2 /O   

   −      −     +    +    +     −      −     B     B/B ,  B/O   

  +    +    +    +     −      −      −    †       A 1 B     A 1 /B   

  +     −     +    +     − /+   ‡        −      −     A 2 B     A 2 /B   

    * Anti - A,B (group O serum) is not generally used in routine laboratories.  

    †  Some group A 1  and A 1 B individuals may have weak anti - H in their plasma.  

    ‡  Serum from a proportion of A 2  (1 – 8%) and A 2 B (22 – 35%) individuals contain anti - A 1 .   

  Table 15.4     Numbers of  A  and  B  antigen sites on red cells of 

various  ABO  groups. 

   Blood group 

of red cell  

   Approximate no. 

of A antigen sites  

   Approximate no. 

of B antigen sites  

  A 1  adult    1   000   000     –   

  A 1  cord    300   000     –   

  A 1 B adult    500   000     –   

  A 1 B cord    220   000     –   

  A 2  adult    250   000     –   

  A 2  cord    140   000     –   

  A 2 B adult    120   000    400   000  

  B adult     –     700   000  
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  Antibodies of the  ABO   s ystem 

  Anti -  A ,  a nti -  B  and  a nti -  A , B  
 Sera taken from people over the age of about 6 months that do 
not contain the expected A and B antibodies (Table  15.3 ) are 
very rare. They should always be investigated thoroughly; often, 
some interesting explanation will be found, for example a rare 
subgroup of A, a blood group chimera or congenital absence 
of IgM. 

 It is likely that ABO antibodies arise in response to A -  and 
B - like antigens present on bacterial, viral or animal molecules. 
Titres of ABO antibodies vary considerably with age, reaching 
a peak in young adults and then declining in old age. Titres vary 
depending on the techniques used: normal adult sera can have 
anti - A titres, by direct agglutination in saline medium, in the 
range 16 – 1024 and anti - B titres in the range 4 – 256, but most 
have saline titres below 100. The anti - A and anti - B titres of 
group O subjects are much higher than in group B or A 
subjects. 

 Naturally occurring anti - A and anti - B have a wide thermal 
range. Although they are active at 37 ° C, they react better at 
lower temperatures. The antibodies always have some IgM 
component and, in group A and B persons, they are almost 
entirely IgM. Antibodies from group O individuals, even before 
immunization, usually have some IgG anti - A,B, an antibody 
that cross - reacts with both A and B structures. 

 Following immunization with red cells or blood group sub-
stances, the thermal characteristics of the antibodies change, 
but group A and B subjects continue to produce antibodies that 
are mainly IgM. Most group O persons, however, will produce 
IgG as readily as IgM anti - A,B. Consequently, mothers of chil-
dren with ABO haemolytic disease of the fetus and newborn 
(HDFN) are almost always group O. Immune anti - A,B are 
mainly IgG2, which does not cause HDFN because there are no 
Fc receptors for IgG2 on the cells of the mononuclear phagocyte 
system. When the maternal serum contains potent IgG1 and/or 
IgG3 ABO antibodies, HDFN may occur, although this is 
usually mild compared with Rh HDFN. Some IgA anti - A or 
anti - B is produced following immunization with A or B sub-
stances. Some differences in the serological properties of 
immune and naturally occurring anti - A and anti - B are shown 
in Table  15.5 , which also indicates ways of detecting IgG anti - A 
or anti - B in the presence of IgM anti - A or anti - B, which has 
relevance to ABO HDFN, as discussed in Chapter  17 .    

  Dangerous  ‘  u niversal ’   d onors 
 Good practice in pretransfusion testing requires compatibility 
testing, which consists of incubating the patient ’ s serum with 
donor red cells. Group O red cells can be given to A, B or AB 
recipients and group O donors were formerly, and inappropri-
ately, called  ‘ universal donors ’ . Group O donors have anti - A, 
anti - B and anti - A,B in their plasma, which will react with the 
recipient ’ s A or B cells. Normally, if group A, B or AB recipients 

not group O as they are also not agglutinated by anti - H. The 
serum of Bombay subjects contains potent anti - H, anti - A and/
or anti - B that will only allow them to be transfused with the 
scarce Bombay blood. Parents and offspring of Bombay indi-
viduals, who are heterozygous for the inactive  FUT1  allele 
( H/h ), have H and red cells of normal ABO phenotype.  

  Development of the  A ,  B  and  H   a ntigens 
 The A and B antigens can be detected on the red cells of very 
young fetuses, but their reactions are weaker than those of 
adults. Table  15.4  shows that there are fewer A and B antigen 
sites on cord than on adult red cells. Similarly, the H antigen is 
less well developed at birth than in adult life. After birth, the 
expression of the A, B and H antigens increases until about 3 
years of age, and thereafter, in health, remains stable through-
out life.  

  Distribution of the  A ,  B  and  H   a ntigens 
 ABH antigens are often referred to as histo - blood group anti-
gens because they are widely distributed in the body. They are 
therefore very important in transplantation. They are present 
on white cells, platelets and epidermal and other tissue cells. 
They are also present in the plasma, whether individuals are 
secretors or non - secretors of A, B or H, and in the saliva and 
other secretions of ABH secretors (see later).  

  Rare  ABO   v ariants 
 Rare ABO variants are usually disclosed because an expected 
ABO antibody is missing. A sample typed as group O that has 
anti - B but no anti - A will usually prove to be a weak A variant. 
The presence of weak A or B antigens can be demonstrated 
either by using potent antisera or by adsorption and elution. 
Rare ABO variants can arise as follows. 
  1     Rare  ABO  genes.     These include A 3 , A x , A end , A m  and A el  vari-
ants. All are extremely rare and are usually recognized by their 
variable reactions with anti - A and/or anti - A,B sera. Similarly, 
subgroups of B have been described; all are very rare.  
  2     Genes segregating independently of  ABO .     These rare variants 
are the H - defi ciency or Bombay phenotypes described on 
p. 250.  
  3     Environmental effects.     Weakening of the A antigen can occur 
in various types of leukaemia (usually acute myeloid). The A 
antigen may revert to almost normal in remission. Similar 
weakening of B, H and I has been described. B - like antigens may 
be acquired by group A individuals who are suffering from 
bowel infections, usually associated with carcinoma or stric-
tures of the large bowel. Red cells with an acquired B antigen 
are agglutinated by some anti - B, including some monoclonal 
anti - B, but not by the patient ’ s own anti - B. Bacterial deacety-
lases convert  N  - acetylgalactosamine, the immunodominant 
sugar of the A antigen, into galactosamine, a structure similar 
to galactose, the immunodominant sugar of the B antigen (see 
p. 248). In some cases, acquired B may also be associated with 
polyagglutination (see p. 261).      
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persons. Most of these antibodies are more of a nuisance in 
compatibility tests than of clinical importance because they 
often do not agglutinate A 1  red cells at 30 ° C and above, and so 
are unable to cause increased  in vivo  red cell destruction. Very 
rarely, anti - A 1  able to agglutinate A 1  red cells at 37 ° C may lead 
to signifi cant destruction of A 1  red cells  in vivo . The appropriate 
group A 2  or A 2 B red cells should be cross - matched in these rare 
instances.  

  Anti -  H  
 Several forms of anti - H exist. 
  1     Clinically signifi cant  ‘ true ’  anti - H occurs in the serum of the 
very rare persons with Bombay phenotype. When it does occur, 
it is active at 37 ° C and only Bombay phenotype blood may be 
transfused.  
  2     Anti - H and anti - HI, commonly found in the serum of group 
A 1 , B and A 1 B persons, react much more strongly with adult 
than with cord red cells. Anti - H is inhibited by secretor saliva; 
anti - HI is not. Although these antibodies agglutinate O red cells 
at 20 ° C, they do not usually agglutinate them at temperatures 
above 30 ° C. Very occasionally, anti - H/anti - HI may cause rapid 
destruction of at least some of the transfused O red cells  in vivo . 
However, these antibodies will not interfere with the survival of 
transfused cells if ABO identical units, i.e. A 1 , B or A 1 B donor 
units, are chosen for A 1 , B or A 1 B recipients respectively.      

   ABH   s ecretor  s tatus 

 About 80% of the UK population are ABH secretors as they 
have H antigen, plus A or B according to their ABO genotype, 
in a water - soluble form in their body secretions. The remaining 
20% are non - secretors and have no secreted ABH antigens, 
regardless of ABO genotype.  

  Biochemistry and  b iosynthesis 
of  ABH   a ntigens 

   ABH   a ntigens 
 A, B and H antigens on red cells are predominantly glycopro-
teins, the majority being on the N - glycans of the anion exchanger 
(band 3) and the glucose transporter. ABH antigens on red cells 
are also expressed on glycosphingolipids, which include para-
globosides (Table  15.6 ). Soluble ABH antigens are glycopro-
teins. Differences in the terminal sugars of the glycoproteins 
and glycolipids determine the specifi city of these antigens:  l  -
 fucose (Fuc) for H;  l  - fucose plus  N  - acetyl -  d  - galactosamine 
(GalNAc) for A; and  l  - fucose plus  d  - galactose (Gal) for B.   

 Two major types of carbohydrate chain endings serve as 
acceptors for the fucosyltransferases that synthesize H antigen: 
type 1 and type 2 chains have Gal joined to  N  - acetylglucosamine 
(GlcNAc) through 1 → 3 and 1 → 4 linkages, respectively. A -  and 
B - transferases synthesize the transfer of GalNAc and Gal, 
respectively, from their donor substrates UDP - GalNAc and 

are transfused with a relatively small number of group O units 
of whole blood, the anti - A or anti - B that is transfused will be 
diluted out and neutralized by the plasma of the adult recipient, 
especially if plasma - reduced blood, or red cells in additive solu-
tion are used. However, if the transfused units of red cells 
contain potent immune haemolytic antibodies, this neutraliza-
tion and dilution effect could be insuffi cient and the antibodies 
may cause marked destruction of the A or B red cells of the 
recipient, leading to a severe acute haemolytic transfusion reac-
tion (HTR). For this reason, the practice of transfusing group 
O whole blood, or even plasma - reduced red cells, to non - O 
recipients should be strongly discouraged. 

 There is usually a shortage of group O blood, and not infre-
quently a surplus of group A blood. In the vast majority of 
cases, including emergencies, there is enough time to perform 
a rapid ABO group on the patient ’ s cells, which will allow the 
transfusion of group - specifi c blood. If there is no time to do an 
ABO group before transfusion, red cells in optimal additive 
solution, devoid of plasma, should be given until the patient ’ s 
blood group is known. The practice of transfusing group O 
platelets to non - O patients should be discouraged as the dose 
of adult platelets will contain at least 300   mL of plasma, unless 
part of it has been replaced by platelet - additive solution. Group 
O fresh - frozen plasma and cryoprecipitate should only be 
given to group O recipients. This matter is discussed again in 
Chapter  17 .  

  Anti -  A  1  
 Anti - A 1 , reactive at room temperature (18 – 22 ° C), can be found 
in the serum of 1 – 8% of group A 2  and 22 – 35% of group A 2 B 

  Table 15.5    Some properties of immune and naturally occurring 

anti -  A  and anti -  B . 

        Naturally 

occurring IgM  

   Immune 

IgM  

   IgG  

  Complement binding 

(at 37 ° C)  

  ++/+++    +++    ++  

  Agglutination of 

appropriate cells  

  +++    +++    +++  

  Cross the placenta     −      −     +++  

  Detection enhanced by 

anti - IgG  
   −      −     +++  

  Inhibited by soluble A 

or B substances (e.g. 

saliva)  

  +++    +++     −   *    

  2 - ME or DTT sensitive    +++    +++     −   

    * IgG ABO antibodies are usually inhibited only by large amounts 

of specifi c substance.  

  2 - ME, 2 - mercaptoethanol; DTT, dithiothreitol.   
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  Table 15.6    Some glycolipids of the red cell surface expressing  H ,  A ,  B ,  P  1 ,  P K  ,  P  and  LKE  activity. 

    Structure     Antigen     Name  

   Paragloboside series   

  Gal β 1 → 4GlcNAc β 1 → 3Gal β 1 → 4Glc - Cer     –     Paragloboside  

  Fuc α 1 → 2Gal β 1 → 4GlcNAc β 1 → 3Gal β 1 → 4Glc - Cer    Type 2H      

  Fuc α 1 → 2Gal β 1 → 4GlcNAc β 1 → 3Gal β 1 → 4Glc - Cer    Type 2A      

  3              

   ↑               

  1              

  GalNAc              

  Fuc α 1 → 2Gal β 1 → 4GlcNAc β 1 → 3Gal β 1 → 4Glc - Cer    Type 2B      

  3              

   ↑               

  1              

  Gal              

  Gal α 1 → 4Gal β 1 → 4GlcNAc β 1 → 3Gal β 1 → 4Glc - Cer    P 1       

   Globoside series   

  Gal β 1 → 4Glc - Cer     –     Lactosylceramide, Gb2  

  Gal α 1 → 4Gal β 1 → 4Glc - Cer    P K     Globotriosylceramide, Gb3  

  GalNAc β 1 → 3Gal α 1 → 4Gal β 1 → 4Glc - Cer    P    Globoside, Gb4  

  NeuAc α 2 → 3Gal β 1 → 3GalNAc β 1 → 3Gal α 1 → 4Gal β 1 → 4Glc - Cer    LKE    Sialosylgalactosylgloboside  

  Fuc α 1 → 2Gal β 1 → 3GalNAc β 1 → 3Gal α 1 → 4Gal β 1 → 4Glc - Cer    Type 4H    Globo - H  

   Cer, ceramide; Fuc, fucose; Gal, galactose; GalNAc,  N  - acetylgalactosamine; Glc, glucose; GlcNAc,  N  - acetylglucosamine.   

GlcNAcGal R

GlcNAcGalFuc R

GlcNAcGalFuc RGlcNAc

GalNAc

Gal

Gal

Fuc R

No product

H

A B

B-transferase
    (Gal-transferase)

A-transferase
(GalNAc-transferase)    

FUT1 or FUT2 H-transferase
(  1,2-fucosyltransferase)α

O
A B

     Figure 15.1     Biosynthetic pathway of H 

antigen from its precursor, and of A 

and B antigens from H. H remains 

unconverted in the absence of  A  or  B  

gene products. R, remainder of 

molecule.  

UDP - Gal to the terminal galactosyl residue of type 1 H and type 
2 H, creating A and B epitopes and masking H specifi city 
(Figure  15.1 ).   

 Secretory glycoproteins possess both type 1 and type 2 link-
ages, whereas red cells synthesize type 2 chains only. Plasma 
glycolipids, passively adsorbed onto the red cells, have only type 
1 chains; these also carry Lewis antigens (see p. 250). Other 
chains, called type 3 and 4, are also present in low numbers on 
red cells, but probably only on glycolipids.  

     ABO     g enes 
 The  ABO  gene is located on the long arm of chromosome 9, 
comprises seven exons and encodes proteins with a structure 
characteristic of glycosyltransferases. Products of the  A  and  B  
alleles differ by four amino acids encoded by exon 7, two of 
which determine whether the enzyme product has GalNAc -
 transferase (A) or Gal - transferase (B) activity. 

 The majority of  O  alleles (called  O 1  ) resemble  A , but have a 
single - base deletion in exon 6, which creates a shift in the 
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GlcNAc

GalNAc Fuc

GalFuc R

R

ALeb

GlcNAc
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GlcNAcGalFuc RH

GlcNAcGal RPrecursor

GlcNAc

Gal Fuc

GalFucBLeb

     Figure 15.2     Diagrammatic representation of H and Lewis 

antigens. Le a  requires the action of the Lewis  α 1,4 -

 fucosyltransferase, H the action of the H  α 1,2 - fucosyltransferase, 

Le b  the action of both Lewis and H fucosyltransferases, and ALe b  

and BLe b  the action of Lewis and H fucosyltransferases and the A 

or B glycosyltransferases.  

reading frame and scrambles the amino acid sequence after the 
fi rst quarter of the transferase polypeptide; introduction of a 
premature stop codon truncates any putative polypeptide. 
About 3% of  O  alleles (called  O 2  ) have a single - nucleotide poly-
morphism (SNP) that changes one of the vital amino acids in 
the catalytic site, inactivating the enzyme. 

 The  A 2   allele has a single - base deletion immediately before 
the usual termination codon, creating a reading frameshift and 
abolition of this stop codon. This creates an A - transferase with 
an extraneous 21 amino acids on its C - terminus, which accounts 
for its reduced effi ciency as a GalNAc - transferase. 

 Gene sequences for many variants of  A ,  B  and  O  alleles have 
been determined and in most cases there is heterogeneity, with 
more than one mutation accounting for similar phenotypes.  

   H   g enes 
 At least two genes,  FUT1  and  FUT2 , are responsible for produc-
tion of H antigen. Both encode  α 1,2 - fucosyltransferases that 
catalyse the transfer of fucose to the terminal galactose residue 
of the H precursor chain (Figure  15.1 ).  FUT1  is active in meso-
dermally derived tissues, including haemopoietic tissues, and is 
responsible for H expression on red cells. Homozygosity for 
inactivating mutations in  FUT1  gives rise to Bombay and 
related phenotypes.  FUT2  is responsible for the expression of 
H antigen in endodermally derived tissues, including those 
responsible for secretions, and hence is the gene responsible for 
ABH secretion. Secretors are homozygous or heterozygous for 
an active allele ( Se ) at  FUT2 ; non - secretors are homozygous 
for an inactive allele ( se ) usually containing a nonsense 
mutation.    

  The Lewis  s ystem 

  Antigens of the Lewis  s ystem and 
 t heir  b iosynthesis 

 The Lewis system differs from all other blood group systems in 
that it is primarily a system of soluble antigens present in secre-
tions and in plasma. The Lewis antigens on red cells are adsorbed 
passively from the plasma, and a constant presence of plasma 
is needed to maintain Lewis antigen on the red cells. There are 
two basic Lewis antigens: Le a  and Le b . Expression of either 
requires the presence of an active Lewis gene, but Lewis pheno-
types are also governed by the gene controlling H secretion 
( FUT2 ). Lewis antigens in saliva and plasma are glycoproteins 
and glycolipids, respectively. 

 The Lewis gene,  FUT3 , encodes an  α 1,4 - fucosyltransferase 
that catalyses the addition of  l  - fucose in 1 → 4 linkage to the 
subterminal GlcNAc of type 1 chains (Figure  15.2 ). If the type 
1 core structure has been unmodifi ed, Le a  antigen is produced. 
If the secretor  α 1,2 - fucosyltransferase has already modifi ed the 
type 1 chains to produce type 1H, the action of the Le - transferase 

leads to the formation of Le b . In a white population, 75% have 
active Lewis and secretor genes and hence Le(a − b+) red cells; 
20% have an active Lewis gene but are H non - secretors and 
have Le(a+b − ) red cells; and 5% are homozygous for Lewis 
genes with inactivating mutations and are Le(a − b − ) (Table 
 15.7 ). In Oriental populations there is a low incidence of non -
 secretors, but a high incidence of a weak secretor allele of  FUT2 . 
Competition between the Lewis and weak - secretor transferases 
leads to the Le(a+b+) red cell phenotype.     

  Adsorption of the Lewis  s ubstances by  r ed  c ells 
 Le(a+b − ) and Le(a − b+) red cells incubated in Le(a − b − ) plasma 
lose their Lewis antigens into the plasma. Similarly, if Le(a+b − ) 
or Le(a − b+) red cells are transfused into an Le(a − b − ) person, 
the transfused cells will gradually lose their Lewis antigens and 
will group as Le(a − b − ) within 1 week of transfusion. So, if the 
patient has clinically signifi cant anti - Le a  or anti - Le b , the red cells 



Antigens in human blood

251

some anti - Le a+b  that can be very potent, leading to increased 
intravascular red cell destruction in the initial stages of transfu-
sion. However, all Lewis antibodies lead to two - component 
survival curves of transfused incompatible red cells, i.e. the fi rst 
cells are destroyed at an accelerated rate and the remainder, 
which have been stripped of their adsorbed Lewis antigens, will 
have a normal survival. 

 For patients with Lewis antibodies reacting at 37 ° C, it is rec-
ommended that ABO - identical red cells, compatible in an IAT 
cross - match at 37 ° C, should be transfused. It is important to 
choose ABO - identical cells as group A, B and AB cells carry less 
Lewis antigens than group O cells routinely used in antibody 
screening. This is because the A -  and B - transferases compete 
with the Lewis transferase for the same precursor substrate. The 
provision of pretyped Le(a − b − ) blood for patients with Lewis 
antibodies is not necessary, as it is always easy to fi nd cross -
 match - compatible red cells at 37 ° C. 

 Lewis antibodies do not cause HDFN as they are almost 
always IgM and newborn infants have Le(a − b − ) red cells.    

   P   b lood  g roups 

 P 1  was discovered by Landsteiner and Levine, who used suitably 
adsorbed sera of rabbits injected with human red cells. About 
75% of subjects tested were positive for P 1 , which is inherited 
as a Mendelian dominant character. P 1  frequency varies in dif-
ferent populations and the P 1  - negative phenotype is called P 2 . 
P 1  is weakly expressed at birth and its strength varies consider-
ably in adults. For this reason, identifi cation of anti - P 1  can be 
diffi cult, as panel cells will have varying expression of the 
antigen. 

 Anti - P 1  is a naturally occurring antibody commonly found 
in the serum of P 2  individuals. Unlike anti - A and anti - B, anti - P 1  
rarely causes transfusion reactions because it is usually a cold -
 reacting IgM antibody, often not reactive above 30 ° C. 

that were not destroyed in the fi rst few days will not be haemo-
lysed once they become Le(a − b − ).  

  Development of Lewis  a ntigens on  r ed  c ells 
 The Lewis antigens are poorly developed at birth and red cells 
from cord blood are usually Le(a − b − ). Thereafter, Le a  develops 
fi rst, followed by Le b  if the relevant Lewis and secretor genes are 
present. The cells of children between the ages of 6 months to 
4 years often type as Le(a+b+) if they are destined to become 
Le(a − b+). The defi nitive adult Lewis phenotype may not be 
reached until the age of 4 – 5 years.   

  Antibodies of the Lewis  s ystem 

 Lewis antibodies are generally made only by individuals with 
the Le(a − b − ) red cell phenotype. Anti - Le a  occurs fairly fre-
quently. The incidence of Le(a − b − ) is much higher in people of 
African and Southeast Asian origin than in whites and Lewis 
antibodies detectable at 22 ° C or above may be found in up to 
10% of random serum samples from black people. 

 Anti - Le b  commonly accompanies anti - Le a . Pure anti - Le b  is 
uncommon and is made by people who are non - secretors and 
whose red cells are Le(a − b − ). Very rarely, anti - Le b  can be made 
by Le(a+b − ) individuals. 

  Serological  c haracteristics of Lewis  a ntibodies 
 Lewis antibodies are predominantly IgM, even after deliberate 
stimulation. They usually agglutinate the appropriate cells at 
20 ° C. All Lewis antibodies that react at 37 ° C will bind comple-
ment and may lyse antigen - positive cells. Usually, Lewis anti-
bodies do not agglutinate red cells in saline at 37 ° C, but can be 
detected with anti - complement in an indirect antiglobulin test 
(IAT).  

  Clinical  s ignifi cance of Lewis  a ntibodies 
 Some patients may have Lewis antibodies reacting at 37 ° C. 
Anti - Le a  is usually more haemolytic than anti - Le b , and there are 

  Table 15.7    The Lewis system and 

secretion of  ABH . 
   Genotype     Antigens in saliva     Plasma/red 

cells  *    

    FUT2  (secretor)      FUT3  (Lewis)     Le a      Le b      ABH     Le a      Le b   

   Se/Se ,  Se/Se w   or  Se/se      Le/Le  or  Le/le     +    ++    ++    w/ −     ++  

   Se/Se ,  Se/Se w   or  Se/se      le/le      −      −     ++     −      −   

   Se w /Se w   or  Se w /se      Le/Le  or  Le/le     ++    ++    ++    ++    ++  

   Se w /Se w   or  Se w /se      le/le      −      −     ++     −      −   

   se/se      Le/Le  or  Le/le     +++     −      −     ++     −   

   se/se      le/le      −      −      −      −      −   

    * Le a  and Le b  on red cells are passively adsorbed from plasma.  

   Le , active allele at  FUT3  locus;  le , inactive allele;  Se , active allele at  FUT2  locus;  Se w  , weakly 

active allele;  se , inactive allele; w, weak.   
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  Anti -  I  

 Autoanti - I that agglutinates the patient ’ s own and other adult 
ABO - compatible red cells at 20 ° C, but not at 30 ° C, occurs in a 
variety of disorders and after blood transfusions. These patients ’  
red cells give a negative direct antiglobulin test (DAT). A tran-
sient increase in strength, titre and thermal range of anti - I regu-
larly occurs after infections with  Mycoplasma pneumoniae  and 
occasionally leads to acute haemolysis; red cells of such patients 
give a positive DAT, as do those of patients suffering from 
chronic cold haemagglutinin disease (CHAD). In CHAD, the 
autoantibody is nearly always monoclonal and usually has 
anti - I specifi city. All anti - I in CHAD are IgM and complement 
binding.  

  Anti -  i  

 Autoanti - i is found transitorily in many patients suffering from 
infectious mononucleosis. Very occasionally, the titre and 
thermal range of this antibody may lead to acute haemolysis, 
particularly if the patient ’ s red cells are more agglutinable than 
normal with anti - i. Red cells of these patients give a positive 
DAT. Autoanti - i may occasionally be the antibody specifi city 
in chronic CHAD. Such patients often have an underlying 
lymphoma.   

  The  R h  s ystem 

 The Rh blood group system, the fourth to be discovered, is the 
second most important in blood transfusion. This is not because 
Rh antibodies are usually present when the Rh antigen is absent, 
but because anti - RhD is formed readily when RhD - positive 
blood is transfused to an RhD - negative person. Moreover, as 
these immune antibodies are normally IgG, they are able to 
cross the placenta and cause HDFN. The Rh system now con-
tains a total of 50 antigens, but D (RH1), because of its high 
immunogenicity, is by far the most important because of its 
ability to cause severe HDFN and HTRs. 

   R h  a ntigens 

  The  D   a ntigen ( RH 1) 
 In 1939, Levine and Stetson described a patient who had an 
antibody that agglutinated the red cells of 85% of ABO -
 compatible donors. She had delivered a stillborn infant and 
then suffered a severe reaction to transfusion of her husband ’ s 
blood. In 1940, Landsteiner and Wiener found that guinea pigs 
and rabbits injected with rhesus monkey red cells made an 
antibody that not only agglutinated rhesus monkey red cells, 
but also the red cells of 85% of people of European origin. The 
human and animal antibodies were originally thought to be the 
same and the human antibody was called anti - Rhesus. 

 P 1  is a structure in the paragloboside series of glycolipids. The 
 P1  gene is an  α 1,4 - galactosyltransferase that adds galactose to 
the P 1  precursor, paragloboside (see Table  15.6 ). A precursor of 
paragloboside is lactosylceramide, which is converted to the P K  
antigen by  α 1,4 - galactosyltransferase - 1. In most people, almost 
all P K  is further converted to P antigen (globoside) by  β 1,3 -  N  -
 acetylgalactosaminyltransferase - 1. The very rare  ‘ p ’  phenotype 
results from defi ciency of  α 1,4 - galactosyltransferase - 1 and leads 
not only to absence of P K  and P, but also P 1  because  α 1,4 -
 galactosyltransferase - 1 is also the enzyme responsible for P 1  
synthesis. Defi ciency of  β 1,3 -  N  - acetylgalactosaminyltransfer
ase - 1 causes the P K  phenotype, in which the red cells express P K  
antigen strongly, but no P (globoside). P K  red cells may be P 1  
or P 2 . 

 Anti - PP 1 P K  and anti - P invariably occur in the sera of the very 
rare individuals with p and P K  phenotypes, respectively. Anti -
 PP 1 P K  react with all red cells except those of the p phenotype; 
anti - P react with all red cells except those of the P K  and p phe-
notypes. They are usually strong IgM antibodies, often lytic at 
37 ° C, and can cause severe transfusion reactions if incompatible 
red cells are transfused. Occasionally, IgG anti - P or anti - PP 1 P K  
are found and have been associated with spontaneous early 
abortion. 

 The biphasic Donath – Landsteiner autoantibody is found in 
the sera of patients suffering from paroxysmal cold haemoglob-
inuria. It is always IgG and usually has anti - P specifi city.  

   I  and  i   a ntigens 

 The antigens I and i are not controlled by alleles: i is the bio-
synthetic precursor of I. I and i antigens are carbohydrates and 
are on the interior structures of the complex oligosaccharides 
that carry ABO, H and Lewis antigens. The i antigen represents 
linear structures that are converted to I - active branched struc-
tures by the product of the I gene ( GCNT2 ), a  β 1,6 -  N -  acetylgl
ucosaminyltransferase. This enzyme is not active in neonates. 
Consequently, red cells of most adults are agglutinated strongly 
by anti - I and only weakly by anti - i, whereas red cells from cord 
blood give the opposite result. The agglutinability of an infant ’ s 
red cells with anti - I increases, and with anti - i decreases, with 
maturity; at about 18 months of age the red cells give the reac-
tions of adult cells. Adults who are homozygous for rare inac-
tivating mutations in  GCNT2  have the adult i phenotype; their 
red cells react weakly with anti - I and strongly with anti - i, and 
their serum contains anti - I. 

 In haematological disorders such as thalassaemia, megalob-
lastic anaemia, sideroblastic anaemia, hereditary spherocytosis, 
paroxysmal nocturnal haemoglobinuria and some aplastic 
and dyserythropoietic anaemias, agglutinability by anti - i is 
increased without a reciprocal decrease in the agglutinability by 
anti - I. 
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population, the fi rst three complexes form 94% of the total and 
combinations of these three will give the most common geno-
types (Table  15.9 ). Genotype frequencies vary considerably in 
different parts of the world. For instance,  dce/dce  varies from 
about 35% in Basques to 0.3% in Japanese and Chinese.     

  Probable  R h  g enotype 

 When a person ’ s Rh phenotype is known, the probable geno-
type can be discerned and its likelihood calculated from known 
genotype frequencies within the same population (Table  15.10 ). 
When probable genotype determinations are carried out, it is 
very important that the ethnic origin of the person is known; 
fi gures for one population will not apply to people of other 
populations. For example, in white populations,  dce  is 15 
times more common than  Dce , whereas in African populations 
 Dce  has a slightly higher frequency than  dce . Consequently, 
the phenotype D+ C+ c+ E −  e+ represents a probable genotype 
of  DCe / dce  in a white person, but of  DCe / Dce  in a black 
person.   

 Levels of D antigen expression are affected by the presence 
of other Rh antigens on the red cells. Table  15.10  shows the 

 Many years later, it was realized that the human antibody 
(now called anti - D of the Rh system) does not identify the same 
antigen as the rabbit and guinea pig rhesus antibody, the error 
arising out of a phenotypic association between the antigens. As 
it was now too late to change the name of the whole system, 
Levine suggested that the antigen defi ned by the original rhesus 
antibody should be called LW in honour of Landsteiner and 
Wiener. The blood group system originally identifi ed by the 
human antibody is now called the Rh system. 

 For clinical purposes, individuals can be classifi ed as Rh -
 positive (have the D antigen) and Rh - negative (lack the D 
antigen).  

  The  e xpansion to  i nclude  C ,  E ,  c  and  e  ( RH 2 –  RH 5) 
 By the end of 1943, four antisera detecting genetically related 
antigens were available to Fisher and Race, who noticed that 
two of them appeared to give antithetical results. They proposed 
that the antigens recognized by these two antisera were allelic 
and called them C and c. They gave further letters, D (the origi-
nal Rh antigen) and E, to the antigens recognized by the other 
two antisera and postulated that each had an alternative, which 
they called d and e. Anti - e was found in 1945. Anti - d has never 
been found as no d antigen exists. Fisher and Race proposed 
that the Rh antigens were controlled by three closely linked 
genes, giving rise to eight gene complexes or haplotypes:  CDe , 
 cDE ,  cDe ,  CDE ,  cde ,  Cde ,  cdE  and  CdE.  At about the same time, 
Wiener proposed that there was only one Rh gene, controlling 
a number of blood factors, equivalent to C, c, D, E and e. 

 Molecular genetics has shown that there are two Rh genes, 
one encoding D, the other encoding the Cc and Ee antigens. As 
the Cc and Ee polymorphisms are determined by separate 
regions of a single gene, the CDE terminology of Fisher and 
Race is still suitable for understanding Rh at most levels 
(although the Wiener terminology is often used as a shorthand; 
Table  15.8 ). The approximate frequencies of the Rh gene com-
plexes in three populations are shown in Table  15.8 . In a white 

  Table 15.8    Eight  R h haplotypes and 

their frequencies in English, Nigerian 

and Hong Kong Chinese populations. 

   Haplotype     Frequencies (%)  

   CDE     Rh - Hr     Numerical     English     Nigerian     Chinese  

   DCe      R 1       RH 1,2, – 3, – 4,5     42    6    73  

   dce      r      RH  − 1, – 2, – 3,4,5     39    20    2  

   DcE      R 2       RH 1, – 2,3,4, – 5     14    12    19  

   Dce      R 0       RH 1, – 2, – 3,4,5     3    59    3  

   dcE      r ″       RH  − 1, – 2,3,4, – 5     1    Very rare    Very rare  

   dCe      r ′       RH  − 1,2, – 3, – 4,5     1    3    2  

   DCE      R z       RH 1,2,3, – 4, – 5     Rare    Very rare    Rare  

   dCE      r y       RH  − 1,2,3, – 4, – 5     Very rare    Very rare    Rare  

   Results of testing with anti - D,  - C,  - c,  - E and  - e red cells from 2000 English donors, 274 

Yoruba of Nigeria and 4648 Cantonese from Hong Kong.   

  Table 15.9    The most common  R h genotypes in the  UK  

population. 

   Genotype          Frequency (%)  

   DCe/dce      R 1 r     31  

   DCe/DCe      R 1 R 1      16  

   dce/dce      rr     15  

   DCe/DcE      R 1 R 2      13  

   DcE/dce      R 2 r     13  

   DcE/DcE      R 2 R 2      3  
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   D ,  C / c  and  E / e   p olymorphisms 
 In white people, the D - negative phenotype almost always results 
from homozygosity for a complete deletion of the  RHD  gene. 
Consequently, D - negative represents the absence of the whole 
RhD protein from the membrane. Anti - D can detect epitopes 
on any of the external loops of the RhD protein. D - positive 
people may be homozygous or hemizygous for the presence of 
 RHD.  However, most D - negative black Africans have an inac-

number of D antigen sites on red cells of different phenotypes 
as estimated by the use of  125 I - labelled anti - IgG to quantify 
bound IgG anti - D. The  DcE  haplotype produces high levels of 
D expression and, for reasons still to be explained,  C  causes 
depression of D antigen produced by the Rh haplotype on the 
opposite chromosome.  

  Molecular  g enetics of  R h 

   R h  g enes and  p roteins 
 Rh antigens are encoded by two closely linked genes with 92% 
sequence homology.  RHD  encodes the D antigen and  RHCE  the 
Cc and Ee antigens. Each consists of 10 exons and, unusually 
for homologous genes, the two genes are in opposite orientation 
on the chromosome (Figure  15.3 ). Each gene encodes a 
416 - amino - acid polypeptide of 30 – 32   kDa that is palmitoylated 
but not glycosylated. The polypeptides encoded by  RHD  and 
 RHCE  differ by 31 – 35 amino acids, depending on the  RHCE  
genotype.   

 There is substantial evidence that the Rh polypeptides traverse 
the lipid bilayer 12 times, with both termini in the cytoplasm 
and six extracellular loops that provide the putative sites for 
antigenic activity (Figure  15.3 ). Rh antigen activity is very 
dependent on the conformation of the proteins within the 
membrane and may involve interactions between two or more 
of the extracellular loops. Removal of the proteins from the 
membrane generally ablates all antigenic activity.  

  Table 15.10    Determining probable Rh genotype in the  UK  population and the number of  D  antigen sites on red cells of those 

phenotypes. 

   Reactions with anti -      Common 

genotypes  

   Genotype incidence (%) for each 

phenotype  

   No. of D 

antigen sites  

 

   

D

  

   C     c     E     e  

   Unselected 

persons  

   Fathers of infants 

with anti - D HDN  

  +    +    +     −     +     DCe/dce   *      94    79    9   900 – 14   600  

                       DCe/Dce     6    21      

  +    +     −      −     +     DCe/DCe   *      96    99    14   500 – 19   300  

                       DCe/dCe     4    1      

  +     −     +    +    +     DcE/dce   *      94    79    14   000 – 16   000  

                       DcE/Dce     6    21      

  +     −     +    +     −      DcE/DcE   *      86    96    15   800 – 33   000  

                       DcE/dcE     14    4      

  +    +    +    +    +     DCe/DcE   *      90    97    23   000 – 31   000  

                       DCE/dce               

                       DcE/dCe         
3

      

                       DCe/dcE     
10

          

                       DCE/Dce               

   −      −     +     −     +     dce/dce     100    0    0  

    * Probable genotype.   

1 10 10 1 1 10
RHAGRHCERHD

RhAGRhCcEeRhD
N C C N N C

Chromosome 1 Chromosome 6

     Figure 15.3     Rh and related genes and the polypeptides they 

encode, showing the 10 exons of  RHD  and  RHCE  in reverse 

orientation on chromosome 1 and of  RHAG  on chromosome 6, 

and the RhD and RhCcEe polypeptides and RhAG glycoprotein 

crossing the membrane 12 times.  

� �



Antigens in human blood

255

panied by  RHCE  encoding either a C or E antigen ( D weak Ce  or 
 D weak cE );  D weak ce  is rare. Weak D is more common in Africans 
and is usually produced by  D weak ce . It is important that anti - D 
typing reagents should detect most weak D phenotypes, espe-
cially in blood donors, although very weak forms of D will 
be typed as D - negative. The weakest form of weak D, named 
DEL, can only be detected serologically by absorption and 
elution tests. 

 In the UK, the recommended method for D typing of patients 
requires direct agglutination tests, in duplicate, with potent 
IgM monoclonal anti - D reagents. An antiglobulin test is not 
required. This means that very weak D red cells will by typed as 
D - negative. This is not considered important, as the patient will 
be harmlessly transfused with D - negative red cells. Donors are 
not typed any longer for D by an antiglobulin test, as this is not 
necessary because it is unlikely that transfusion of very weak D 
red cells to a D - negative patient will result in immunization of 
the patient.  

  Partial  D  
 Partial D antigens have some or many of the D epitopes missing; 
those that are present may be expressed normally or weakly. If 
immunized with normal D - positive red cells, individuals with 
partial D can make antibody to the D epitopes they lack. This 
antibody will not react with the subject ’ s own cells, or with 
partial D red cells of the same type, but will behave as anti - D 
when tested with red cells of common Rh phenotypes. Over 40 
different types of partial D have been recognized and the clas-
sifi cation of these D variants can only be made by serological 
methods in a few specialized reference laboratories. 

 The most important partial D antigen, from a transfusion 
perspective, is called DVI ( ‘ D six ’ ). It is not the most common, 
but lacks most of the D epitopes and is the most commonly 
encountered partial D associated with the production of anti - D. 
In the UK it is recommended that anti - D reagents for typing 
patients should not detect DVI. Consequently, DVI patients will 
be transfused with D - negative red cells and DVI pregnant 
women will be given anti - D prophylaxis. Ideally, one of the 
anti - D reagents used for typing donor red cells should detect 
DVI. Consequently, DVI individuals should be considered 
D - negative patients but D - positive donors.  

  Molecular  b asis of  D   v ariants 
 Partial D antigens result either from missense mutations in 
 RHD , encoding single amino acid changes, or from  RHD  in 
which a segment has been replaced by the equivalent segment 
of an  RHCE  gene. For example, the most common form of DVI 
is produced by an  RHD – CE – D  hybrid gene in which exons 4 – 6 
have the nucleotide sequence of  RHCE , and external loops 3 
and 4 of the encoded hybrid protein have the amino acid 
sequence of an RhCe protein. Hence, a protein is produced with 
a sequence similar enough to  RHD  to be stable in the mem-
brane, but different enough to lack many epitopes of D. A 

tive  RHD , called the  RHD  pseudogene ( RHD ψ  ), that contains 
a 37 - bp duplication in exon 4 and a translation stop codon in 
exon 6. 

 The Cc polymorphism is associated with three or four amino 
acid substitutions encoded by exons 1 and 2 of  RHCE , although 
the defi nitive change is Ser103 for C and Pro103 for c in the 
second extracellular loop of the RhCcEe protein. E and e are 
associated with Pro226 and Ala226, respectively, in the fourth 
extracellular loop.   

  The Band 3/ R h  m olecular  m acrocomplex 

 The two Rh proteins are closely associated in the red cell mem-
brane with a glycoprotein, the Rh - associated glycoprotein 
(RhAG). RhAG is homologous to the Rh proteins and has a 
similar conformation in the membrane, spanning the mem-
brane 12 times, but is glycosylated on the fi rst extracellular 
loop (Figure  15.3 ). Unlike  RHD  and  RHCE , which are on 
chromosome 1, the gene encoding RhAG is on chromosome 6. 
The complex of Rh proteins and RhAG is part of a membrane 
macrocomplex or metabolon, with band 3 (the anion exchanger 
and Diego blood group antigen) at its core and also containing 
the LW glycoprotein (ICAM - 4), CD47 and glycophorin (GP)A 
and GPB. This macrocomplex is attached to the membrane 
skeleton (see Chapter  14 ), primarily through ankyrin and 
protein 4.2. 

 The function of the Rh/RhAG complex is unknown, although 
evidence exists that RhAG might function as a gas channel for 
CO 2  and possibly O 2 . The Rh proteins are only present on 
erythroid cells, but RhAG and non - erythroid related proteins 
(RhBG, RhCG) are more widely distributed and homologues 
are found throughout the animal and plant kingdoms where 
they often function as ammonium transporters.  

  Variants of  D  

 Most D - negative individuals lack the whole RhD protein from 
their red cells and, when immunized by D - positive red cells, can 
make antibodies to an array of epitopes on the external loops 
of the RhD protein. About 30 D epitopes have been defi ned 
using monoclonal antibodies. There are numerous variants of 
D, which have, for convenience, been divided into two types, 
weak D (formerly D u ) and partial D, though in reality the 
boundaries have been blurred and the situation is more complex 
than that. Numerous variants of e are known, generally found 
only in people of African origin. 

  Weak  D  
 By defi nition, weak D red cells express all epitopes of D at a low 
level and individuals with weak D phenotype cannot make anti -
 D. Red cells that have the weak D phenotype should, for most 
transfusion purposes, be regarded as D - positive. Weak D red 
cells have fewer D sites per cell than normal D - positive red cells. 
In a white population, the gene for weak D is commonly accom-
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  Other  R h  a ntigens 

 Table  15.11  lists the antigens of the Rh system recognized by 
the International Society of Blood Transfusion. A few of these 
are described below.   

   C  w  and  C  x   a ntigens ( RH 8 and  RH 9) 
 C w  and C x  occur in about 2% and 0.2% of white people, respec-
tively, although substantially higher frequencies are found in 
Finns. They appear to have an allelic relationship, although C w  
and C x  represent Gln41Arg and Ala36Thr substitutions in an 
RhCcEe protein, respectively. Anti - C w  and anti - C x  have caused 
HDFN but on the rare occasions on which this has occurred, it 
has usually been mild.  

   G   a ntigen ( RH 12) 
 With only rare exceptions, G is expressed when either D or C, 
or both, are present. Anti - G recognizes a determinant common 
to the products of  RHD  and the  C  allele of  RHCE.  Anti - G 
usually occurs with anti - D (see p. 257).  

variety of names have been used to denote the different types 
of partial D, for example DIII1, DVI, DFR, DAR, DBT. These 
can mostly be distinguished by sophisticated serological 
techniques. 

 Weak D results from missense mutations in  RHD  that encode 
amino acid changes that are predicted to be in the cytoplasmic 
or membrane - spanning domains of the D protein, but not in 
any of the loops exposed to the exterior of the cells. Based on 
molecular genotyping, at least 60 different types of weak D have 
been identifi ed, and these have been numbered. They cannot be 
distinguished serologically. The three most common weak 
D types are weak D type 1 (70%, Val270Gly), type 2 (18%, 
Gly385Ala) and type 3 (5%, Ser3Cys). 

 Unfortunately, some D variants, for example weak D type 4.2 
and weak D type 15, have been given weak D numbers based 
on their molecular background, but have subsequently been 
found in a number of cases to be associated with anti - D produc-
tion and so are really partial D. Clearly a new terminology is 
needed and care must be taken in making transfusion decisions 
based on the terminology derived from molecular testing.   

  Table 15.11    Antigens of the  R h system. 

   Number     Alternative names     Frequency  *    

  RH32    R N     Low  

  RH33    Har    Low  

  RH34    Hr B     High  

  RH35    R N  - like    Low  

  RH36    Be a     Low  

  RH37    Evans    Low  

  RH39    C - like    Polymorphic  

  RH40    Tar    Low  

  RH41    Ce - like    Polymorphic  

  RH42    Cce s     Polymorphic   †     

  RH43    Crawford    Low  

  RH44    Nou    High  

  RH45    Riv    Low  

  RH46    Sec    High  

  RH47    Dav    High  

  RH48    JAL    Low  

  RH49    STEM    Low  

  RH50    FPTT    Low  

  RH51    MAR    High  

  RH52    BARC    Low  

  RH53    JAHK    Low  

  RH54    DAK    Low  

  RH55    LOCR    Low  

  RH56    CENR    Low  

  RH57    CEST    High  

   Number     Alternative names     Frequency  *    

  RH1    D    Polymorphic  

  RH2    C    Polymorphic  

  RH3    E    Polymorphic  

  RH4    c    Polymorphic  

  RH5    e    Polymorphic  

  RH6    ce, f    Polymorphic  

  RH7    Ce    Polymorphic  

  RH8    C w     Polymorphic  

  RH9    C x     Low  

  RH10    V    Polymorphic   †     

  RH11    E w     Low  

  RH12    G    Polymorphic  

  RH17    Hr o     High  

  RH18    Hr    High  

  RH19    hr s     Polymorphic  

  RH20    VS    Polymorphic   †     

  RH21    C G     Polymorphic  

  RH22    CE    Low  

  RH23    D w     Low  

  RH26    c - like    Polymorphic  

  RH27    cE    Polymorphic  

  RH28    hr H     Polymorphic   †     

  RH29    Total Rh    High  

  RH30    Go a     Low  

  RH31    hr B     Polymorphic  

    * Polymorphic indicates  >    1%,  <    99% in at least one major population.  

    †  Only polymorphic in black people, low in other populations.   
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rare and have enhanced expression of D. If transfused, individu-
als with these phenotypes produce anti - Hr o  ( - RH17), an anti-
body that reacts with all red cells except for Rh null  cells and cells 
with D −   −    and related phenotypes.   

  Antibodies of the  R h  s ystem 

  Naturally  o ccurring  a ntibodies 
 Generally, Rh antibodies are only produced following immuni-
zation with red cells. However, anti - E is often naturally occur-
ring; about half may occur without a history of pregnancy or 
transfusion. Rarely, naturally occurring anti - D and anti - C w  are 
found. All such naturally occurring Rh antibodies react opti-
mally with enzyme - treated cells.  

  Immune  a ntibodies 
 The clinical importance of the Rh system lies in the readiness 
with which anti - D arises in D - negative subjects after stimula-
tion with D - positive red cells by pregnancy or transfusion. 
Prophylaxis against D immunization with anti - D immunoglob-
ulin has led to a signifi cant decrease in the incidence of anti - D, 
but it still remains the most common immune antibody of 
clinical relevance detected in a routine blood transfusion labo-
ratory. D is considerably more immunogenic than the other Rh 
antigens, which have the following order of immunogenicity: 
c    >    E    >    e    >    C. 

 About 20 – 30% of anti - D sera also appear to contain anti - C. 
Usually, this anti - C is not a separable antibody and is probably 
more correctly called anti - G (see p. 256). About 1 – 2% of anti - D 
sera also contain anti - E. Anti - C (and anti - G) in the absence of 
anti - D is very uncommon. 

 The incidence of other Rh antibodies is much lower, but 
together they are more common than anti - K (Kell), which is 
the most immunogenic antigen after D. In routine screening, 
pure anti - E is the most common, followed by anti - c, although 
anti - c is a more common cause of HDFN, which can be severe. 
This is probably because about half of the examples of anti - E 
are weak, naturally occurring antibodies. Anti - e, like anti - C, is 
very rare. 

 The vast majority of Rh antibodies are IgG and do not fi x 
complement. Anti - D may occasionally be partly IgA. IgM 
anti - D is very rare.  

   D   i mmunization 
 The realization that D - negative women without anti - D who had 
just delivered a D - positive child could be protected from 
forming anti - D by the injection of IgG anti - D soon after deliv-
ery has been a powerful stimulus for experimental work on 
D - negative volunteers. About 90% of D - negative people will 
make anti - D after the transfusion of a large volume of D - positive 
cells, and 70% will respond to repeated small volumes. 

 It has been shown that 20    µ g (100   IU) of anti - D immu-
noglobulin given intramuscularly will give complete protection 

   VS  and  V   a ntigens ( RH 20 and  RH 10) 
 VS and V have frequencies of about 40% and 10%, respectively, 
in Africans, but are rare in other ethnic groups. Both are associ-
ated with an  RHCE  mutation encoding Leu245Val, but only VS 
is expressed when a Gly336Cys mutation is also present. Neither 
anti - VS nor anti - V have caused HDFN or an HTR.  

  Compound  a ntigens 
 Antibodies to the compound antigens, anti - ce ( - f,  - RH6), anti -
 Ce ( - RH7), anti - cE ( - RH27) and anti - CE ( - RH22), defi ne pairs 
of CcEe antigens present only when they are encoded by the 
same  RHCE  gene. For example, anti - Ce and anti - cE will react 
with D+ C+ c+ E+ e+ cells of  DCe / DcE  genotype, but not 
 DCE / dce , whereas the reverse applies to anti - ce and anti - CE.   

   R h null ,  R h mod  and  D  −   −  

   R h null  and  R h mod  
 Rh null  red cells lack all antigens of the Rh system and people with 
this rare phenotype can make an antibody, anti - RH29, that 
reacts with all red cells except those of the Rh null  phenotype. 
They also lack RhAG, LW, and Fy5 of the Duffy system, and 
have weakened expression of CD47 and of S, s and U antigens 
on GPB. Rh null  subjects have a chronic haemolytic stomatocytic 
anaemia, which is usually compensated but may require 
splenectomy. 

 There are two modes of inheritance of the Rh null  phenotype. 
  1     Homozygosity for a deletion of  RHD  (characteristic of most 
D - negatives) plus homozygosity for an inactivating mutation in 
 RHCE.  Consequently, neither Rh protein is produced. Both 
parents are heterozygous for the mutations and possess only 
half of the usual quantity of Rh antigens. This is the rarer of the 
two types.  
  2     Homozygosity for inactivating mutations (frameshift, splice 
site, missense) in  RHAG , the gene encoding RhAG. In the 
absence of RhAG, no Rh antigens are expressed, despite the 
presence of normal Rh genes. Consequently, individuals with 
this type of Rh null  inherit normal Rh genes from their parents 
and pass them on to their offspring. These parents and offspring 
are heterozygous for the  RHAG  mutation and have apparently 
normal Rh antigens, although there may be some weakening of 
expression. The parents of both types of Rh null  individuals are 
usually consanguineous.    

 Rh mod  arises from partial inactivation of  RHAG , caused by 
mutations encoding single amino acid substitutions. This 
results in weakened expression of all Rh antigens. Rh mod  indi-
viduals cannot make anti - RH29.  

   D  −   −    and  r elated  p henotypes 
 Homozygosity for a rearranged  RHCE  gene, together with an 
active  RHD , results in a series of phenotypes, called D −   − , D •  • , 
Dc −  and DC w  − , in which no E or e antigens and, in the case of 
D −   −    and D •  • , no C or c is produced. These phenotypes are very 
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 Fetal red cells can frequently be detected in the mother ’ s 
circulation, particularly during the last trimester of pregnancy 
and after delivery. In about 85% of blood samples taken soon 
after delivery, the proportion of fetal cells to adult cells is less 
than 1 in 20   000 (equivalent to a TPH of less than 0.5   mL). In 
two to three samples per 1000 deliveries, the TPH will be of the 
order of 10   mL of whole blood (5   mL of red cells) or more. Such 
women, if D - negative and delivering a D - positive infant, will 
not be protected by the standard UK anti - D immunoglobulin 
dose of 100    µ g and additional protection should be given. All 
laboratories should standardize the conditions of the acid 
elution technique (or any other quantitative technique) in 
order to estimate the absolute amount of fetal red cells present 
in the maternal circulation.  

  Immunization by  a bortion,  m iscarriage and 
 o bstetric  i ntervention 
 Abortion and miscarriage can induce the immunization of 
D - negative women; the incidence is greater if the abortion is 
therapeutic and if it occurs in the second trimester rather than 
in the fi rst. Amniocentesis, chorionic villus sampling, fetal 
blood sampling and other obstetric manoeuvres can also lead 
to immunization of D - negative women carrying a D - positive 
fetus.   

  Prediction of  f etal  R h  g enotype by 
 m olecular  m ethods 

 Knowledge of the molecular basis for D - negative phenotypes 
has made it possible to devise tests for predicting fetal D type 
from fetal DNA. This is valuable in determining whether the 
fetus of a woman with anti - D is at risk from HDFN. Most 
methods involve polymerase chain reaction (PCR) - based tests 
that detect the presence or absence of  RHD , but it is also impor-
tant to test for more than one region of  RHD , so that hybrid 
genes responsible for partial D antigens do not give a false 
result, and to test for the  RHD  pseudogene ( RHD ψ  ), so that 
this does not give rise to a false - positive result. 

 Although fetal DNA can be obtained by amniocentesis, this 
procedure is associated with a signifi cant risk of fetal loss and 
fetomaternal haemorrhage. An alternative source of fetal DNA 
for determining fetal D type in D - negative pregnant women is 
the small quantities of free fetal DNA present in maternal 
plasma. This non - invasive form of fetal D typing is now pro-
vided for pregnant women with signifi cant levels of anti - D as a 
reference service in the UK and some other parts of Europe. 

 It is a common practice to offer all D - negative pregnant 
women one or two doses of anti - D immunoglobulin at around 
28 – 30 weeks ’  and 34 weeks ’  gestation to prevent antenatal 
immunization. However, in a predominantly white population 
about 40% of these women will have a D - negative fetus and 
receive the treatment unnecessarily. Several successful trials 
have been carried out on high - throughput methods for deter-

from 1   mL of concentrated D - positive red cells (approximately 
2   mL of blood). This fi gure is the basis for the standard dose of 
100    µ g (500   IU) anti - D immunoglobulin given post partum in 
the UK, as it will cover the vast majority of cases of transpla-
cental haemorrhage (TPH). A dose of 3.2 – 4.0   mg of anti - D 
immunoglobulin given intravenously will protect a D - negative 
recipient against the consequences of inadvertently transfusing 
a unit of D - positive whole blood ( c . 200   mL of red cells). If 
D - positive platelets need to be given to D - negative girls and 
women of childbearing age, they should be protected with a 
dose of intravenous anti - D immunoglobulin. 

 The mechanism of protection by anti - D immunoglobulin is 
not really known. Two explanations have been suggested. The 
fi rst is that the passively administered antibody leads to phago-
cytosis of antibody - coated red cells and their rapid destruction 
by mononuclear phagocytic cells in the spleen before they can 
combine with receptors of immunologically competent cells. 
The second is a central mechanism by which the Fc fragment 
of the antibody combined to antigen might give a suppressive 
or inactivating signal to the immunocompetent cells. It has been 
calculated that the amount of passive antibody needed to 
protect the recipient from antibody formation is less than that 
needed to cover all the D antigen sites on the injected Rh -
 positive cells. 

 Prior to the advent of Rh immunoprophylaxis, the fi rst ABO -
 compatible, D - positive baby resulted in the primary immuniza-
tion of about 17% of D - negative women. In about half of these 
women, the antibodies appeared within 6 months of delivery; 
in the other half, the antibodies became detectable by the end 
of the second pregnancy.  

  Source of  a nti -  D  for  i mmunoprophylaxis 
 Anti - D is usually obtained from immunized D - negative 
volunteer men and from women unable to bear children 
from the USA. Those with low levels of anti - D are deliberately 
restimulated with D - positive red cells. Plasma from these 
donors is harvested by apheresis and sent to a fractionation 
plant for processing. It is unlikely that the use of human 
monoclonal anti - D for prophylaxis will become a reality in the 
near future, since clinical trials have been fraught with 
diffi culty.  

  Detection of  f etal  r ed  c ells in the  m aternal  c irculation 
 Fetal red cells can be detected in a sample of maternal blood by 
the acid elution method of Kleihauer, which depends on the fact 
that fetal haemoglobin is more resistant to elution in an acid 
medium than adult haemoglobin. Thus, fetal haemoglobin is 
retained in the cell and the fetal red cell stains darkly with the 
counterstain, whereas adult haemoglobin elutes and the moth-
er ’ s red cells appear as ghosts. Fetal D - positive cells can also be 
quantifi ed in the maternal circulation by fl ow cytometry after 
fl uorescent staining with anti - D, with as few as 0.05% of fetal 
cells being detected. 
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 Anti - N is also rare and reacts with about 70% of random 
samples. It is nearly always a cold - reactive IgM antibody. 
Because of the  ‘ N ’  activity of GPB at low temperatures, anti - N 
reacts with, and can be completely absorbed by,  M / M  cells, 
except those of the M+ N −  S −  s −  phenotype. Useful anti - N 
lectin can be prepared from the seeds of  Vicia graminea . 

 Anti - S, the rarer anti - s and anti - U are usually immune, IgG 
and can cause HDFN. They have also been implicated in HTRs. 
Anti - U only occurs in S −  s −  black people and reacts with all 
cells that have the S or s antigens and up to 50% of cells that 
are S −  s − . Finding compatible blood for a patient with anti - U 
can prove diffi cult.   

  The Lutheran  b lood  g roup  s ystem 

 Lutheran is a complex system comprising four pairs of allelic 
antigens: Lu a  and Lu b , Au a  and Au b , Lu6 and Lu9, Lu8 and Lu14. 
These represent single amino acid substitutions in the Lutheran 
glycoproteins. There are another 11 antigens of very high fre-
quency in this system. The incidence of Lu a /Lu b  phenotypes in 
the UK population is as follows: Lu(a+b − ), 0.1%; Lu(a+b+), 
7.5%; Lu(a − b+), 92.4%. The extremely rare Lu null  phenotype, 
in which no Lutheran antigens are expressed, results from 
homozygosity for an inactive Lutheran gene; anti - Lu3 may be 
produced. Individuals heterozygous for a dominant suppressor 
gene,  In(Lu) , have very low levels of Lutheran antigens and 
reduced levels of some other blood group antigens, including 
P 1  and In b .  In(Lu)  represents mutations in the erythroid tran-
scription factor gene  EKLF . 

 Lutheran antibodies are uncommon and are not generally 
considered clinically signifi cant, although anti - Lu b  may have 
caused mild delayed HTRs. Lu a  may be omitted from antibody 
screening cells. 

 The Lutheran glycoproteins bind the extracellular matrix 
glycoprotein laminin and might function as adhesion molecules 
with a role in erythropoiesis.  

  The Kell  b lood  g roup  s ystem 

 The Kell system consists of one triplet and four pairs of allelic 
antigens  –  K and k; Kp a , Kp b  and Kp c ; Js a  and Js b ; K11 and K17; 
K14 and K24  –  all of which represent amino acid substitutions 
in the Kell glycoprotein, plus 15 high - frequency and fi ve low -
 frequency antigens. 

 In European whites, the incidence of the K/k phenotypes, the 
most important clinically, is as follows: K+ k − , 0.2%; K+ k+, 
8.7%; K −  k+, 91.1%. K is rare in populations other than those 
of white people. Js a  is present in about 20% of black people, but 
is extremely rare in other ethnic groups. The very rare null 

mining fetal D type from DNA in maternal plasma, and it is 
likely that fetal D testing of all D - negative pregnant women will 
be available in some countries within the next few years. The 
testing will make it possible to discern which women are in need 
of routine antenatal prophylaxis because they are carrying a 
D - positive fetus.   

  The  MNS   s ystem 

 MNS was discovered by Landsteiner and his colleagues in 1927 
and the MNS genes were the fi rst blood group genes to be 
cloned, in 1986 and 1987. The MNS system now contains 46 
antigens. 

  Antigens of the  MNS   s ystem 

 M and N are inherited as codominant Mendelian traits, giving 
rise to three common genotypes  M / M ,  M / N  and  N / N.  The  Ss  
locus, which is closely linked to  MN , also consists of two codo-
minant alleles, at least in Europeans and Asians, producing S or 
s antigens. In northern Europeans, haplotype frequencies are as 
follows:  MS , 25%;  Ms , 28%;  NS , 8%;  Ns , 39%. The system also 
contains many variants. About 2% of black West Africans and 
1.5% of African - Americans are S −  s −  and most of these lack the 
U antigen that is present when either S or s is expressed. 

 The MN antigens are carried on GPA, which is encoded by 
the  GYPA  gene on chromosome 4. M and N differ by amino 
acids at positions 1 and 5 of the external N - terminus of GPA. 
There are about 1 million molecules of GPA per cell, yet their 
absence in the rare En(a − ) phenotype does not affect red cell 
function or survival. The negative charge of the red cells is 
mainly due to the ionized COOH groups of sialic acid (neu-
raminic acid), which is mostly carried on the oligosaccharides 
of GPA and can be removed with neuraminidase. En(a − ) cells 
therefore have a reduced negative charge and behave serologi-
cally as if they have been treated with neuraminidase. GPB 
carries the S and s determinants, which represent an amino acid 
substitution at position 29. GPB is encoded by  GYPB , which is 
closely linked and homologous to  GYPA . S −  s −  U −  red cells lack 
GPB. The sequence of the N - terminal amino acids of GPB is 
identical to that of N - specifi c GPA and accounts for the weak 
 ‘ N ’  reactivity of  M / M  cells, provided they are S+ or s+. The 
numerous MNS variants mostly result from amino acid substi-
tutions in GPA and GPB and from the formation of hybrid 
GPA – GPB molecules, formed by intergenic recombination 
between  GYPA  and  GYPB . GPA and GPB are exploited as recep-
tors by the malaria parasite  Plasmodium falciparum .  

  Antibodies of the  MNS   s ystem 

 Anti - M is uncommon and reacts with about 80% of random 
samples. It is usually naturally occurring, but can be immune 
and, very rarely, causes HDFN. 
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  The Duffy  b lood  g roup  s ystem 

 Fy a  and Fy b  antigens represent a single amino acid substitution 
in the extracellular N - terminal domain of the Duffy glycopro-
tein. Their incidence in the UK is as follows: Fy(a+b − ), 20%; 
Fy(a+b+), 46%; Fy(a − b+), 34%. About 70% of African -
 Americans and close to 100% of West Africans are Fy(a − b − ). 
They are homozygous for an  Fy b   allele containing a mutation 
in a binding site for the erythroid - specifi c GATA - 1 transcrip-
tion factor, which means that Duffy glycoprotein is not expressed 
in red cells, although it is present in other tissues. The Duffy 
glycoprotein is the receptor essential for penetration of 
 Plasmodium vivax  merozoites into erythroid cells and the 
Fy(a − b − ) phenotype confers resistance to  P. vivax  malaria. An 
identical GATA mutation is found in an  Fy a   allele in Papua New 
Guinea and in Brazil. 

 The Duffy glycoprotein (also called Duffy - antigen chemok-
ine receptor, DARC) is a red cell receptor for a variety of chem-
okines, including interleukin 8. It might function as a  ‘ sink ’  or 
scavenger for the removal of unwanted chemokines. 

 Anti - Fy a  is not infrequent and is found in previously trans-
fused patients who have usually already made other antibodies. 
It is IgG, often complement - fi xing and can cause HTRs, but 
seldom HDFN. It is best detected by IAT and does not react 
with red cells treated with the proteases papain and fi cin. Anti -
 Fy b  is very rare and is always immune.  

  The Kidd  b lood  g roup  s ystem 

 Kidd has two alleles,  Jk a   and  Jk b  , which represent a single amino 
acid change in the Kidd glycoprotein. Phenotype frequencies in 
the UK population are as follows: Jk(a+b − ), 25%; Jk(a+b+), 
50%; Jk(a − b+), 25%. A Kidd null phenotype, Jk(a − b − ), results 
from homozygosity for inactivating mutations in the Kidd gene, 
 SLC14A1 . It is very rare in most populations, but reaches an 
incidence of greater than 1% in Polynesians. The Kidd glyco-
protein is a urea transporter in red cells and in renal endothelial 
cells. 

 Anti - Jk a  is uncommon and anti - Jk b  is very rare, but they may 
both cause severe transfusion reactions and, to a lesser extent, 
HDFN. Kidd antibodies have often been implicated in delayed 
HTRs; they are IgG and predominantly complement - fi xing up 
to C3b, but may be diffi cult to detect because they tend to disap-
pear and then reappear promptly in an anamnestic response. 
The antiglobulin test is the best method for detection; reactions 
will be enhanced if the cells have been protease - treated or if 
fresh serum is added as a source of complement. Patients who 
have made Kidd antibodies should always be given an antibody 
card.  

phenotype of the Kell system, in which no Kell system antigens 
are expressed, is called K o , and results from homozygosity for a 
variety of inactivating mutations in the  KEL  gene. 

 The Kell antigens are located on a glycoprotein of 93   kDa, 
which crosses the cell membrane once and has a large glyco-
sylated C - terminal extracellular domain, maintained in a folded 
conformation by multiple disulphide bonds. Reduction of these 
bonds by 2 - aminoethylisothiouronium bromide (AET) results 
in loss of expression of all Kell system antigens. The Kell glyco-
protein has sequence and structural homology with a family of 
neutral endopeptidases that processes biologically important 
peptides. The Kell glycoprotein cleaves the biologically inactive 
peptide big endothelin - 3 to produce endothelin - 3, an active 
vasoconstrictor. Whether Kell performs this function  in vivo  is 
not known. 

 The Kell glycoprotein is linked by a single disulphide bond 
to the Xk protein, which is produced by an X - linked gene, 
 XK.  Absence of Xk protein, resulting from hemizygosity in 
males of a deletion of  XK  or  XK  inactivating mutations, 
gives rise to the McLeod phenotype, in which there is no expres-
sion of Kx antigen and weak expression of all Kell system 
antigens. This rare phenotype is also associated with McLeod 
syndrome, a neuroacanthocytosis that is usually characterized 
by late - onset muscular, neurological and, occasionally, psychi-
atric disorders, and abnormally shaped red cells. In some 
cases, an X chromosome deletion is large enough to encompass 
 XK  and  CYBB , a gene for a subunit of fl avocytochrome  b  558 , 
which leads to McLeod syndrome and chronic granulomatous 
disease (CGD). If boys with McLeod syndrome and CGD 
are transfused, they are liable to make anti - Kx, which can 
cause severe HTRs and makes compatible blood very diffi cult 
to fi nd. 

 Anti - K is an important antibody in white populations; it 
is nearly always immune, IgG and complement - binding. It 
causes severe HTRs and HDFN. K antigen stimulates the forma-
tion of anti - K in about 10% of K - negative people who are given 
one unit of K - positive blood. About 0.1% of all cases of HDFN 
are caused by anti - K; most of the mothers will have had previ-
ous blood transfusions. HDFN caused by anti - K differs from 
Rh HDFN in that anti - K appears to cause fetal anaemia by sup-
pression of erythropoiesis, rather than immune destruction 
of mature fetal erythrocytes. Kell antigen is expressed by eryth-
roid cells at a very early stage of erythropoiesis and anti - K 
probably facilitates immune destruction of early erythroid pro-
genitors, before they become haemoglobinized. Anti - K is best 
detected by the IAT; anti - K does not always agglutinate red cells 
treated with enzymes or suspended in low - ionic - strength 
solution. 

 Anti - k is a very rare antibody, which reacts with 99.8% of 
random blood samples. It is always immune and has been 
incriminated in HDFN. Most other Kell system antibodies are 
rare and best detected by the IAT.  
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and anti - Yt b  are exceptional and most are of no clinical 
signifi cance. 

 The Scianna system consists of seven antigens, including the 
allelic antigens Sc1 and Sc2 of high and low frequency, respec-
tively. They are located on the adhesion protein ERMAP. 
Scianna antibodies are very rare and little is known of their 
clinical signifi cance. 

 The Xg system comprises two antigens, Xg a  and CD99, 
encoded by separate but homologous genes on the X chromo-
some;  CD99  is also expressed on the Y chromosome. The cor-
responding antibodies are rare and of no clinical signifi cance. 

 The eight antigens of the Gerbich system, three of high fre-
quency and fi ve of low frequency, are located on GPC and GPD, 
which are encoded by a single gene,  GYPC . The 15 antigens of 
the Cromer system and nine antigens of the Knops system are 
carried on the complement regulatory glycoproteins decay 
accelerating factor (CD55) and complement receptor 1 (CD35), 
respectively. Antibodies of these three systems are not generally 
considered clinically signifi cant, although antibodies of the 
Knops system are relatively common and may obscure identi-
fi cation of other, clinically important antibodies in the same 
serum. Once identifi ed, Knops antibodies can be ignored from 
a clinical point of view.  

  Antigens with  h igh or  l ow  f requency 

 There are many other antigens, of either very high or very low 
incidence, that have not been assigned to blood group systems. 
Anti - Vel,  - Lan,  - At a ,  - AnWj and  - MAM are examples of anti-
bodies to high - frequency antigens that have caused HDFN and/
or HTRs. For those rare individuals who have formed antibod-
ies to high - frequency antigens, the provision of compatible 
blood can be a problem; it is often necessary to approach the 
national or international panels of rare donors for compatible 
units. 

 Antibodies to low - frequency antigens are usually naturally 
occurring; they may occasionally give rise to unexpected incom-
patible cross - matches. Some antibodies to low - frequency anti-
gens have caused HDFN.  

  Polyagglutinable  r ed  c ells 

 Erythrocyte polyagglutination is the agglutination of red cells 
irrespective of blood group by many sera from normal adults. 
Polyagglutinable red cells are not agglutinated by the patient ’ s 
own serum. The abnormality is a property of the red cells, not 
of the sera, in contrast to panagglutination, which is the agglu-
tination of most red cells by one serum. 

 There are two main categories of polyagglutination, acquired 
and inherited. The acquired forms can be subdivided into 

  The Diego  b lood  g roup  s ystem 

 Diego is a large system of 21 antigens: two pairs of allelic anti-
gens  –  Di a  and Di b , Wr a  and Wr b   –  plus 17 antigens of very low 
frequency. All represent single amino acid substitutions in band 
3, the red cell anion exchanger. The original Diego antigen, Di a , 
is very rare in white and black people, but relatively common 
in Mongoloid people, with frequencies varying between 1% in 
Japanese and 50% in some native South Americans. Anti - Di a  
and anti - Di b  are immune and rare, but can cause HDFN. Wr a  
has a frequency of about 0.1%. Its high - frequency antithetical 
antigen, Wr b , is dependent on an interaction between GPA and 
band 3 for its expression. Naturally occurring anti - Wr a  is 
present in approximately 1% of blood donors. Anti - Wr a  is often 
found in the serum of patients who have made other antibodies 
or who are suffering from autoimmune haemolytic anaemia. 
Very rarely, anti - Wr a  causes HDFN.  

  The Dombrock  b lood  g roup  s ystem 

 Do a  and Do b  antigens represent a single amino acid substitution 
on the Dombrock glycoprotein, a member of the ADP -
 ribosyltransferase family, which also expresses the high - inci-
dence antigens Gy a , Hy, Jo a  and DOYA. Approximately 67% 
of northern Europeans are Do(a+) and 82% Do(b+). Gy(a − ) 
red cells are Do(a − b − ) Hy −  Jo(a − ). Dombrock antibodies are 
extremely rare, immune and are best detected by IAT; they have 
been implicated in severe acute and delayed HTRs. Anti - Do a  
and anti - Do b  reagents are rare and unreliable, so Dombrock 
typing is best achieved by molecular methods.  

  The Colton  b lood  g roup  s ystem 

 Co a  and Co b  represent a single amino acid substitution in the 
water channel aquaporin - 1. Colton phenotype frequencies in 
white people are as follows: Co(a+b − ), 90.5%; Co(a+b+), 9.0%; 
Co(a − b+), 0.5%. The extremely rare Colton null phenotype, 
Co(a − b − ), results from homozygosity for inactivating muta-
tions in the Colton gene,  AQP1 . Colton antibodies are very 
uncommon. Anti - Co a  has caused severe HDFN, and has been 
implicated in acute and delayed HTRs.  

  Some  o ther  b lood  g roup  s ystems 

 Yt a  and Yt b  of the Yt system represent a single amino acid 
change in red cell membrane acetylcholinesterase. Yt a  and Yt b  
have frequencies of about 99.8% and 8% respectively. Anti - Yt a  
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 T polyagglutination may be associated with (i) haemolytic 
anaemia, (ii) HTRs (especially in children) caused by anti - T in 
transfused plasma, although this is still questionable, (iii) 
haemolytic – uraemic syndrome and (iv) neonatal necrotizing 
enterocolitis. 

 Peanut ( Arachis hypogaea ) lectin is the most effective tool for 
identifi cation of T - activated cells (Table  15.12 ).  

   T k  a ctivation 

 Tk activation, like T activation, is transient and associated with 
infection. Endo -  β  - galactosidases produced by  Bacteroides fragi-
lis , various clostridia or  Candida albicans  remove  β  - galactose 
from ABH polysaccharide chains, exposing  N  - acetylglucosamine 
(see Tables  15.7  and  15.13 ), with the consequent depression of 
ABH expression, without affecting the quantity of sialic acid on 
the red cell. Tk cells are specifi cally agglutinated by BSII lectin, 
an extract from  Bandeiraea simplicifolia  (see Table  15.12 ). These 
cells are also agglutinated by peanut lectin, probably owing to 
the exposure of galactose, the next sugar in the chain.  

   T n  a ctivation 

 Tn activation, unlike T and Tk, is a persistent abnormality 
caused by an abnormal clone of stem cells arising by somatic 
mutation. Tn is often associated with other haematological 
abnormalities, such as chronic haemolytic anaemia, leucopenia 
or thrombocytopenia, but may be present in healthy individu-
als. Somatic mutation in a gene encoding a molecular 
chaperone leads to a defi ciency of T - synthase, the galactosyl-
transferase that elongates the O - linked oligosaccharides on 
GPA. Consequently, many of the O - glycans consist of only  N  -
 acetylgalactosamine, the immunodominant sugar of Tn (see 
Table  15.13 ). This loss results in a depression of M and N anti-

(i) microbial polyagglutination, which results either from the 
passive coating of red cells with bacteria or their products or 
from the action of microbial enzymes on red cell surface oli-
gosaccharides (T, Tk, acquired B); and (ii) non - microbial poly-
agglutination, which is caused by somatic mutation (Tn). There 
are four types of inherited polyagglutination: Cad (strong 
expression of Sd a ), congenital dyserythropoietic anaemia type 
II (CDAII or HEMPAS), NOR and Hyde Park. Lectins are 
required for the identifi cation of the different types of polyag-
glutination (Table  15.12 ).   

   T   a ctivation 

 T activation occurs transiently in some patients with an obvious 
microbial infection, especially  Vibrio cholerae ,  Clostridium per-
fringens ,  Streptococcus pneumoniae , various other streptococci 
and the infl uenza virus. These microbes produce sialidases, 
which remove sialic acid ( N  - acetylneuraminic acid) from the 
oligosaccharides of membrane sialoglycoproteins (Table  15.13 ) 
to expose the hidden T antigen (galactose linked to  N  -
 acetylgalactosamine), with an accompanying loss of negative 
surface charge.   

 Most adult sera contain naturally occurring, cold - reacting, 
complement - fi xing, IgM anti - T. Most cases of T activation and 
other forms of polyagglutination were detected by the discrep-
ancy in results of cell and serum ABO grouping, but with the 
introduction of monoclonal antibody reagents polyagglutina-
tion is found much less often. 

  Table 15.12    Some characteristics of  T ,  T  k ,  T  n  and Cad 

polyagglutinable red cells. 

        T     Tk     Tn     Cad  

  MN antigens     ↓     Normal     ↓     Normal  

  ABH antigens    Normal     ↓     Normal    Normal  

  Most normal sera    +    +    +    +  

   Glycine soja  lectin    +     −     +    +  

   Arachis hypogaea  lectin    ++    +     −      −   

   Bandeiraea simplicifolia  

lectin  
   −     +     −      −   

   Salvia sclarea  lectin     −      −     +     −   

   Dolichos bifl orus  lectin 

(other than group 

A 1 )  

   −      −     +    +  

  Polybrene  *   solution     −     +    +mf    +  

    * Polybrene is a positively charged polymer that agglutinates cells 

with a negative charge and fails to aggregate sialic acid - defi cient 

cells.  

   ↓ , reduced reactivity of MN or ABH antigens; mf, mixed fi eld.   

  Table 15.13    Structure of  T ,  T  n  and  T  k  antigens. 

   O - linked oligosaccharide of GPA and GPB       

  NeuNAc α 2 → 3Gal β 1 → 3GalNAc – Ser/Thr    Normal  

  6      

   ↑       

  2      

  NeuNAc    T  

  Gal β 1 → 3GalNAc – Ser/Thr    Tn  

  GalNAc – Ser/Thr      

   A - , B -  or H - active chains modifi ed by endo- β -galactosidase   

  GlcNAc β 1 → 3Gal β 1 → 4GlcNAc – R    Tk  

   Gal, galactose; GalNAc,  N  - acetylgalactosamine; GlcNAc, 

 N  - acetylglucosamine; NeuNAc,  N  - acetylneuraminic acid (sialic 

acid); R, remainder of molecule; Ser/Thr, serine or threonine.   
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class I antigens, and a small proportion of immunologically 
refractory patients have no detectable lymphocytotoxic anti-
bodies. Currently, the most sensitive and specifi c technique for 
detecting and identifying cytotoxic and non - cytotoxic HLA 
antibodies is Luminex. In this technique the relevant recom-
binant or purifi ed proteins (antigens) are bound to coloured 
polystyrene beads of uniform size. These beads are then 
incubated with the patient ’ s serum. The reaction is visualized 
using a phycoerythrin - conjugated anti - human IgG; following 
washing, the beads are run on a LabScan 100 fl ow - based 
machine to detect the reactions against the different beads. Two 
laser beams are used: one laser discriminates between different 
coloured beads and the other quantifi es the fl uorescent reporter 
molecule. The management of patients who become immuno-
logically refractory to platelet transfusions is described in 
Chapter  16 . 

 Residual HLA antigens, often referred to as Bg antigens, are 
also present on red cells of some individuals and HLA antibod-
ies have been implicated in rare cases of delayed and acute 
HTRs.  

  Neutrophil -  s pecifi c  a ntigens and  a ntibodies 

 Neutrophils carry not only HLA class I antigens but also neu-
trophil - specifi c antigens, now termed the HNA system (Table 
 15.14 ). Antibodies showing specifi city to the following antigens 
are clinically important. 
  1     Alloimmune neonatal neutropenia (HNA - 1a, HNA - 1b, 
HNA - 1c, HNA - 2, HNA - 3a, HNA - 4a).  
  2     Febrile transfusion reactions (HNA - 1a, HNA - 1b, HNA - 2, 
and other unidentifi ed antigens on Fc γ RIIIb and CD18).  
  3     Transfusion - related acute lung injury, caused by the passive 
transfer of mainly HLA antibodies, but also HNA antibodies in 
donor plasma (HNA - 1a, HNA - 1b, HNA - 2, HNA - 3a, NB2).  
  4     Autoimmune neutropenia, in adults or in infancy.      
 The antigens of the HNA - 1 system are expressed on Fc γ RIIIb; 
those of HNA - 4 and HNA - 5 on the integrins  α  M  β  2  (MAC - 1) 
and  α  L  β  2  (LFA - 1), respectively. In addition, neutrophils express 
polymorphic antigens that also occur on endothelial cells (EM 

gens, a loss of sialic acid and a negative charge similar to that 
found in T activation. Only some of the red cells are aggluti-
nated by the anti - Tn present in all normal adult sera, giving a 
mixed fi eld appearance in agglutination tests. Platelets also 
show two populations.  Salvia sclarea  lectin specifi cally aggluti-
nates Tn - activated cells, and the exposed  N  - acetylgalactosamine 
molecules can be detected with  D. bifl orus  lectin (but only in 
people who are not group A 1 ).   

  White  c ell and  p latelet  a ntigens and 
 a ntibodies 

   HLA  and  t ransfusion 

 The HLA system is covered in Chapter  37 . Leucocyte - reactive 
antibodies have in the past been reported, albeit transiently, in 
up to 96% of massively transfused patients. Complement - fi xing 
lymphocytotoxic antibodies have been found in as many as 50% 
of patients receiving multiple transfusions of platelet concen-
trates over a 4 - week period. This frequency is lower in immu-
nosuppressed patients. In contrast, some patients never become 
HLA immunized, despite repeated transfusions, and are con-
sidered to be non - responders to HLA. Pregnancy can lead to 
HLA antibodies in approximately 15%, 25% and 35% of women 
after a fi rst, second or third pregnancy, respectively. Such anti-
bodies are generally of class I specifi city, with anti - HLA - B being 
approximately twice as prevalent as anti - HLA - A. 

 HLA antibodies stimulated by pregnancy or transfusion are 
usually IgG and complement - fi xing; naturally occurring IgM 
antibodies produced without a known stimulus, usually HLA - B8 
specifi c, can be found in about 1% of individuals. The clinical 
importance of HLA antibodies relates to their ability to mediate 
graft rejection. In pregnant women, IgG antibodies may cross 
the placenta but are not considered to be a cause of neonatal 
leucopenia or thrombocytopenia. HLA antibodies are the usual 
cause of immunological refractoriness to random donor platelet 
transfusions, but not all patients with HLA antibodies are 
refractory to platelet transfusions, because platelets carry HLA 

  Table 15.14    Neutrophil antigens. 

   System     Antigen     Previous names     Frequency (%)  *       Glycoprotein     Amino acid change  

  HNA - 1    HNA - 1a    NA1    61.2    Fc γ RIIIb    Arg36, Asp65, Asp82, Val106  

  HNA - 1b    NA2, NC1    89.6        Ser36, Ser65, Asp82, Ile106  

  HNA - 1c    SH     <    0.01        Asp78  

  HNA - 2    HNA - 2a    NB1    90.8    58 – 64   kDa glycoprotein      

  HNA - 3    HNA - 3a    5b        SLC44A2, CTL2    Arg154  

  HNA - 4    HNA - 4a    Mart a         CD11b, Mac - 1, CR3,  α  M  β  2  integrin    Arg61  

  HNA - 5    HNA - 5a    Ond a         CD11a, LFA - 1,  α  L  β  2  integrin    Arg766  

    * In white people.   
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cytopenia (NAIT) and, very occasionally, febrile transfusion 
reactions. 

 Over 20 antigens have been described as platelet - specifi c 
(Table  15.15 ). These include the antigens of the various HPA 
systems, most of which are composed of a high - incidence  ‘ a ’  
allele (e.g.  HPA - 1a ) and a low - incidence  ‘ b ’  allele ( HPA - 1b ). 
However, some of the HPA antigens are not truly platelet spe-
cifi c; the HPA - 1 antigens are also found on endothelial cells, 
which might contribute to the severity of NAIT and PTP caused 
by anti - HPA - 1a. The HPA - 5 antigens have been described on 
activated T cells and probably also on endothelial cells, on the 
VLA - 2 (very late antigen - 2) membrane protein. The genetic 
basis of the HPA alleles is known for all HPA systems. Almost 
all represent SNPs encoding amino acid substitutions at differ-
ent positions on platelet glycoproteins (Table  15.15 ).   

 The platelet antibody specifi city that most frequently causes 
PTP is anti - HPA - 1a, found in 85% of cases; anti - HPA - 1b has 
been reported in 5% and anti - HPA - 3a in 7% of cases in Europe. 
Similarly, anti - HPA - 1a is the most common cause of NAIT, 
having been reported in 80% of HPA - 1a - negative mothers at 
the time of birth of an affected infant. Anti - HPA - 5b has been 
found in 15% of NAIT cases, as have occasional examples of 
anti - HPA - 1b and anti - HPA - 3a, in HPA - 1a - positive mothers in 
Europe. 

  Serological  m ethods for  p latelet  t yping and 
 a ntibody  d etection 
 Typing for platelet antigens by serology is diffi cult: sera with 
appropriate specifi city are rare, usually contaminated by HLA 
antibodies, and generally lack the adequate potency required for 
reliable typing. Serology is now often replaced by PCR - based 
DNA typing methods. 

 Serological techniques for platelet antibody detection in 
patients ’  sera include the platelet suspension immunofl uores-
cence test (PIFT), a solid - phase technology and an antigen -
 capture ELISA technique known by the acronym MAIPA 
(monoclonal antibody immobilization of platelet antigens). In 
the PIFT, HPA - typed platelets are incubated with the patient ’ s 
serum, washed, and any bound immunoglobulin detected with 
a fl uorescent anti - immunoglobulin conjugate is visualized by 
ultraviolet microscopy or fl ow cytometry. In the solid - phase 
method, platelets are anchored onto the bottom of U - well 
microtitre plates by a polyclonal rabbit/anti - human platelet 
serum. Following incubation with the patient ’ s serum, platelet -
 bound IgG is subsequently detected using anti - human IgG -
 coated indicator red cells. In the MAIPA assay, donor platelets 
are incubated successively with the patient ’ s serum and a mouse 
monoclonal antibody that recognizes a specifi c platelet mem-
brane glycoprotein complex (e.g. anti - GPIIb/IIIa, anti - GPIa/IIa 
or anti - GPIb/IX), and are then solubilized in a mild detergent 
such as Triton X - 100. Immune complexes in the resulting 
supernatant are captured into the wells of an ELISA plate coated 
with goat - anti - mouse IgG. Any human antibody present in a 

antigens), monocytes (HMA antigens), monocytes plus lym-
phocytes (HNA - 4, HNA - 5), and granulocytes and lymphocytes 
(SL). 

 Working with granulocytes is cumbersome and typing, as 
well as antibody screening, should be left to specialized labora-
tories. The techniques most widely used to detect neutrophil 
antigens and antibodies are the granulocyte agglutination test 
(GAT), the granulocyte immunofl uorescence test (GIFT) and 
the monoclonal antibody immobilization of granulocyte anti-
gens (MAIGA) assay. GAT and GIFT will detect HLA anti-
bodies, including non - complement fi xing ones that are not 
detectable by the lymphocytotoxicity test (LCT). Genotyping is 
also used for determining phenotype, but is not applicable to 
HNA - 2, because the HNA - 2 null phenotype results from a tran-
scription defect. 

 The discrimination of granulocyte - specifi c antibodies from 
granulocyte - reactive antibodies such as anti - HLA, which also 
react with other leucocyte subsets, requires access to large 
panels of HLA - typed granulocytes and lymphocytes and the 
application of tests that detect non - complement - fi xing lym-
phocyte - binding antibodies (e.g. GIFT and MAIGA). More 
recently, the Luminex technique (see above) LABScreen R  has 
been described, using recombinant antigens for HNA - 1a, HNA -
 1b, HNA - 1c and HNA - 2a and purifi ed HNA antigens for 
HNA - 4a and HNA - 5a. 

 Neutrophil antibodies can be found in as many as 3% of 
pregnant women, especially if their serum is tested against their 
partner ’ s neutrophils. However, neonatal alloimmune neutro-
penia is very rare and, as expected, associated with the presence 
of potent IgG antibodies. Neutrophil autoantibodies are usually 
IgG, although some cold - reacting IgM antibodies have also 
been reported; some may be cytotoxic. Soluble IgG - containing 
immune complexes, rather than granulocyte - binding (auto)
antibodies, may cause the neutropenia associated with Felty 
syndrome. Autoimmune neutropenia may also be caused 
by antibodies that prevent neutrophil precursor maturation 
rather than by destroying mature neutrophils, and some drug -
 dependent antibodies may also act by binding to neutrophil 
precursors.  

  Platelet -  s pecifi c  a ntigens and  a ntibodies 

 Platelets carry ABH, Lewis, Ii and P antigens, as well as HLA 
class I antigens and the platelet - specifi c human platelet antigens 
(HPA). The HLA class I antigens are predominantly HLA - A 
and HLA - B; HLA - C is only weakly expressed on platelets. In 
some individuals, HLA - A and HLA - B are barely detectable, or 
undetectable, on the platelet surface. HLA antibodies are the 
single most important cause of immunological refractoriness to 
random donor platelet transfusions, although platelet - specifi c 
antibodies occur in 3 – 9% of cases, usually in association with 
HLA antibodies. HPA antibodies are also responsible for post -
 transfusion purpura (PTP) and neonatal alloimmune thrombo-
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amplifi ed with appropriate primers and the alleles encoded sub-
sequently discriminated with allele - specifi c restriction enzymes. 
The length of the DNA fragments produced on cleavage by the 
enzymes are analysed by gel electrophoresis. In PCR - SSP, allele 
sequence - specifi c primers are used to amplify individual alleles 
and the PCR product is visualized after electrophoresis through 
agarose and staining with ethidium bromide. In these PCR -
 based typing methods, DNA extracted from lymphocytes is 
used because platelets, being anucleate, lack DNA. Amplifi cation 
of genomic DNA by PCR - SSP can be used to type donors 
and patients, even when the latter are thrombocytopenic. 
Alternatively, platelet mRNA can be converted to cDNA with 
reverse transcriptase before PCR amplifi cation by a 5 ′  - nuclease 
(Taqman) assay.  

captured monoclonal antibody – platelet glycoprotein trimo-
lecular complex is detected with an anti - human immunoglobu-
lin ELISA conjugate. Other techniques that have been used for 
platelet serology, although much less frequently, include plate-
let agglutination, the platelet radioactive antiglobulin test, 
ELISA,  51 Cr release, monocyte chemiluminescence and comple-
ment fi xation. 

 A new Luminex - based aproach, similar to one described for 
HLA antibodies, is currently being developed for the detection 
of HPA antibodies.  

  Molecular  m ethods for  p latelet  t yping 
 Two alternative strategies for PCR typing have been widely 
used. In the fi rst (PCR - RFLP), the relevant HPA genes are 

  Table 15.15    Platelet antigens. 

   System     Antigen     Previous names     Frequency (%)  *       Glycoprotein     Amino acid change  

  HPA - 1    HPA - 1a    Zw a , Pl A1     97.6    GPIIIa    Leu33  

  HPA - 1b    Zw b , Pl A2     26.8    Pro33  

  HPA - 2    HPA - 2a    Ko b     99.4    GPIb α     Thr145  

  HPA - 2b    Ko a , Sib a     14.3    Met145  

  HPA - 3    HPA - 3a    Bak a , Lek a     87.7    GPIIb    Iso843  

  HPA - 3b    Bak b     64.1    Ser843  

  HPA - 4    HPA - 4a    Yuk b , Pen a      >    99.9    GPIIIa    Arg143  

  HPA - 4b    Yuk a , Pen b      <    0.2   †       Gln143  

  HPA - 5    HPA - 5a    Br b , Zav b     99.0    GPIa    Glu505  

  HPA - 5b    Br a , Zav a , Hc a     20.0    Lys505  

  HPA - 6    HPA - 6(b)    Ca a , Tu a      <    0.01    GPIIIa    Arg489  

  Gln489  

  HPA - 7    HPA - 7(b)    Mo    0.01    GPIIIa    Pro407  

  Ala407  

  HPA - 8    HPA - 8(b)    Sr a      <    0.01    GPIIIa    Arg636  

  Cys636  

  HPA - 9    HPA - 9(b)    Max a      <    0.01    GPIIb    Val837  

  Met837  

  HPA - 10w    HPA - 10w(b)    La a      <    0.01    GPIIIa    Arg62  

  Gln62  

  HPA - 11w    HPA - 11w(b)    Gro a      <    0.01    GPIIIa    Arg633  

  His633  

  HPA - 12w    HPA - 12w(b)    Iy a      <    0.01    GPIb β     Gly15  

  Glu15  

  HPA - 13w    HPA13w(b)    Sit a      <    0.01    GPIa    Thr799  

  Met799  

  HPA - 14w    HPA - 14w(b)    Oe a      <    1    GPIIIa    Lys611 deleted  

  HPA - 15    HPA - 15a    Gov b     80    CD109    Tyr703  

  HPA - 15b    Gov a     60    Ser703  

  HPA - 16w    HPA - 16w(b)    Duv a      <    1    GPIIIa    Ile140  

  Thr140  

    * In white people.  

    †  In Japan.   
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  Plasma  p rotein  a ntigens and  a ntibodies 

 Many components of human plasma can be antigenic when 
whole blood or plasma is transfused. Problems associated with 
such antibodies represent one of the less well investigated areas 
in blood transfusion. Urticarial reactions following the transfu-
sion of blood or plasma components are not infrequent, 
although the culprit proteins are only rarely disclosed and are 
most likely to consist of haptens present in donor plasma 
derived from food ingested recently (e.g. chocolate, prawns, 
drugs). Quite often the antibodies causing the reactions are IgE, 
present in atopic recipients. Antibodies to factor VIII are not 
known to cause transfusion reactions, although they will cause 
inhibition of the activity of transfused factor VIII. Antibodies 
to IgA can lead to serious anaphylactic reactions. Antibodies to 
IgG determinants may cause problems in blood grouping, but 
their role in transfusion reactions is debatable.  
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and anti - HPA - 1b, as well as anti - HPA - 3a, anti - HPA - 2b and 
anti - HPA - 15b, and in this setting platelet - specifi c antibodies 
are usually accompanied by HLA antibodies. 

 Management of immunological refractoriness can often be 
accomplished by transfusion of platelets obtained by apheresis 
from HLA - typed donors that match the HLA type of the immu-
nologically refractory patient. The best matched platelets are 
theoretically from  ‘ A - matched ’  donors which do not express 
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ent ’ s lymphocytes. Some degree of mismatching of donor -
 recipient phenotypes may be permissible.  ‘ HLA - B - matched ’  
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A1 - A2 - B8 - B44) who have an HLA haplotype in common with 
the homozygous donor. All matched donor platelets must be 
gamma - irradiated before transfusion to prevent potentially 
fatal transfusion - associated graft - versus - host disease. 

 The provision of HLA - matched platelets is an extremely 
expensive service, so it is strongly recommended that their use 
is properly justifi ed by taking post - transfusion platelet counts 1 
or 24 hours after transfusion. In immunological refractoriness 
to platelet transfusions, the provision of HLA - matched platelets 
may not be suffi cient per se for obtaining satisfactory post -
 transfusion platelet increments; it could be that a previously 
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donor ’ s lymphocytes by LCT, might be present, or that platelet -
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good increments when transfused with HLA - matched platelets 
that gave negative LCT cross - matches, then cross - matching the 
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 If HLA - matched or cross - match (by LCT or solid phase) 
compatible platelets still do not provoke satisfactory increments 
and the presence of platelet - specifi c antibodies has been 
excluded, then it is recommended to revert to the transfusion 
of platelets from random donors. Larger than normal doses of 
platelet concentrates may be needed.    
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  Introduction 

 This chapter describes pretransfusion testing of the recipient ’ s 
blood, complications and adverse effects of blood transfusion, 
appropriate use of components and, fi nally, a description of the 
features of haemolytic disease of the newborn. The fi rst section 
deals with aspects of blood donation and collection, and the 
preparation and storage of blood components.  

  The  b lood  d onor   (Tables  16.1  and  16.2 )   

   Blood donation shall in all circumstances be voluntary. 
Financial profi t must never be a motive for the donor or 
for those collecting the donation.     

 These statements sum up the attitude of the World Health 
Organization (WHO) and the International Society of Blood 
Transfusion towards the principle of blood donation. However, 
in a number of countries worldwide, whole blood donation and 
apheresis plasma donation are remunerated. There are data 
showing that the microbiological safety of donations from paid 

donors is inferior, and stringent post - donation testing and 
viral inactivation, when possible, are required to enhance blood 
safety. 

 In general, blood donors should be healthy adults between 
the ages of 17 – 18 and 65 – 70 years. These age limits vary slightly 
worldwide, but a lower limit is set to take account of the high 
iron requirements of adolescence. An upper limit is necessary 
because with age there is an increase in medical conditions that 
might make blood donation more hazardous and which increase 
the probability that coincidental accidents may be attributed to 
the act of giving blood. Pregnant and lactating women are not 
accepted as donors of allogeneic blood, again because of high 
iron requirements. 

 Because donors should be fi t healthy individuals, no dona-
tions should be accepted from those who have ever suffered 
from cancer, diabetes, or heart or kidney disease. Those with 
severe allergic disorders should not give blood because recipi-
ents may develop temporary hypersensitivity reactions due to 
passively transfused antibodies. 

  Minor  r ed  c ell  a bnormalities 

 Donors with minor red cell abnormalities, such as thalassaemia 
trait, sickle cell trait and hereditary spherocytosis, are perfectly 
acceptable, providing that the haemoglobin (Hb) screening test 
excludes anaemia. Red cells containing HbS have limited sur-



Clinical blood transfusion

269

  Haemoglobin  e stimation 

 A test to exclude anaemia is performed before donation. A 
convenient and widely used method depends on the specifi c 
gravity of a drop of blood, obtained by means of a fi ngerprick. 
An estimate of the haemoglobin value can be made, depending 
on whether the drop of capillary blood sinks in a copper sul-
phate solution of known specifi c gravity. According to the EU 
Blood Directive, the haemoglobin standard for male donors is 
13.4   g/dL and for female donors is 12.4   g/dL, although lower 
limits have been introduced in some countries. The copper 
sulphate method tends to underestimate the haemoglobin value 
and may lead to unnecessary rejection of donors. On the other 
hand, the specifi c gravity of whole blood does not depend solely 
on the haemoglobin content of red cells and a pathological rise 
in plasma protein level or total white cell count (e.g. myeloma, 
chronic myeloid leukaemia) can lead to an anaemic donor 
passing the haemoglobin test. An alternative rapid simple color-
imetric test using fi lter paper has been tried by WHO and is 
used in some countries. Many transfusion services use portable 

vival under conditions of reduced oxygen tension and so should 
not be transfused to newborn infants and patients with hypoxia 
or sickle cell disease. Red cells with HbS obstruct leucodepletion 
fi lters and it is therefore advisable, in the UK, to defer such 
people from blood donation. Blood from donors with glucose -
 6 - phosphate dehydrogenase defi ciency survives normally, 
unless the recipient is given oxidant drugs.  

  Volume of  b lood  t aken 

 Modem blood collection packs are designed to hold 450    ±    45   mL 
of blood, mixed with 63   mL of citrate - phosphate - dextrose - 
adenine (CPD - A) anticoagulant. The ratio of anticoagulant to 
blood must be maintained at the optimal level, and donations 
of less than 405   mL or more than 495   mL of blood should not 
be issued for clinical use. Healthy donors can generally with-
stand the loss of 450   mL of blood without any ill effect, but 
vasovagal reactions become more common in those who weigh 
less than 50.0   kg, as the standard donation represents a greater 
proportion of their total blood volume. The allowable donation 
frequency is generally 16 weeks in the UK, with a minimum of 
12 weeks. In some countries, such as China and Japan,  ‘ under-
weight ’ , otherwise healthy, donors may donate smaller volumes 
(250   mL) of blood into specially designed packs containing the 
appropriate volume of anticoagulant. In several countries, 
including the UK, double doses of red cells are collected by 
apheresis from suitable large donors; such units are very useful 
for decreasing donor exposure in multitransfused patients such 
as those with  β  - thalassaemia major.  

  Table 16.1    Measures to protect the donor. 

  Age 17 – 70 years (60 at fi rst donation) 

 Weight above 50   kg (7 st 12 lb) 

 Haemoglobin  >    13   g/dL for men, 12   g/dL for women 

 Minimum donation interval of 12 weeks (16 weeks advised) and 

three donations per year maximum 

 Pregnant and lactating women excluded because of high iron 

requirements 

 Exclusion of those with: 

    Known cardiovascular disease, including hypertension 

    Signifi cant respiratory disorders 

    Epilepsy and other CNS disorders 

    Gastrointestinal disorders with impaired absorption 

    Insulin - dependent diabetes 

    Chronic renal disease 

    Ongoing medical investigation or clinical trials 

 Exclusion of any donor returning to occupations such as driving 

bus, plane or train, heavy machine or crane operator, 

mining, scaffolding, etc. because delayed faint would be 

hazardous  

  Table 16.2    Conditions in the donor that lead to deferral. 

  All potential donors provided with information, so those at risk 

of HIV through lifestyle will refrain from donation (sexual 

practices, piercing, tattooing) 

 Donors with history of hepatitis deferred until 12 months after 

recovery 

 Exclusion of all potential donors who have themselves received a 

blood component transfusion since 1980 (due to risk of third 

party vCJD transmission) 

 Exclusion of those who have received pituitary - derived hormones 

or cadaveric dura mater or corneal grafts, and those with 

family history of CJD 

 Exclusion of those whose travel history places them at risk of 

malaria, Chagas disease (unless antibody test available) and 

SARS 

 Permanent exclusion of any donor who has had fi lariasis, 

bilharzia, yaws or Q fever 

 Exclusion for varying time periods following vaccinations 

 Exclusion after known exposure to infectious illnesses such as 

varicella 

 Exclusion of anyone with a malignant condition except fully 

excised BCC of skin 

 Exclusion of those with diseases of unknown origin, e.g. Crohn ’ s 

disease 

 Donor deferral for most drugs based on the underlying illness, 

e.g. cardiovascular, diabetes, malignancy, anaemia 

 Exclusion of those taking teratogenic drugs or those that 

accumulate in the tissues  

   BCC, basal cell carcinoma; SARS, severe acute respiratory 

syndrome; vCJD, variant Creutzfeldt – Jakob disease.   
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  Hazards of  a llogeneic  b lood  t ransfusion 

 A number of diseases have the potential to be transmitted by 
transfusion of blood or its components. Donor selection criteria 
and subsequent testing of all donations are designed to prevent 
such transmission (Table  16.3 ).   

 The viruses that pose the greatest potential risk for transmis-
sion by transfusion are those that have long incubation periods 
(often causing subclinical infection), and especially those that 
may be carried by asymptomatic individuals for many years, or 
even lifelong. Alternatively, some viruses that are transfusion 
transmissible exhibit cell - associated latency. If the virus is latent 
in white blood cells, recrudescence of that virus, stimulated by 
allogeneic transfusion, can cause infection of the recipient. 

 More rarely, a few viruses causing acute infection can be 
transmitted in the short presymptomatic viraemic phase if this 
coincides with the time of blood donation. Such agents pose a 
risk only if recipients have not been previously infected and 
donors have become infected during an epidemic period (e.g. 
parvovirus B19) or after visiting endemic countries (e.g. hepa-
titis A). Theoretically, respiratory infections such as infl uenza 
and severe acute respiratory syndrome (SARS) may also pose a 
potential risk. 

 Bacteria, especially skin contaminants and blood - borne para-
sites, are also potentially transmissible by blood transfusion. 
The key transfusion - transmissible agents are summarized in 
Table  16.4 .   

haemoglobinometers on donors who fail the copper sulphate 
test, or as an alternative screening test. A relatively inexpensive 
portable haemoglobinometer can signifi cantly reduce the 
number of unnecessary rejections.  

  Donation  i ntervals 

 A donation of 450   mL of blood contains approximately 200   mg 
of iron, which is lost to the body. Studies have shown depletion 
of iron stores in those who give three or four blood donations 
per year, but overt iron defi ciency anaemia is uncommon 
except in female donors of childbearing age. In general, donors 
are given the opportunity to donate two or three times per year 
in the UK (minimum interval 16 weeks), but some donors are 
able to donate more frequently without any signifi cant iron 
depletion. When it is standard practice to take donations at 
shorter intervals, appropriate monitoring and/or iron supple-
ments are recommended.  

  Hazards of  b lood  d onation 

 The most common hazard of blood donation is fainting, 
reported in 2 – 5% of all donors, but being especially common 
in young people and in those donating for the fi rst time, par-
ticularly if they are nervous or apprehensive. A sympathetic 
approach by blood collection staff, provision of a drink prior to 
donation, enforcement of an adequate rest period, and constant 
vigilance to detect warning signs of an impending vasovagal 
attack can help avert this problem. Once a faint occurs, the 
standard treatment of rest in a horizontal position and elevation 
of the legs is usually suffi cient. Delayed faints occurring after a 
donor has left the clinic are potentially hazardous and a con-
traindication to further donation. For this reason, those donors 
who are drivers, machine operators, scaffolders and so on 
should not return to work on the day of donation. Infection of 
the venepuncture site should be avoided by meticulous atten-
tion to skin cleansing and aseptic techniques. 

 All blood collection packs are manufactured as integral sets; 
each needle is sterile, to be used only once. No pack should be 
reused (even on the same donor) if the initial venepuncture 
attempt fails. Bruising of the arm may occur, particularly when 
venous access has been diffi cult; fi rm pressure over the site for 
2 – 3   min and an explanation to the donor are usually suffi cient. 
In the very rare event of arterial puncture, elevation of the limb 
and fi rm pressure over the site for 10 – 15   min should be com-
bined with prolonged rest if a whole donation has been taken, 
as the rate of blood donation under such circumstances is 
usually very rapid. Very occasionally, attempted venepuncture 
may result in trauma to the nerves in the arm, resulting in pain, 
paraesthesiae and numbness. Such symptoms generally resolve 
in a few days, but very rarely may take several months of recov-
ery. Even rarer complications are aneurysms and arteriovenous 
fi stulae, following arterial punctures.  

  Table 16.3    Measures to protect the recipient. 

   Measure     UK currently  

  Donor selection    Yes  

  Donor deferral/exclusion    Yes  

  Stringent arm cleansing    Yes  

  Diversion of the fi rst 20 – 30   mL of blood 

collected  

  Yes  

  Microbiological testing of donations    Yes  

  Immunohaematological testing of 

donations  

  Yes  

  Leucodepletion of cellular blood 

components  

  Yes  

  Post - collection viral inactivation of FFP 

(e.g. MB or SD treatment)  

  For at - risk patients  

  Safest possible sources of donors for 

plasma - based products  

  For at - risk patients  

  Monitoring and testing for bacterial 

contamination  

  Under evaluation  

  Pathogen inactivation of cellular 

components (e.g. psoralens)  

  No  

  Prion fi ltration    No  

   MB, methylene blue; SD, solvent - detergent.   
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  Table 16.4    Transfusion - transmissible agents. 

   Agents          Characteristics related to transfusion  

   Viruses   

  Hepatotropic    HAV    Very rarely transfusion transmitted during incubation; no carrier state; 

faecal – oral transmission  

  HEV    As above but person - to - person spread is rare  

  HBV    2 – 6 month incubation period; carrier state; readily transmissible by blood  

  HCV    Majority of cases asymptomatic; carrier state; readily transmissible by blood  

  Retroviruses    HIV - 1 and HIV - 2    Carrier state and latent in WBCs; readily transmissible by blood  

  HTLV - I and HTLV - II    Latent in WBCs  

  Herpesviruses    CMV    50% of UK adults have been infected; latent in WBCs  

  EBV    Most UK adults have been infected (therefore already exposed pre transfusion); 

latent in WBCs  

  Others    Parvovirus B19    Generally mild or asymptomatic, posing no transfusion risk except for 

non - immune aplastic anaemia patients and fetuses  

  Approximately two - thirds of UK adults have been infected  

  Seasonal variation (and epidemic years) in incidence rate  

  West Nile virus    Recently exhibiting epidemic rates of transmission in summer months in North 

America  

  Dengue virus    Transfusion transmission has been reported in Asia  

   Bacteria   

  Endogenous     Treponema pallidum     Inactivated by storage at 4 ° C  

  No transfusion transmissions reported in the past 15 years  

   Yersinia enterocolitica     Very occasional transmissions, usually contaminated red cells transfused late in 

the storage period  

  Exogenous    For example  Staphylococcus 

epidermidis ,  Micrococcus , 

 Sarcina   

  Mainly skin commensals or contaminants  

  Most common cause of platelet contamination  

   Parasites   

      Malaria    Only fi ve verifi ed transfusion cases reported in UK in 25 years (all  Plasmodium 

falciparum )  

      Chagas disease    No transmission of  Trypanosoma cruzi  by transfusion has been reported in UK; 

many cases in Latin America  

   Prions   

      Abnormal PrP    Transfusion risk from vCJD. Only fi ve possible cases of transmission in 12 years 

(three with disease)  

   WBCs, white blood cells.   

  Hepatitis  v iruses 
 Donors with a history of hepatitis are deferred for 12 months. 
The hepatitis viruses can be transmitted in cellular and plasma 
components, as well as plasma products. 

 When serum from an individual with hepatitis B virus (HBV) 
is ultracentrifuged and examined with the electron microscope, 
three types of particle may be seen. The large (42 - nm diameter) 
Dane particle is the actual virus with its central nucleocapsid 
core, which has its own antigenic constituent HBc. The core 
contains partially double - stranded DNA and DNA polymerase, 

and is surrounded by a lipoprotein coat carrying the hepatitis 
B surface antigen (HBsAg). The other two types of particles are 
18 – 22   nm rods and spheres and represent overproduction of 
surface antigen material. HBsAg can be detected for a few 
months only in cases of acute HBV infection, or for years in 
chronic carriers. The HBe antigen is in soluble form and is 
present in the incubation period, during acute infection and 
during the fi rst years of the carrier phase. HBeAg is a marker 
of high infectivity. Dane particles are very rare in the plasma 
of low - infectivity carriers. When HBc disappears, anti - HBc 
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 Hepatitis E virus is similarly rarely transmitted by transfu-
sion. Like hepatitis A virus, hepatitis E has a short incubation 
period and no carrier state. Unlike hepatitis A it is rarely trans-
mitted from person to person. 

 The so - called  ‘ hepatitis G ’  virus (more correctly classifi ed as 
GB virus - C) is not hepatotropic. Although transmissible by 
transfusion, it is asymptomatic and has not been associated with 
any pathology.  

  Human  i mmunodefi ciency  v irus ( HIV  -  l  and  HIV  - 2) 
 The classical descriptions and the vast majority of the literature 
on AIDS refer to HIV - 1; a second retrovirus capable of causing 
AIDS, HIV - 2, mainly occurs in West Africa. 

 Human immunodefi ciency virus (HIV) can be transmitted 
in both cellular and plasma components (platelets, white cells, 
single donor plasma, fresh - frozen plasma and cryoprecipitate). 
Most of the patients infected by the transfusion of blood com-
ponents were transfused before the introduction of screening of 
blood donations for HIV antibodies. Moreover, the majority of 
recipients of blood products who were infected in the past were 
transfused before 1985 with unheated non - pasteurized pooled 
plasma products, mainly factor VIII and factor IX concentrates. 
Thus, HIV infection became an important sequel to transfusion 
of factor VIII concentrates to haemophiliacs in the early 1980s, 
before the introduction of heat treatment and other viral inac-
tivation methods. HIV is more heat labile than HBV, especially 
when in solution. Prolonged heat treatment and other viral 
inactivation methods of plasma products are effective means of 
protecting haemophiliacs from infection. 

 Albumin solutions are pasteurized, and carry no risk of HIV 
transmission. Similarly, intramuscular immunoglobulin prepa-
rations are rendered safe from HIV infectivity by their manu-
facturing processes. 

 Certain behaviour patterns place individuals at greater risk 
of HIV infection. Accordingly, male homosexuals and bisexu-
als, intravenous drug users and prostitutes are permanently 
deferred from blood donation. The sexual partners of such 
individuals and of haemophiliacs treated with blood products 
are also excluded. In addition, large areas of sub - Saharan Africa 
and Southeast Asia have a high incidence of HIV seropositivity 
in the general population. Inhabitants of these areas and their 
partners are also considered to be at greater risk of HIV infec-
tion than heterosexual non - drug users in other areas of the 
world. Donor education and encouragement of those whose 
behaviour may have exposed them to HIV to exclude them-
selves from blood donation are highly cost - effective methods 
for the prevention of transmission of HIV infection by blood 
transfusion. Systems for donor selection and deferral should 
continue to be in place, even in the presence of sensitive assays 
for the detection of infectious donors. 

 In most HIV - infected subjects, antibody develops within 3 – 4 
weeks and coexists with the virus thereafter. Hence, HIV sero-

appears, persisting for a long time, in the presence or absence 
of HBsAg. All donations are tested for the presence of HBsAg 
by sensitive enzyme - linked immunosorbent assays (ELISAs) 
that can detect at least 0.2   IU/mL of HBsAg. 

 Hepatitis C virus (HCV) is recognized as the cause of the 
majority of cases of what was previously known as non - A non - B 
(NANB) hepatitis. Although electron microscopic visualization 
of HCV has not been verifi ed, its genome has been cloned and 
ELISAs have been developed in which cloned and/or synthetic 
peptides can react with antibody to HCV. Combined antigen 
plus antibody detection tests are also available. 

 Individuals with a history of jaundice may be accepted as 
donors, provided that they have been shown to be negative for 
markers of HBV and HCV. Clinical jaundice may be due to 
causes other than HBV and HCV, including non - viral causes; 
also, the majority of donors who are positive for HBsAg have 
no such history, so there is no sense in rejecting all people who 
give a history of clinical jaundice. In the UK, the incidence of 
HBsAg in fi rst - time blood donors is approximately 1 in 2000 
and in established donors (i.e. new infections) less than 1 in 
100   000. HBsAg - positive subjects are permanently excluded 
from donation, and should be under specialist follow - up, as 
they have an increased risk of developing chronic liver disease 
and hepatocellular carcinoma. 

 Although the transmission of HBV by blood and blood com-
ponents has been virtually eliminated, HBsAg testing will not 
exclude all donors capable of transmitting HBV, as the sensitiv-
ity of presently available serological techniques may allow as 
many as 10 4  – 10 6  HBV genome copies per mililitre of plasma to 
remain undetected. The introduction of screening for anti - HBc 
and/or HBV DNA would reduce the very low risk of transmis-
sion of HBV yet further. Although reports of clinically apparent 
post - transfusion hepatitis are very rare in the UK, HBV DNA 
testing (as part of a  ‘ triplex ’  assay that also detects HIV and 
HCV RNA) has been introduced in the UK in line with several 
other countries. 

 In the USA, before screening for anti - HCV was introduced, 
about 10% of transfusions caused signifi cant increases in 
transaminase activity in recipients, the so - called NANB hepati-
tis. There were also occasional cases of symptomatic hepatitis. 
Acute HCV infection is usually mild, but a proportion of 
patients do develop chronic liver disease, with a risk of hepato-
cellular carcinoma. Confi rmed rates of HCV positivity in the 
UK are 1 in 2000 for new donors and less than 1 in 100   000 
for repeat donors. Methods of heat inactivation and solvent -
 detergent treatment of factors VIII and IX prevent transmission 
of HCV. Haemophiliacs who have received effectively inacti-
vated factor VIII have proved negative for anti - HCV, in con-
trast with those who received untreated concentrate. 

 Hepatitis A virus is rarely transmitted by transfusion. Any 
donor who has been in close contact with a case (e.g. household 
contact) or developed hepatitis A is deferred for 12 months. 
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HTLV - I and HTLV - II are cell associated and not transmitted 
in plasma. In highly endemic areas, transmission of HTLV - I by 
transfusion was relatively common before mandatory screening 
was introduced. Both tropical spastic paraparesis and adult 
T - cell leukaemia have been associated with transfusion - trans-
mitted HTLV - I. 

 In areas of low prevalence of HTLV - I and HTLV - II infection, 
the cost benefi t of mandatory screening of blood donations has 
been a matter for debate. Routine serological screening is by 
ELISA, but confi rmation of positive results can still cause dif-
fi culties because other retroviruses may cross - react. In certain 
cases, it may also be diffi cult to differentiate between HTLV - I 
and HTLV - II in the laboratory. The prevalence of anti - HTLV 
in previously untested UK blood donors is roughly 1 in 50   000. 
Screening using a sensitive ELISA for anti - HTLV - I/II on pooled 
plasma samples became mandatory in 2002. In the UK the 
residual risk of transmission of HTLV by transfusion is esti-
mated to be approximately 1 in 24 million donations (fi gures 
for UK residual risk 2006 – 2008 courtesy of Lisa Brant).  

  Cytomegalovirus 
 Although most cases of post - transfusion cytomegalovirus 
(CMV) infection are subclinical, the syndrome of post - transfu-
sion infectious mononucleosis - like illness is well recognized, 
especially after the transfusion of large amounts of blood. The 
infection is characterized by fever, splenomegaly and atypical 
lymphoid cells in the peripheral blood, with a negative Paul 
Bunnell test. The usually benign course of CMV infection in 
recipients and the high prevalence of CMV antibodies in the 
general population have meant that there has been no necessity 
to screen all donors for evidence of past infection. However, 
immunosuppressed individuals are at great risk from poten-
tially fatal pneumonitis or disseminated CMV infection, and 
these recipients require special measures to prevent CMV 
transmission. 

 The groups at particular risk include premature babies 
weighing less than 1500   g, bone marrow and other organ trans-
plant recipients, and pregnant women (the fetus is at risk). In 
such cases, if the patient (and the organ/cell donor) or the 
mother (in the case of neonates) lacks evidence of past CMV 
infection, then anti - CMV - free blood and blood components 
should be provided. This may cause logistical problems, espe-
cially with platelet supplies, as the prevalence of anti - CMV in 
the UK adult population is 50 – 60%. Although only a small 
number of antibody - positive donors may be capable of trans-
mitting the infection, there is no test for infectivity. Thus, all 
antibody - positive donors should be considered as having 
the potential to transmit CMV. As CMV is cell associated, effec-
tive leucodepletion should provide similar levels of safety as 
serological testing. This has not been demonstrated by pro-
spective parallel studies, although observational studies are 
supportive.  

positivity is an indicator of infectivity. The tests that lend them-
selves most readily to the rapid mass screening required in 
blood transfusion are all ELISA or chemiluminescence based. 
As many of the commercially available kits have some false -
 positive reactions, mainly due to cross - reactivity, confi rmatory 
tests using alternative methodologies are carried out before a 
positive result is reported. 

 Routine screening, combined with the well - established donor 
education and self - deferral schemes, have reduced even further 
the already small risk of the transfusion of a contaminated 
donation. There have been only four documented cases of HIV 
transmission by transfusion in the UK since screening began in 
1985. The small residual number of HIV transmissions through 
screened blood will arise through donations given in the 
 ‘ window period ’  of infectivity, i.e. soon after the donor has been 
infected but before anti - HIV has become detectable (as in the 
four UK documented cases referred to), or potentially through 
system errors. With current combined antigen – antibody 
screening techniques, the window period has been estimated to 
be less than 2 weeks on average. With the recently introduced 
nucleic acid test (NAT) for HIV RNA, the window period has 
decreased to approximately 7 days. The prevalence of HIV anti-
bodies in repeat UK blood donors is less than 1 in 100   000, and 
is 1 in 25   000 in new donors; there is no doubt that energetic 
donor education has contributed to this very low rate by exclud-
ing high - risk individuals. In areas of low HIV incidence, the 
number of extra donors detected by NAT screening will be 
extremely small. In the UK, combined antigen – antibody sero-
logical testing has proved extremely effective, although NAT for 
HIV has been introduced as part of a triplex assay for HCV, 
HIV and HBV (see above). 

 In England and Wales in 2008, it was estimated that the 
residual risk of HIV infection by transfusion, per donation, was 
approximately 1 in 5.4 million. Although small, the risk of HIV 
transmission by transfusion is greater in the USA (approxi-
mately 1 per million donations) than in the UK.  

  Human  T  -  c ell  l eukaemia  v iruses 
 Human T - cell leukaemia viruses (HTLV - I and HTLV - II) are 
related retroviruses. The importance of HTLV - II is not clear; it 
appears to be associated with intravenous drug use in the 
Western world and has no known association with any clinical 
condition. However, HTLV - I is endemic in the Caribbean, 
parts of Africa and in Japan, where 3 – 6% of the population are 
seropositive. The virus is transmitted from mother to child 
through breast - feeding. Infection with HTLV - I is associated 
with at least two distinct clinical conditions; it can occasionally 
lead to adult T - cell leukaemia, with an incubation period of 
approximately 20 years, and, on even rarer occasions, to tropi-
cal spastic paraparesis (also known as HTLV I - associated mye-
lopathy), with a shorter incubation period. Only about 1% of 
patients who are seropositive develop T - cell leukaemia. Both 
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hosts. The annual outbreaks in recent years in the USA and 
Canada have resulted in several transmissions by transfusion, 
with severe morbidity and mortality in immunosuppressed and 
elderly patients. This has necessitated the introduction of NAT 
screening of donors in these countries and the temporary exclu-
sion, in non - endemic countries such as the UK, of donors who 
have visited North America. A similar situation pertains with 
two other arboviruses, dengue virus (which has caused two 
reported instances of transfusion transmission to date) and 
Chikungunya fever virus in French departments. 

 Hepatitis A and hepatitis E viruses, both acute infections with 
short periods of viraemia and no carrier state, have also occa-
sionally been transmitted by transfusion. The possible risk from 
respiratory viruses with transient viraemia such as SARS and 
infl uenza viruses is being monitored internationally. No trans-
missions by transfusion have been reported.  

  Bacteria 
 Although rare in absolute terms (approximately three to four 
cases are reported and confi rmed per year in the UK), bacterial 
transmissions by transfusion constitute two - thirds of all 
reported microbial transmissions by this route in the UK and 
often prove fatal. The vast majority of such cases are due to 
contaminated platelet preparations that are more than 3 days 
old, because bacteria (mostly skin commensals) proliferate 
easily at room temperature. This risk is now far greater than 
that posed by viruses because of the introduction of viral screen-
ing of blood donations by sensitive ELISAs and NAT. UK blood 
services have introduced enhanced methods of donor arm 
cleansing, and  ‘ diversion ’  of the fi rst 20   mL of the donation to 
reduce the risk from skin contaminants. Routine bacterial 
screening of platelet preparations is in place in Scotland and 
Wales. In England, a proportion of platelet concentrates 
undergo bacterial screening during long weekends, in order to 
extend the shelf - life from 5 to 7 days. The UK Serious Hazards 
of Transfusion (SHOT) 2008 report cites four (platelet) units 
transmitting bacteria. These resulted in one fatality directly 
caused by the transfusion, one fatality in which the transfusion 
was implicated and one case of major morbidity. Three other 
 ‘ possible ’  bacterial transmission complications were noted.  

  Prions 
 Variant Creutzfeldt – Jakob disease (vCJD), the human form of 
bovine spongiform encephalopathy (BSE), is considered a 
potential threat to blood safety. This risk remains mainly appli-
cable to the UK, where nearly 170 cases of vCJD had been 
reported by 2009. Therefore, plasma for fractionation (and 
fresh - frozen plasma for infants and children not exposed to the 
risk of BSE in food) is obtained from the USA. Appropriate 
donor exclusions and the introduction of leucodepletion of all 
blood components are other precautionary interventions. It has 
been shown experimentally that BSE acquired in sheep, by 
eating contaminated beef, can be transmitted by blood transfu-

  Syphilis 
 According to WHO data, the global incidence of syphilis has 
increased in recent years. Each donation is tested by a serologi-
cal test for syphilis. Although  Treponema pallidum  does not 
survive well at 4 ° C and red cell preparations are likely to be 
non - infective after 4 days ’  refrigeration, passive transmission of 
the antibody to a recipient could cause diagnostic confusion. 
The organism is more likely to be transmitted in platelet con-
centrates, due to their room temperature storage and short 
shelf - life. Any donation from an individual giving a positive 
result is discarded, and subjects with positive tests are perma-
nently debarred from donation, even after effective therapy. In 
the past, syphilis testing was believed valuable as a surrogate 
marker for lifestyles known to be associated with high risk 
of HIV infection. Sensitive HIV assays have reduced this 
usefulness.  

  Malaria 
 Malarial parasites remain viable in blood stored at 4 ° C and are 
readily transmissible by blood transfusion. In some endemic 
areas, all recipients are treated with antimalarial drugs. In non -
 endemic areas, there is a real risk of failure to recognize post -
 transfusion malaria owing to the rarity and unexpectedness of 
the infection. This fact, combined with increasing travel to 
tropical areas, necessitates the careful vetting of blood donors 
by direct questioning and, in some centres, by tests for malarial 
antibodies. In the UK, donors with a history of possible malaria 
exposure (provided it was more than 6 months previously and 
they are free of symptoms) can be accepted if they are negative 
by ELISA for malarial antibodies.  

  Other  i nfections 
 There are no other protozoal or microbiological diseases (for 
which tests are available) that pose a signifi cant problem in the 
context of blood transfusion in the UK. However, diseases such 
as Chagas disease cause signifi cant problems for the blood 
transfusion services in Latin America, and potential exposure 
of UK donors necessitates stringent donor selection criteria and 
specifi c serological testing of those individuals to exclude the 
possibility of infection. 

  Babesia microti , the agent of Nantucket fever, still poses a 
risk in certain areas of the USA. There are very few reports of 
possible transmission of  Leishmania donovani , all outside 
Europe. Subjects giving a history of brucellosis are not accepted 
as donors in the UK due to the risk of transmission of this 
agent. 

  Other  v iral  r isks of  t ransfusion 
 Acute infections, although associated with short phases of virae-
mia, can pose transmission risk by transfusion especially if their 
incidence is high. This has been amply demonstrated by West 
Nile virus (WNV) in North America. WNV is an arthropod -
 borne infection of birds, with humans and horses as incidental 
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sickle cell disease patients. Ideally, girls and women of child-
bearing age should be matched for c and K, as anti - c and anti - K 
are, after anti - D, the major causes of severe haemolytic disease 
of the newborn (HDN) in the UK. 

 All donations are also screened for the presence of atypical 
red cell alloantibodies by testing against group O red cells that 
are selected to bear the most common blood group antigens, 
ideally in double dose. The incidence of clinically signifi cant red 
cell alloantibodies in blood donors is very low (0.3%) compared 
with the incidence in potential recipients (1 – 2%). Donations 
with potent clinically signifi cant alloantibodies are not issued 
to hospitals. Group O blood for emergency or  ‘ fl ying squad ’  use, 
which in exceptional circumstances may be given to ungrouped 
recipients, should be given as red cells in additive solution such 
as saline - adenine - glucose - mannitol (SAGM) in order to avoid 
problems that might be caused by high - titre anti - A,B in donor 
plasma. As soon as the patient ’ s group is known, group - specifi c 
blood should be given. If group O platelets have to be given to 
non - O recipients, donors with high - titre anti - A,B should be 
excluded as the providers of the plasma used to suspend the 
platelets; alternatively, platelet - additive solutions can be used to 
replace most of the plasma. 

 Some donations are screened for CMV antibodies for patients 
in need of CMV - negative blood. Units from donors at risk are 
screened for malaria antibodies, Chagas disease antibodies and 
for HbS (sickle trait).  

  Residual  m icrobial  r isk of  a llogeneic  b lood 
 t ransfusion 

 The residual risks of microbial transmission are now so low in 
the UK that the prospective studies to determine them would 
be too large to be practical. Risk is therefore calculated from the 
length of the window period (prior to laboratory detectability 
of the infection) and the rate of new infections (incidence) for 
specifi c viruses. The calculated residual risks per donation in 
England and Wales for HIV, HBV and HCV are approximately 
1 in 5.4 million, 1 in 0.9 million and 1 in 72 million respectively 
(fi gures for UK residual risk 2006 – 2008 courtesy of Lisa Brant). 
These calculations are consistent with  ‘ haemovigilance ’  reports 
in the UK SHOT scheme. Indeed, acute microbial transmissions 
in 2008 constituted less than 1% of all reported hazards, with 
 ‘ incorrect blood component transfused ’  being the major 
reported risk. The low microbial risk is a result of a series of 
incremental safety interventions becoming ever more complex 
and costly. Bacterial transmissions continue to pose the major 
microbial risk of blood transfusion. 

 In this context, reduction in pathogen - inactivation tech-
niques is likely to prove cost -  ineffective , unless a safe single 
treatment becomes available for blood prior to component 
separation, existing safety interventions can be reduced or 
discontinued, or  ‘ emerging ’  microbial risks are considered to 
pose a suffi cient threat. In any case, if pathogen - inactivation 

sion to other sheep. As it is not known how many people could 
be infected with vCJD and because of the reports of at least three 
possible transfusion - associated cases of vCJD transmission, 
recipients of blood and blood products have been excluded as 
blood donors in the UK. In addition, vCJD prion has been 
detected in spleen and/or lymph nodes in two recipients of 
blood and blood products from donors diagnosed with vCJD 
subsequent to donation. Both recipients died of unrelated 
causes, with no clinical manifestations of vCJD. Interestingly, 
one was a haemophilia patient. The implicated blood donations 
were all made prior to the introduction of leucodepletion. As 
yet no screening tests are available for testing blood donations, 
although several companies are claiming to have made progress. 
In addition, two companies have reported success with a special 
fi lter to remove abnormal prions from red cell units; these 
claims are under investigation.    

  Laboratory  t ests on  b lood  d onations  
 (Table  16.5 )   

 Samples for laboratory testing are taken at the time of donation 
in order to avoid later entry into the sterile blood pack. The 
routine tests are automated if large numbers of donor samples 
are tested daily, as is the case in blood centres in the UK.   

 All blood donors in the UK are tested at each donation for 
syphilis, HBsAg, anti - HIV - 1 and anti - HIV - 2 and HIV antigen, 
anti - HCV, HCV and HIV RNA, HBV DNA, and anti - HTLV. 
ABO and RhD grouping are determined routinely on each occa-
sion. Typing for other Rh antigens (C, E, c and e) and K is now 
routinely performed on all blood donations in the UK. 
Phenotyping for antigens other than ABO, Rh and K is only 
performed on a restricted number of units in order to match 
blood for special cases, such as alloimmunized patients and 

  Table 16.5    Microbial testing in England and North Wales. 

  HIV    ELISA (combined HIV - 1 antigen plus 

anti - HIV - 1 and anti - HIV - 2); NAT for RNA  

  HBV    HBsAg ELISA; NAT for DNA  

  HCV    Anti - HCV ELISA plus NAT for RNA  

  HTLV    Anti - HTLV ELISA (on pools of samples)  

  CMV    Anti - CMV for immunosuppressed recipients 

only  

  Malaria    Antibody screening of potentially exposed 

donors  

  Chagas disease    Antibody screening of potentially exposed 

donors  

  Bacteria    All donations are tested for antibody to 

syphilis; the option to test platelet 

preparations by culture methods is under 

review  
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 volume transfusions to neonates (e.g. cardiac surgery). Currently 
in the UK, platelets are normally stored in CPD - plasma either 
from one of the four pooled donations, in the case of  ‘ buffy 
coat ’  platelets (see below), or as part of the apheresis collection. 
Alternatively they can be resuspended in 70% platelet additive 
solution and 30% plasma, especially for patients in whom expo-
sure to plasma is contraindicated or when the potency of anti -
 A,B in group O platelets needs to be reduced for non - O 
recipients. For patients with severe allergic reactions to plasma 
proteins, platelets can be suspended in 100% additive solution, 
but this limits the shelf - life to 24 hours due to the lack of plasma 
to maintain platelet function.    

  Blood  c omponents 

  Preparation and  s torage of  b lood 
 c omponents 

 There are no specifi c clinical indications for the transfusion of 
whole blood, and the vast majority of blood that is transfused 
is therefore separated into its component parts. This is achieved 
by the collection and separation of whole blood donations, or 
by collection of specifi c components from donors by apheresis. 
A multiple  ‘ bottom and top ’  blood collection pack is used 
(Figure  16.1 ) if the donation will be used to make platelets; 
otherwise, a simpler  ‘ top and top ’  system is used to make red 
cells and plasma. The blood donation is taken into the main 
pack, which contains standard CPD anticoagulant. In the 
bottom and top system, after centrifugation, whole blood is 
separated into plasma at the top, a buffy coat in the middle and 
red cells at the bottom (Figure  16.1 ). Fresh plasma is expressed 
from the top and red cells from the bottom of the pack, leaving 
the buffy coat in the original pack. The red cells are transferred 
to a pack containing an optimal additive solution to preserve 
red cell function during storage. The resulting red cells have a 
shelf - life of 35 – 42 days (35 days in the UK).   

 The plasma is then kept to resuspend the platelets, or frozen 
either for clinical use as FFP or it can be subjected to a fractiona-
tion process for the manufacture of intravenous immunoglobu-
lin, albumin, anti - D, specifi c antiviral immunoglobulins and 
coagulation factors. However, at present it is not permitted to 
use UK plasma for fractionation because of concerns over the 
possible transmission of vCJD by blood products. 

 The buffy coat layer contains most of the platelets, over 80% 
of the white cells and 5 – 10% of the red cells. This is pooled with 
three other buffy coats and more than 200   mL of plasma from 
one of the donations, preferably from a male donor, using a 
sterile connecting device (Figure  16.2 ). The pool undergoes a 
second gentle centrifugation step and the supernatant is used 
to produce a platelet preparation. The residue from the buffy 
coat pool, containing mainly white cells and red cells, is then 
discarded.   

techniques such as photochemical inactivation are introduced, 
we need to ensure that the blood component is not affected in 
its immunogenicity or effi cacy, and that the benefi ts of their 
introduction outweigh the risks. 

 In the UK, because of the risk of vCJD, fresh - frozen plasma 
(FFP) for paediatric use is imported from the USA. It has 
recently been recommended that all FFP for use in the UK 
should be imported. However, because the residual risk of viral 
transmission by transfusion is greater in the USA than in the 
UK, all imported plasma is subjected to pathogen inactivation 
with methylene blue.   

  Storage of  b lood 

 When blood is stored in a liquid state there is a progressive loss 
of viability of the red cells, and of red cell ATP, and depletion 
of 2,3 - diphosphoglycerate (2,3 - DPG). The purpose of modern 
anticoagulants used for the collection of blood, and additive 
solutions used to store red cells and platelets, is to reduce these 
changes to a minimum. 

  Anticoagulants 

 The vast majority of whole blood donations are collected into 
CPD (citrate - phosphate - dextrose) anticoagulant. The addition 
of  ‘ rejuvenating ’  agents or purine nucleosides such as adenine 
to standard anticoagulant solutions (e.g. CPD - AI) has been 
shown to improve signifi cantly the viability of red cells by 
restoring their ATP or 2,3 - DPG content. However, for some 
clinical indications, such as neonatal or intrauterine transfu-
sion, there have been theoretical concerns regarding toxicity of 
additives such as adenine and mannitol. In the UK, the majority 
of blood for neonatal or intrauterine transfusion is now pre-
pared from CPD whole blood. Heparinized blood for neonatal 
cardiac surgery and exchange transfusion has been replaced by 
CPD or CPD - AI blood, less than 5 days old, with no untoward 
effects. Platelet preparations from apheresis are usually col-
lected into acid - citrate - dextrose. CPD is used to collect both 
double - dose red cells and plasma from apheresis donors. 

  Optimal  a dditive  s olutions (e.g.  SAGM ) 
 Optimal additive plasma replacement solutions have been 
developed to improve the viability of plasma - depleted red cells 
on storage, by maintaining both ATP and 2,3 - DPG levels. 
SAGM (as well as ADSOL and Nutricel) medium provides good 
red cell storage conditions and is now the most usual preserva-
tive solution for red cells in the UK. The majority of red cells 
for transfusion are stored in additive solutions rather than 
autologous plasma. There are few clinical indications for red 
cells stored in plasma and but include red cells for neonatal 
exchange transfusion and those for intrauterine transfusion. 
Red cells in SAGM are now usually used for top - up and large -
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to produce and demanding on both staff and donors. A large 
HLA - typed donor panel is available in England to provide 
HLA - matched platelets for immunologically refractory patients. 
Most apheresis platelet donors are also human platelet antigen 
(HPA) typed in order to provide HPA - 1a - negative platelets for 
newborns affected with neonatal alloimmune thrombocytope-
nia and also for some of the HPA - 1a - negative patients who have 
become immunologically refractory to platelet transfusions. 

 Frozen platelets can be preserved in dimethyl sulphoxide 
(DMSO) or glycerol. The platelet recovery is signifi cantly lower 
than with fresh preparations, but the post - transfusion survival 
is normal. Frozen platelets are very seldom used and are not 
available in the UK, due to the remaining concerns about their 
safety and loss of effi cacy. 

 Systems to kill pathogens that may be present in platelet 
preparations are now available, but none are yet in routine use 
in the UK or the USA.  

  Granulocyte  c oncentrates 
 With the increase in intensive chemotherapy regimens, demand 
for granulocytes has risen in order to prevent or treat fungal or 
other serious infections in severely neutropenic patients. 

 Granulocytes are extremely labile; they must be separated 
from whole blood immediately after collection and transfused 
within hours of preparation. Granulocytes prepared from 
routine blood donations (buffy coats) are heavily contaminated 
with red cells and platelets. Buffy coats from at least 10 donors 
are required to produce a therapeutic dose for an adult (at 
least 1    ×    10 10  granulocytes). Ten buffy coats also contain the 
equivalent of two units of red cells and 2.5 pools of platelets. 
Venesection of the recipient may therefore be required if daily 
buffy coats are indicated. A new pooled granulocyte component 
produced from whole blood donations that has reduced volume 
and red cell contamination is under clinical assessment in the 
UK. However, due to the heavy red cell contamination of avail-
able buffy coats, they should be ABO and RhD compatible with 
the recipient and cross - matched against the recipient ’ s serum. 
Granulocyte concentrates prepared by apheresis are the only 
satisfactory means of achieving a therapeutic dose for an adult 
neutropenic patient. Sedimenting agents (gelatin, hydroxyethyl 
starch) must be added to the blood or given to the donor in 
order to obtain an adequate yield, unless the donor has chronic 
granulocytic leukaemia. 

 A directed donation from a suitable relative may sometimes 
be possible. Consent may then be obtained for the donors to 
have their counts boosted using steroids and granulocyte col-
ony - stimulating factor (G - CSF), resulting in an excellent yield 
of granulocytes. In the UK, it is not permitted for non - directed 
volunteer donors to receive this medication. Average yields 
from unstimulated apheresis collections are 0.7    ×    10 10 ; with the 
use of G - CSF and steroids, this can be increased to 5 – 10    ×    10 10 . 

 All granulocyte concentrates should be cross - matched against 
the recipient ’ s serum by lymphocytotoxicity, as white cell anti-

 The systems that enable the separation of buffy coats in a 
semi - automated manner are called blood separators, examples 
of which include Optipress and Compomat (Figure  16.2 ). 
Cellular components (red cells and platelets) and plasma may, 
at this stage, be individually fi ltered to leucodeplete to a level 
below 5    ×    10 6  white cells per unit. The alternative is to use 
leucodepletion fi lters at the initial stage on whole blood, before 
separation of components. These two alternative methods 
are necessary because most whole blood fi lters also remove a 
signifi cant number of platelets, making production of platelet 
concentrates from fi ltered whole blood impossible. In the 
UK, leucodepletion of all blood components has been manda-
tory since 1999, as a measure which might decrease the risk 
of vCJD transmission by transfusion. Added benefi ts of leu-
codepletion include a signifi cant decrease in the incidence of 
febrile non - haemolytic transfusion reactions, in the risk of 
human leucocyte antigen (HLA) alloimmunization and in the 
risk of transmission of intracellular viruses such as CMV and 
HTLV. 

  Platelet  p reparations 
 Unlike red cells, platelets must be stored at 20 – 22 ° C, since 
storage at 4 ° C results in poor survival of platelets following 
transfusion. Platelets have a shelf - life of 5 days, and are stored 
in permeable bags that allow the diffusion of oxygen into the 
pack, which, with constant gentle agitation, maintains aerobic 
metabolism and reduces the rate of fall of pH. The shelf - life of 
platelet preparations can be extended to 7 days provided that 
systems are in place to monitor bacterial contamination or to 
inactivate pathogens in platelet concentrates (e.g. photochemi-
cal inactivation with psoralens). 

 Platelet pools provide an adequate adult dose of platelets and 
contain, on average, 3    ×    10 11  platelets, usually from four dona-
tions suspended in the plasma from one donation, preferably 
from a male donor, in order to avoid the risk of transfusion of 
donor white cell antibodies that might cause transfusion - related 
acute lung injury (TRALI) (Figure  16.2 ). 

 In the USA, platelets are prepared from individual donations 
by a method which leaves the platelet - rich plasma as a super-
natant. Each platelet concentrate contains a minimum of 
5.5    ×    10 10  platelets, suspended in 50   mL of plasma. An adult dose 
of platelets prepared in this way contains signifi cantly more 
leucocytes than the platelet concentrates prepared by  ‘ top and 
bottom ’  systems and which are considered to be leucocyte poor, 
even before leucodepletion. 

 The equivalent of two or even three adult doses of platelets 
(minimum 2.4    ×    10 11  each) may be obtained from one donor, 
with adequate platelet counts, by an apheresis procedure lasting 
approximately 90   min. At present, in the UK, approximately 
80% of platelets are produced by this method. These prepara-
tions reduce donor exposure and are invaluable for the treat-
ment of immunologically refractory thrombocytopenic patients 
requiring HLA - matched platelets. However, they are expensive 
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a safer low - volume alternative to cryoprecipitate, is now avail-
able in the UK.  

  Cryoprecipitate -  p oor  p lasma ( c ryosupernatant) 
 This term is used for the remaining plasma after the removal of 
cryoprecipitate. It is stored frozen at  − 30 ° C or below for up to 
24 months. The only specifi c indication for cryosupernatant is 
for plasma exchange in TTP. This is an immune - mediated con-
dition in which there is an autoantibody directed against a 
VWF - cleaving metalloproteinase. The resulting accumulation 
of high - molecular - weight VWF multimers contributes to the 
pathophysiology of the condition, with thrombosis in the 
microvasculature. Although cryosupernatant has reduced levels 
of high - molecular - weight multimers compared with FFP, there 
is no evidence that plasma exchange for TTP with cryosuper-
natant is any more effective. FFP or cryosupernatant are there-
fore alternatives to the current product of choice (SD - FFP); 
however, they are derived from UK donors, who might have 
been exposed to vCJD.   

  Storage  c hanges of  b lood  c omponents 

 Loss of red cell and platelet viability are the most important 
practical considerations. Progressive loss of viability varies 
according to the combination of anticoagulant used, how blood 
is stored prior to component separation, what storage medium 
the components are stored in, and the pack systems used. The 
time limit for storage of blood or its component parts is set 
taking all these into consideration. After transfusion of stored 
red cells or platelets, a proportion is removed from the circula-
tion within the fi rst 24 hours. The remainder appear to survive 
normally. There are various changes in the  in vitro  characteris-
tics of red cells during storage (the so - called storage lesion), 
including depletion of metabolic substrates such as ATP and 
2,3 - DPG, leakage of potassium and changes in red cell mor-
phology. Some of these changes can be partially reversed  ex vivo  
by incubation with purine nucleosides, or following transfusion 
 in vivo . ATP seems to be an important determinant of red cell 
viability, although not the only one. 2,3 - DPG is almost com-
pletely depleted in red cells after 14 – 21 days storage. Red cell 
2,3 - DPG is restored to normal by approximately 24 – 48 hours 
after transfusion. The clinical signifi cance of the low 2,3 - DPG 
level of stored red cells is only likely to be an important consid-
eration in recipients with severe anaemia or coronary artery 
insuffi ciency. 

 During storage of red cells, potassium gradually leaks out 
through the cell membrane once active transport has been 
halted by the cooling of blood to 4 ° C. There is rapid restoration 
of electrolyte levels after transfusion. The pH of blood decreases 
with storage, but most recipients can handle the acid load 
during transfusion without ill effect. 

 Likewise there are a number of changes in platelet function 
that occur during platelet storage, including increased platelet 

bodies may cause severe transfusion reactions, with respiratory 
distress.  

  Fresh -  f rozen  p lasma 
 This plasma has been separated from whole blood (Figure  16.1 ) 
or obtained by apheresis, and frozen within 24 hours to a tem-
perature that will maintain the activity of the labile factors V 
and VIII. FFP contains all coagulation factors and should be 
stored at  − 30 ° C or below for up to 24 months or even longer. 
When needed, the plasma is thawed rapidly at 37 ° C and then 
transfused without delay. A dose of 15   mL/kg is appropriate to 
correct abnormal coagulation in acquired coagulopathies when 
no concentrate is available. The main use of FFP is for multiple 
acquired coagulation factor defi ciency, but it is also used to treat 
inherited single coagulation factor defi ciencies if the appropri-
ate factor concentrates are not available. Evidence is gathering 
in favour of the early and more liberal use of FFP, together with 
red cells and platelets, in the massive haemorrhage of trauma 
(see below). 

 Single units of FFP can be treated with photosensitizing 
chemicals such as methylene blue (MB), ribofl avin or amoto-
salen and exposed to visible or ultraviolet light to inactivate 
pathogens that may be present in the plasma. If required, the 
residual chemicals can be removed before the plasma is rapidly 
frozen to  − 30 ° C. Alternatively, FFP can be pooled with around 
1500 other units and treated with solvent - detergent (SD) in 
order to inactivate pathogens. All methods of viral inactivation 
reduce the levels of labile clotting factors in FFP. The current 
recommendation from the UK Department of Health is that the 
treatment of choice for children is MB - FFP and that SD - FFP 
should be used for plasma exchanges in the treatment of throm-
botic thrombocytopenic purpura (TTP). Both types of FFP are 
produced from plasma collected outside the UK in order to 
reduce the risk of vCJD. 

 In recent years in the UK, every effort is made to prepare FFP 
only from male donors in order to minimize the risk of passive 
transfer of donor white cell antibodies that can give rise to 
TRALI.  

  Cryoprecipitate 
 Cryoprecipitate is prepared from FFP that is allowed to thaw 
slowly (classically at 4 ° C overnight). After removal of the super-
natant, factor VIII   :   C, von Willebrand factor (VWF), fi brino-
gen, fi bronectin and factor XIII are left as a precipitate, which 
is then refrozen in approximately 30   mL of plasma and stored 
at  − 30 ° C or below for up to 24 months. Each unit should 
contain a minimum of 70   IU of factor VIII   :   C and 140   mg of 
fi brinogen. Cryoprecipitate is now used mainly as a source of 
fi brinogen in cases of disseminated intravascular coagulation 
(DIC), hepatic failure and hypofi brinogenaemia. A standard 
adult dose of cryoprecipitate is 10 units, which are thawed at 
37 ° C in about 10   min and should be used immediately. Pools 
of 5 single units are available in the UK. Fibrinogen concentrate, 
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  Laboratory  t ests 

  Pretransfusion  g roup and  s creen 
 The ABO and RhD groups of all potential recipients should be 
determined before transfusion. No other blood groups are rou-
tinely tested or matched when selecting blood for transfusion. 
The need for blood is rarely so urgent that there is insuffi cient 
time to perform the ABO and RhD groups before transfusion, 
as rapid testing need take only 5 – 10   min. The patient ’ s serum 
should also be screened for the presence of atypical red cell 
antibodies using a sensitive indirect antiglobulin test (IAT), 
with two or three individual (not pooled) group O red cells 
selected to express, between them, all the common red cell 
antigens, ideally in double dose. If a positive result is obtained, 
further investigation using a red cell panel of 8 – 10 cells is 
required to identify the antibody. 

 For patients who have preformed antibodies, because they 
are already good responders, an antibody screen using a panel 
of cells that are negative for the pertinent antigen(s) should be 
used (i.e. panel of rr cells in the case of preformed anti - D). Only 
1 – 2% of patients have clinically signifi cant red cell alloantibod-
ies other than anti - D. About 75% of these antibodies have Rh 
and/or K specifi city. Therefore, patients with haematological 
diseases (e.g. sickle cell anaemia,  β  - thalassaemia) who are likely 
to need repeated transfusion over many years should ideally be 
phenotyped for the major red cells antigens; if this is not pos-
sible, at least RhD, C, c, E, e and K typing should be performed. 

activation and decreased responsiveness to agonists such as 
ADP. For both red cells and platelets, the relationship between 
these changes  in vitro  and the function of the cells following 
transfusion is complex, and it is notoriously diffi cult to 
predict post - transfusion viability from the results of laboratory 
testing. 

 As the storage time of either red cells or platelets increases, 
the viability decreases. Acceptable limits for the recovery of red 
cells and platelets following transfusion are as follows: greater 
than 75% of red cells 24 hours following transfusion, and 
greater than 66% of platelets (compared with that of fresh 
platelets).  

  Frozen  r ed  c ells 

 Red cells can be stored for a prolonged period (up to 30 years) 
without damage if glycerol is added before freezing. Thawed red 
cells must be washed free of glycerol before transfusion. This 
method of storage is expensive and time - consuming but is 
invaluable as a means of storing red cells with rare phenotypes. 
National banks for frozen rare cells have been established for 
this purpose. Freezing, thawing and washing is also an effi cient 
way of removing plasma, platelets and leucocytes from red cells.   

  The  r ecipient 

  Preoperative  a ssessment   (Table  16.6 )   

 The need to correct anaemia with haematinics preoperatively 
and avoid unnecessary transfusions, in addition to the growing 
pressure on hospital beds and increasing use of day surgery, 
suggest that a preoperative assessment should be performed 
before admission. This allows for effi cient use of hospital 
resources and limits the number of cancelled operations. The 
key aims are to assess a patient ’ s fi tness to undergo surgery and 
anaesthesia (including haemoglobin optimization), anticipate 
complications, arrange for supportive therapy to be available 
perioperatively and to liaise with the appropriate specialists 
regarding non - surgical management. This assessment needs to 
take place at a presurgical clinic at least 1 month before the 
planned date of surgery. After the clinic, it is imperative that 
the results are evaluated so that the necessary action, such as 
the treatment of ferropenic anaemia, can be taken for each 
patient.   

 Only a small proportion (1 – 2%) of potential recipients will 
have red cell alloantibodies other than anti - D; however, a 
sample taken at the pre - assessment clinic for pretransfusion 
antibody screening will allow blood bank staff to identify those 
samples that need detailed investigation, well in advance of the 
planned transfusion, so that antigen - negative blood can be 
available as required.  

  Table 16.6    Preoperative assessment. 

  Take a full history and examination, including previous surgical 

episodes and bleeding history, transfusion and obstetric history 

 Arrange full blood count (FBC), group and antibody screen, 

routine chemistry, coagulation screen (if indicated) and tube 

for haematinics assessment (ferritin level for iron stores, 

vitamin B 12  and folic acid), which can be put on hold pending 

FBC results 

 Make cell salvage available if there is a likelihood of signifi cant 

blood loss requiring transfusion and a  ‘ clean ’  surgical 

procedure 

 Consider using recombinant erythropoietin (600   IU/kg weekly 

for 4 weeks preoperatively) and/or intravenous iron 

preparations in order to optimize haemoglobin even when 

within normal range 

 Prescribe iron and folic acid supplement if any suspicion of iron 

defi ciency 

 Establish whether patient is taking regular aspirin, clopidogrel, 

non - steroidal anti - infl ammatory drugs or warfarin and, 

whenever possible, make necessary arrangements to stop this 

drug 7 days preoperatively  
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have a ratio of cross - matched to transfused blood below 2.5   :   1. 
All patients awaiting surgery have blood samples taken for 
grouping and antibody screening. As long as no atypical alloan-
tibodies are detected, cross - matching is reserved for those in 
whom the need for blood is fairly certain. Operations for which 
blood is not usually required (such as hysterectomy and chole-
cystectomy) are not covered by cross - matched blood. If blood 
is unexpectedly needed, an abbreviated cross - match (using an 
immediate spin technique to ensure ABO compatibility) may 
be used safely, with minimal risk to the recipient. If atypical 
antibodies are detected, antigen - negative blood should be 
cross - matched before surgery if there is any minimal likelihood 
of blood being required, regardless of the SBOS.  

  Electronic  c ross -  m atch 
 An increasing number of hospitals with suitable blood bank 
computing systems now use a so - called electronic cross - match 
or  ‘ electronic issue ’ . A patient has group and screen performed 
on two separate occasions. If both screen results on the labora-
tory ’ s computer system are negative and if no blood has been 
transfused during this period, ABO and Rh compatible blood 
is issued directly via the computer with no further wet testing 
being performed. This makes it possible to reduce the number 
of operations for which blood is issued in advance even further, 
as the electronic cross - match is very quick. It also saves labora-
tory time, which can then be dedicated to more complex 
problems.  

  Antenatal  t esting 
 All women should have blood samples taken at antenatal 
booking for blood grouping and antibody screening. If no clini-
cally signifi cant antibody is detected, further samples should be 
tested at 28 weeks ’  gestation (see    p. 294 ) before routine antena-
tal prophylaxis is given to RhD - negative women. Much of the 
emergency compatibility testing for possible Caesarean sections 
can be avoided by performing another antibody screen and 
group at admission, using either an abbreviated or electronic 
cross - match, should blood be required.   

  Repeated  t ransfusions 

 Patients who require repeat transfusion after an interval of 
more than 72 hours must have a new sample screened before 
the next transfusion to detect any clinically signifi cant antibody 
that may have been stimulated in an anamnestic response by 
the recent transfusion. Severe haemolytic transfusion reactions 
(HTRs) still occur due to failure to observe this simple rule; 
many could be avoided. In the case of an HTR, in addition to 
the antibody screen, a direct antiglobulin test (DAT) should be 
performed on the red cells of the new sample to detect, in mixed 
fi eld agglutination, any alloantibodies attached to donor red 
cells but not free in the serum.  

Blood that is compatible with the patient ’ s Rh and K type 
should be transfused, as this reduces the probability that they 
will produce alloantibodies. It is not diffi cult to implement this 
policy in England, as all red cell units are typed for all Rh anti-
gens and for K. Because, after RhD, the K and Rhc antigens are 
the most immunogenic and the antibodies that can lead to 
severe HDN, ideally girls and women of childbearing age should 
be transfused with K - negative red cells, although K typing is not 
necessary as only 9% will be positive. On the other hand, girls 
and women of childbearing age should be typed for the Rhc 
antigen and those found to be negative should be given c - 
negative blood. 

 Red cells for transfusion are selected to be of the same ABO 
and RhD group as the recipient. If clinically signifi cant red cell 
alloantibodies are present in the recipient, units of blood lacking 
the relevant antigens are selected for compatibility testing, even 
if the maximum (or standard) surgical blood ordering schedule 
(SBOS, see below) only requires group and screen for that surgi-
cal procedure.  

  Compatibility  t esting ( c ross -  m atch) 
 The donor red cells are routinely tested against the recipient 
serum or plasma in order to detect any potential incompatibili-
ties, i.e. identify any antibodies in the recipient that are reactive 
with antigens on the red cells of the selected donor. This test 
will provide a means of checking the ABO compatibility of 
donor and recipient. If the antibody screen is negative, then the 
cross - match should be as simple as possible, for example an 
immediate spin or IAT at 37 ° C. This will detect ABO incompat-
ibilities resulting from clerical or technical errors such as sample 
switching or erroneous group in the bag, as well as the presence 
of antibodies missed in the screening. The antiglobulin test can 
be performed in low - ionic - strength saline (LISS) solution in 
tubes or using gel (column) techniques (see Chapter  14 ) that 
decrease the incubation time and increase the sensitivity for the 
detection of most antibodies. Tests should be carried out at 
37 ° C, not at room temperature, otherwise clinically insignifi -
cant cold antibodies will be detected, especially when LISS is 
used. This may cause confusion and inconvenience to the recip-
ient (e.g. cancellation of planned surgery). Any clinically signifi -
cant antibody will react at 37 ° C (see Chapter  14 ), and the 
techniques chosen should take this into account. 

 A group and screen policy used in combination with a 
maximum (or standard) surgical blood ordering schedule 
(MSBOS, SBOS) can reduce the number of compatibility tests 
performed and avoid the reservation of red cell units unlikely 
to be transfused.. Each hospital should agree its own SBOS 
among the blood bank, surgeons and anesthetists, through the 
hospital transfusion committee. The SBOS is based on a retro-
spective comparison of the number of units of blood cross -
 matched and the number actually transfused for each elective 
surgical procedure. Procedures that are likely to require blood 
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should be in place in all neonatal units and their supporting 
laboratories to minimize the quantities of blood required for 
testing, by use of microsampling techniques and near - patient 
testing. Anaemia in this group is largely due to  ‘ bleeding into 
the laboratory ’ . Erythropoietin has been extensively studied as 
an alternative to transfusion in the anaemia of prematurity but 
it does not consistently reduce the need for transfusion in this 
patient group.   

  Complications of  b lood  t ransfusion 

 The frequency of the complications of blood transfusion will 
vary inversely with the care exercised in preparation for, and 
especially in supervision of, the transfusion. 

 Although the majority of side - effects are mild, the overall 
incidence of complications is estimated at 2 – 5%. Immediate 
fatalities, although diffi cult to quantify accurately, are of the 
order of 1 in 100   000 to 1 in 500   000 patients transfused; 50% 
of these are caused by ABO incompatibilities, mainly due to 
failure to correctly identify the donor or recipient at the time 
of sampling or at the time of transfusion. The wrong pack of 
blood, i.e. one intended for a different recipient, is reported to 
be given in 1 in 6000 to 1 in 30   000 transfusions. This is likely 
to be an underestimate due to underdetection and non - report-
ing of incidents. It follows that transfusions of blood and blood 
components should only be prescribed when there is a defi nite 
and appropriate clinical indication, when there are no feasible 
alternatives and when the benefi ts of transfusion are judged by 
the prescribing clinician to outweigh its short -  and longer - term 
risks. 

 The complications of blood transfusion can be conveniently 
divided into acute and delayed, immunological and non - immu-
nological categories (Table  16.7 ).   

  Immunological  c omplications 

  Sensitization to  r ed  c ell  a ntigens 
 As only the ABO and RhD antigens are routinely matched in 
blood transfusion, there is a constant possibility of sensitization 
to other red cell antigens, although all red cell antigens are 
signifi cantly less immunogenic than D. Alloimmunization is 
more likely in multitransfused patients. The consequences may 
be negligible but can lead to diffi culty with compatibility testing, 
HDN and HTRs. 

  Haemolytic  t ransfusion  r eactions 
 This is premature destruction of transfused red cells reacting 
with antibodies in the recipient. Naturally occurring antibodies, 
such as ABO antibodies, are IgM and, if warm - reacting, can 
destroy red cells  in vivo  by complement fi xation. Red cell alloan-
tibodies are usually IgG and form in response to exposure, 
through previous transfusions or pregnancies. HTRs may occur 

  Massive  t ransfusion 

 If the total blood volume has been replaced within less than 24 
hours, compatibility testing becomes academic. In such patients, 
inter - donor incompatibility is a possible problem, but all donor 
sera should have been screened at the transfusion centre for the 
presence of potent atypical antibodies. When a pretransfusion 
alloantibody screen on the recipient has not detected any atypi-
cal antibodies and blood has been cross - matched without a 
problem, then continued compatibility testing may be omitted. 
If a pretransfusion screen reveals the presence of an atypical 
antibody, the blood selected should be negative for the relevant 
antigen. Once transfusion has commenced, the antibody will be 
 ‘ diluted out ’  and compatibility testing may no longer be relia-
ble, unless the original serum sample is used for all testing. In 
practice, once 10 units have been transfused there is no need to 
continue to cross - match red cells for further transfusions, or to 
select antigen - negative red cells, if these are scarce. If unim-
munized RhD - negative men or postmenopausal women are 
likely to need massive transfusion, RhD - positive red cells should 
be transfused from the start.  

  Transfusion in  a utoimmune  h aemolytic 
 a naemia 

 Ideally, patients with this condition should not be transfused. 
However, if transfusion is imperative, special serological tech-
niques such as elution and absorption should be used to exclude 
the presence of alloantibodies, which may be masked by autoan-
tibodies. Blood should then be selected that is compatible with 
the alloantibody, if present, even though transfused red cells 
will be destroyed by the autoantibody at the same rate as the 
patient ’ s own blood. Whenever possible, red cells should also 
be Rh and K compatible to reduce the possibility of further 
alloimmunization. Blood that does not express the antigen to 
which the autoantibody is directed should be issued only when 
the autoantibody has restricted specifi city and mimics an 
alloantibody such as anti - e. However, if the patient is a female 
of childbearing age and is RhD - negative, with an autoantibody 
mimicking anti - e, then R 2 R 2  ( cDE / cDE ) cells should not be 
given because of the high risk of RhD immunization.  

  Neonatal  ‘  t op -  u p ’   t ransfusion 

 Premature infants are among the most widely transfused 
patients, with  ‘ top - up ’  transfusions being very frequent. Only 
the fi rst pretransfusion sample needs to be tested, with no 
further sample testing until 4 months of age, as infants are not 
capable of making clinically signifi cant antibodies in the fi rst 
months of life. Ideally, the unit of red cells used for the fi rst 
transfusion should be aliquoted into several (six to eight) satel-
lite (or  ‘ paedi ’ ) packs and used for the same infant until expiry 
in order to decrease exposure to multiple donors. Measures 
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tumour necrosis factor (TNF) also play an important role, 
causing infl ammation, smooth muscle contraction, platelet 
aggregation, increased capillary permeability, and hypotension. 
Typically, within less than 1 hour of the start of the transfusion, 
when the reaction is symptomatic, the patient complains of heat 
or pain in the cannulated vein, throbbing in the head, fl ushing 
of the face, chest tightness, nausea and lumbar pain. These 
symptoms are usually accompanied by tachycardia and hypo-
tension. In severe cases, there is profound hypotension, leading 
to shock and renal failure. Rigors and pyrexia usually follow. 
Intravascular destruction of red cells brings about liberation of 
thromboplastin - like substances that activate coagulation and 
lead to DIC. The bleeding diathesis and increased destruction 
of red cells (which may eventually involve the recipient ’ s cells) 
further exacerbates the problem. Intravascular destruction of 
red cells liberates haemoglobin into the circulation. Once hap-
toglobins are saturated, haemoglobin will also appear in the 
urine. If haemoglobinuria is very severe, haemosiderinuria may 
be seen. Renal complications consist of acute renal failure with 
oliguria and anuria, possibly the result of hypotension and/or 
the action of activated complement. The initial symptoms may 
of course be modifi ed or abolished in anaesthetized or heavily 
sedated patients, in whom evidence of DIC, hypotension or the 
presence of haemoglobinuria may be the fi rst signs. 

 Immediate intravascular destruction of recipient red cells 
should be avoidable. In practice, the main cause is error, when 
the incorrect blood component is transfused. The most severe 
reactions occur in major incompatibility, when a group O 
recipient with high - titre anti - A,B is transfused with group A, B 
or AB red cells. Less severe intravascular haemolysis occurs 
when group A red cells are transfused to a group B recipient, 
or vice versa, because group B and A subjects have less potent 
ABO antibodies than those of group O. More rarely, intravas-
cular red cell destruction may occur when group O plasma is 
transfused by mistake to A, B or AB recipients. For this reason, 
group O red cells, even in additive solution, should not rou-
tinely be used for non - O recipients; furthermore, this practice 
leads to unnecessary shortages of group O blood. If unavoida-
ble, the group O blood must fi rst be screened for the presence 
of high - titre haemolysins or be devoid of plasma. In the UK, 
screening for high - titre ABO antibodies is routinely carried out 
at the blood centre and marked on the bag. ABO - compatible 
cryoprecipitate, FFP and platelet transfusions should be selected 
for all recipients, especially for children because of their smaller 
blood volume. Group A, B or AB plasma components are safe 
for group O recipients. 

 Occasionally, there is a laboratory error when tubes are trans-
posed or there are transcription errors or misrecording of 
results, or there is insuffi cient time to complete an antibody 
screen or compatibility test. In the UK haemovigilance (SHOT) 
system, approximately 30% of cases of incorrect blood compo-
nent transfusion reported in the last 12 years have been prima-
rily due to clerical or technical errors that originated in the 

immediately after the transfusion or may be delayed for any-
thing up to 2 – 3 weeks. 

  Immediate or  a cute  h aemolytic  t ransfusion  r eactions 
 These may be intravascular or extravascular. 

  Immediate intravascular red cell destruction  is the most dan-
gerous type of HTR; it is associated with activation of the full 
complement cascade by IgM antibodies and is practically always 
due to ABO - incompatible blood transfusions (haemolytic anti -
 A,B, anti - A or anti - B present mainly in the recipient or, rarely, 
in the donor plasma). Most of these ABO - incompatible transfu-
sions are due to errors, and occur with an approximate fre-
quency of 1 in 100   000 patients transfused. The mortality rate 
in such ABO - incompatible cases is 5 – 10%. In a further 10 – 15% 
of cases there is major morbidity. 

 In the 20 – 25% of recipients of ABO - incompatible blood with 
serious reactions, the symptoms are usually dramatic and 
severe; most are due to the anaphylatoxins C3a and C5a that 
are liberated during complement activation, releasing vasoac-
tive amines and hydrolases from mast cells and granulocytes 
(see Chapter  14 ). The cytokines interleukin (IL) - 1, IL - 8 and 

  Table 16.7    Hazards of transfusion. 

   Immediate (hours)   

   Non - immune complications   

  Bacterial: acute sepsis or endotoxic shock  

  Hypothermia  

  Hypocalcaemia ( ↓    Ca 2+ ) in infants  

   Immune complications   

  Febrile non - haemolytic transfusion reactions  

  Acute haemolytic transfusion reactions: intravascular (IgM), 

extravascular (IgG)  

  Allergic reactions (urticarial)  

  Anaphylactic reactions (anti - IgA)  

  Transfusion - related acute lung injury  

  Transfusion - associated circulatory overload  

   Delayed (days to years)   

   Non - immune complications   

  HIV, HCV, HBV, CMV  

  Others: parvovirus B19, HAV, HEV, WNV, dengue, malaria, 

Chagas disease, brucellosis, syphilis, vCJD  

   Immune complications   

  Delayed haemolytic transfusion reactions (due to anamnestic 

immune responses with red cell alloantibodies)  

  Post - transfusion purpura  

  Transfusion - associated graft - versus - host disease (immune 

modulation)  

   CMV, cytomegalovirus; HAV, hepatitis A virus; HEV, hepatitis E 

virus; WNV, West Nile virus.   
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hospital laboratory. Obviously, not all the errors led to ABO -
 incompatible transfusions; in fact 10% of errors led to ABO 
incompatibilities. The remainder of reports (70%) relate to 
clerical or administrative errors in the ward, collection of the 
blood from the blood bank, failure to confi rm the identity of 
the patient when taking samples, mislabelling of the sample of 
blood or failure to perform proper checks before removing the 
units from the refrigerator or transfusing the blood. The poten-
tially serious consequences of failures resulting in ABO -
 incompatible transfusions emphasize the need for set protocols 
with meticulous checking at all stages. If an identifi cation 
mistake has been made, it is important to check, as a matter of 
urgency, that the units intended for the patient under investiga-
tion have not also been misdirected to another recipient. 

 Haemoglobinaemia and haemoglobinuria may also be seen 
in severe extravascular HTRs (see below) and, occasionally, 
after the transfusion of lysed red cells. This may occur in the 
following circumstances: inappropriate warming and overheat-
ing of blood; exposure to extreme cold due to faulty storage 
conditions; lysis due to mechanical problems during adminis-
tration; or due to the injection of 5% dextrose with the trans-
fused red cells. Severe fulminant toxic symptoms leading to 
death, similar to those of intravascular HTRs, can be seen after 
the transfusion of bacterially infected blood, especially if it con-
tains endotoxin - producing organisms (e.g.  Staphylococcus  and 
 Yersinia  species). Haemoglobinaemia and haemoglobinuria 
may also follow transfusion of blood to a patient with severe 
autoimmune haemolytic anaemia, due to an increase in the 
number of red cells in the circulation which will be subject to 
immune lysis. 

  Extravascular red cell destruction  is mediated by IgG antibod-
ies (Table  16.8 ). Mononuclear phagocytic cells have receptors 
for the Fc fragment of IgG1 and IgG3; the binding of IgG - coated 
cells to these receptors is inhibited by free IgG in plasma. There 
are no receptors for IgM on macrophages. Red cells sensitized 
with IgG1 and/or IgG3 antibodies may or may not activate 
complement up to C3b only. If they do not, they are removed 
extravascularly (by phagocytosis or cytotoxicity) by mononu-
clear phagocytic cells, predominantly in the red pulp of the 
spleen, where the plasma is largely excluded and the IgG on the 
red cells can compete with free IgG in the plasma. However, 
cells coated with IgG antibodies, which activate complement up 
to C3b, adhere to the C3b receptor on macrophages and mono-
cytes. The presence of C3b on red cells greatly enhances the 
extravascular destruction of IgG - coated cells. This is because 
the binding to C3b receptors is not inhibited as there is no 
native C3b in plasma and consequently IgG/C3b - coated cells 
are destroyed by phagocytosis or cytotoxicity, predominantly in 
the liver, where there are abundant macrophages (Kupffer cells) 
and a generous blood fl ow. As C3b is rapidly inactivated and 
converted into C3dg by the action of factors H and I and pro-
teases, a proportion of the cells re - enter the circulation, coated 
with C3dg, and are resistant to further lysis (Figure  16.3 ). Red 
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     Figure 16.3     Mechanisms of extravascular destruction of red cells 

coated with IgG1 or IgG3 ( ±    C3b). ADCC, antibody - dependent 

cell - mediated cytotoxicity.  

  Table 16.8    Antibodies associated with haemolytic transfusion 

reactions. 

   Blood group 

system  

   Antibodies implicated 

in intravascular 

haemolysis  

   Antibodies implicated 

in extravascular 

haemolysis  

  ABO    A, B      

  Hh    H (Bombay)      

  Rh        All  

  Kell        K, k, Kp a , Kp b , Js a , Js b   

  Kidd        Jk a , Jk b , Jk 3   

  Duffy        Fy a , Fy b , Fy 3   

  MNS        M, S, s, U (some)  

  Lutheran        Lu b  (some)  

  Lewis    Le a , Le b , Le a+b       

  Cartwright        Yt a  (some)  

  Vel    Vel    Vel (some)  

  Colton        Co a , Co b   

  Dombrock        Do a , Do b   
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even when the antibody binds the earlier components of the 
complement cascade. Symptoms are attributed in large degree 
to liberation of cytokines from mononuclear phagocytic cells 
after binding to IgG - coated red cells and to liberation of C3a 
when complement is bound up to C3b. The mortality is 
extremely low, but in an already sick patient the added compli-
cation of destruction of transfused red cells may contribute to 
death. 

 The management of immediate HTRs should be to terminate 
the transfusion immediately the patient develops the appropri-
ate signs or symptoms. The identity of the patient and the units 
transfused should be checked against the appropriate documen-
tation. Blood samples must be taken for investigation (Table 
 16.9 ). The circulating blood volume should be restored and 
blood pressure and urinary fl ow maintained using fl uid chal-
lenges and furosemide (frusemide) infusion. Monitoring on a 
high - dependency unit may be required. The renal team should 
be involved early if urine output is poor ( <    1   mL/kg per hour) 
and haemofi ltration may be necessary. Appropriate blood com-
ponent therapy will be required if there is DIC.   

 All packs of transfused units should be returned to the blood 
bank. Pretransfusion samples should be tested in parallel. If 
no identifi cation mistake is discovered immediately, a sample 
should be sent for bacteriological testing and all urine passed 
during the fi rst 24 hours should be measured and examined for 
haemoglobin. Subsequent management depends upon aware-
ness of the possible complications and prompt therapy if these 
occur. If the patient develops only a rise in temperature, unac-
companied by other symptoms, red cell incompatibility is 
unlikely and the transfusion should be slowed, under strict 
monitoring, but need not be stopped. 

 New technologies to prevent patient identifi cation errors are 
being evaluated in a number of countries. These generally 

cells coated with potent IgG antibodies, especially if they are 
C3b - binding, are destroyed mainly by cytotoxicity. Red cells 
coated with less potent antibodies are mostly destroyed by 
phagocytosis. Very rarely, red cell alloantibodies too weak to be 
detectable by routine pretransfusion testing may destroy donor 
red blood cells carrying the corresponding antigen.     

 The features of an immediate HTR vary according to a 
number of factors: whether the red cells are destroyed within 
the circulation or in the mononuclear phagocytic system; the 
strength, class and subclass of the antibody; the nature of the 
antigen; the number of incompatible red cells transfused; and 
the clinical state of the patient. When antibodies are present in 
the circulation in low titres and a large volume of incompatible 
blood is given, all circulating antibody will bind to the incom-
patible red cells, coating them weakly, without destroying them. 
There will then be no antibody detectable in the serum for a 
number of days until secondary antibody production is stimu-
lated by the immune challenge. On the other hand, in the pres-
ence of an overloaded or poorly functioning mononuclear 
phagocytic system, large volumes of IgG - sensitized incompati-
ble red cells can be present in the circulation with minimal or 
no premature removal, so the haemoglobin level may be stable 
with little evidence of haemolysis. The DAT will be positive, but 
as there is no free antibody, elution techniques will be necessary 
for antibody identifi cation. 

 Immediate extravascular destruction of red cells may be 
accompanied by hyperbilirubinaemia, occasionally haemoglo-
binaemia due to antibody - dependent cytotoxicity (in severe 
cases), fever and failure to achieve the expected rise in haemo-
globin level. The signs and symptoms are less severe and dra-
matic than in intravascular haemolysis and usually appear more 
than 1 hour after the start of transfusion (Table  16.8 ). There 
may be no signs or symptoms at all. Renal failure is very rare, 

  Table 16.9    Investigation of suspected acute haemolytic transfusion reaction. 

   Blood test     Rationale/fi ndings  

  Full blood count    Baseline parameters, red cell agglutinates on fi lm  

  Plasma/urinary Hb, haptoglobin, 

bilirubin  

  Evidence of intravascular or extravascular haemolysis  

  Blood group of patient and units 

transfused  

  Compare with retested pretransfusion sample, to detect ABO error  

  Unexpected ABO antibodies may arise from transfusion of incompatible plasma. Rechecking 

labels is often suffi cient  

  DAT    Positive in majority. Compare with retested pretransfusion sample. May be negative if all 

incompatible cells destroyed  

  Compatibility testing    Repeat antibody screen and compatibility testing on pre -  and post - transfusion samples. 

Elution of antibody from post - transfusion cells may aid antibody identifi cation or 

confi rm specifi cities in plasma in cases of non - ABO incompatibility  

  Urea, electrolytes and creatinine    Baseline renal function  

  Coagulation screen    Detection and monitoring of DIC  

  Blood cultures of patient and units    In event of possible septic reaction caused by bacterial contamination of unit  
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suffer chills, headache or rigors. There is no associated hypoten-
sion, lumbar pain or chest discomfort. These reactions are 
usually only troublesome rather than dangerous, except in very 
sick patients or when caused by very potent lymphocytotoxic 
HLA antibodies. 

 The management of a simple mild febrile transfusion reac-
tion is to slow the rate of transfusion and treat the patient with 
an antipyretic such as paracetamol. Antihistamines are of no 
benefi t. It is usually not necessary to discontinue the transfu-
sion: more blood is probably wasted by premature termination 
of a unit due to a simple febrile reaction than for any other 
reason. 

 When a patient requiring repeated transfusions has a history 
of simple febrile reactions, the rate of transfusion should be kept 
slow and antipyretics should be prescribed prophylactically. If 
severe symptoms persist, tests for HLA antibodies (lymphocy-
totoxicity) should be carried out. If these are negative, platelet 
antibodies should be sought. In the UK, the incidence of febrile 
transfusion reactions has decreased signifi cantly since the intro-
duction, fi rst, of buffy - coat removal (leucoreduction) and, since 
1999, of universal leucodepletion of blood components. Modern 
pre - storage leucodepletion fi lters are highly effi cient and can 
remove more than 98% of the white cells; the specifi cation is 
that 99% of leucodepleted components should have less than 
5    ×    10 6  leucocytes. Red cells and platelets should be fi ltered as 
soon as possible after collection in the transfusion centre. In 
countries where there is no universal leucodepletion policy, 
there is no need to administer white cell - depleted blood pro-
phylactically, except in cases where prevention of sensitization 
to HLA and leucocyte/platelet antigens is essential (i.e. possible 
future consideration for bone marrow transplantation, espe-
cially in patients with aplastic anaemia). In such countries, the 
provision of buffy coat - poor red cell and platelets will prevent 
most non - haemolytic febrile transfusion reactions.  

  Transfusion -  r elated  a cute  l ung  i njury 
 TRALI consists of non - cardiogenic pulmonary oedema with 
bilateral pulmonary infi ltrates on chest radiography, accompa-
nied by chills, fever, cough and dyspnoea with low oxygen 
saturation and low or normal central venous pressure. The 
clinical picture, depending on the severity, will be the same as 
acute lung injury or acute respiratory distress syndrome (ARDS) 
due to other causes, and a differential diagnosis is essential. 
Symptoms develop very rapidly, usually within 1 – 2 hours, 
or up to 6 hours after infusion of a plasma - containing 
component. 

 Management is essentially supportive, requiring care in a 
high - dependency unit, and careful attention to fl uid balance. 
The reaction is due in most cases to passive transfer of leucoag-
glutinins (mostly anti - HLA class I or class II or granulocyte 
antibodies, i.e. anti - HNA) in donor plasma, leading to endothe-
lial and epithelial injury, alveolar damage and infl ammatory 
changes, mediated by cytokines and other infl ammatory media-

involve bar - coded patient identifi cation details on the patient ’ s 
wristband and the use, both on the wards and in the laboratory, 
of a hand - held bar - code reader with all data collated by the 
transfusion computer system. These systems are likely to be 
developed in tandem with similar arrangements for pharmacy 
and drug prescriptions, as well as ordering of blood tests and 
other investigations for patients.  

  Delayed  h aemolytic  t ransfusion  r eactions 
 Such reactions are neither predictable nor preventable. They are 
always caused by IgG antibodies. In the majority of cases, an 
individual has been previously sensitized to one (or more) red 
cell antigen(s) by previous transfusion or pregnancy. Antibody 
is not detectable in routine pretransfusion testing, but the trans-
fusion of blood containing the antigens to which the recipient 
has been sensitized previously provokes a brisk anamnestic 
response that is characteristic of the secondary immune 
response. Within days, the antibody level rises and the trans-
fused cells are removed from the circulation. The effects of the 
secondary immunization are usually seen about 5 – 10 days after 
the transfusion, when the recipient may already have left 
hospital. 

 Most of these reactions are asymptomatic, but when manifest 
the clinical features include the triad of fever, hyperbilirubinae-
mia and anaemia. The degree of reduction in haemoglobin level 
will of course depend on the number of incompatible units 
transfused. 

 The possibility of delayed HTRs underlines the importance 
of always taking fresh serum samples for antibody screening, 
DAT and compatibility testing if a transfusion has been given 
more than 72 hours previously. Awareness of this complication 
may avoid unnecessary investigations to exclude infection when 
fever develops a few days after a transfusion. Most importantly, 
it will detect any alloantibody that will have been boosted by 
the transfusion, thus enabling the provision of compatible 
blood.    

  Reactions  d ue to  w hite  c ell and  p latelet  a ntibodies 

  Non -  h aemolytic  f ebrile  t ransfusion  r eactions 
 Febrile reactions are most frequently due to the transfusion of 
blood components containing white cells to patients sensitized 
to white cell antigens and, more rarely, to platelet antigens. 
Together with urticaria, these are the most common types of 
immunological reactions to blood transfusion. Antibodies are 
directed usually against HLA antigens, or sometimes against 
granulocyte and platelet - specifi c antigens; they are stimulated 
by previous transfusions or pregnancies. Cytokines released 
from white cells during storage may also be pyrogenic. 
Characteristically, the onset of the reaction is delayed until 
30 – 90   min after the start of the transfusion (depending on the 
strength of antibody and the speed of transfusion). A rise in 
temperature may be the sole symptom, but the recipient may 
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in donor plasma. Mild urticarial reactions may be treated effec-
tively with antihistamines, and do not always recur. There is no 
necessity to avoid transfusion of standard  ‘ bank blood ’  unless 
symptoms are recurrent and severe. On the other hand, ana-
phylactic reactions accompanied by dyspnoea, wheezing, col-
lapse and shock are rare and potentially fatal. Such severe 
reactions are associated with the presence of anti - IgA in an IgA -
 defi cient recipient. These antibodies react with IgA in the trans-
fused plasma and complement is activated, with the consequent 
liberation of anaphylatoxins C3a and C5a, leukotrienes and 
cytokines. Milder anaphylactoid reactions may be associated 
with anti - IgA of limited specifi city. 

 If an anaphylactic reaction occurs, the recipient should be 
treated promptly with adrenaline and tested for the presence of 
plasma protein antibodies. If anti - IgA is detected, plasma from 
IgA - defi cient donors should be used in future, as well as well -
 washed red cells and platelets. Occasionally, washed cells may 
be indicated for patients with serious urticarial or severe hyper-
sensitivity reactions due to non - IgA antibodies.   

  Non -  i mmunological  c omplications 

  Disease  t ransmission 
 See    p. 270 .  

  Reactions  d ue to  b acterial  p yrogens and  b acteria 
 The presence of bacteria in transfused blood may lead either to 
febrile reactions in the recipient (due to pyrogens) or to the far 
more serious manifestations of septic or endotoxic shock. 
Bacterial - transmitted infections are considerably more frequent 
than serious acute manifestations of virus - transmitted infec-
tions in countries such as the UK (see    p. 274 ). 

 Bacterial pyrogens are rarely the cause of reactions with 
present - day methods of manufacture and the sterilization of 
fl uids and disposable equipment. Infection of stored blood is 
also rare, but has a very high mortality in recipients. Skin con-
taminants are sometimes present in freshly donated blood but 
many (e.g. staphylococci) do not survive storage at 4 ° C. 
However, they will grow profusely in platelet concentrates 
stored at 22 ° C. A number of Gram - negative, psychrophilic, 
endotoxin - producing contaminants found in dirt, soil and 
faeces (pseudomonads, coliforms) may very rarely enter a unit 
and grow readily under the storage conditions of blood (and 
even more rapidly at room temperature). 

 Healthy individuals who are bacteraemic at the time of dona-
tion may also act as a source of infection. The majority of such 
cases relate to transmission of  Yersinia enterocolitica , which 
grows well in red cell components due to its dependence on 
citrate and iron. 

 Transfusion of heavily contaminated blood will usually 
lead to sudden dramatic symptoms, with collapse, high fever, 
shock and DIC with haemorrhagic phenomena. These symp-
toms resemble, and may be more severe than, those of ABO 

tors. The donors are usually multiparous women. Once identi-
fi ed as the source of a reaction, such donors should be removed 
from the panel, even though it is known that their plasma does 
not always lead to TRALI in recipients with the pertinent anti-
gens. The incidence is unclear but may be in the region of 1 in 
5000 transfusions. There appears to be a signifi cant mortality 
rate from this condition, but not as high as from other causes 
of ARDS. 

 In the UK, the incidence of TRALI has been declining in 
recent years since the introduction of the policy to produce FFP 
and use plasma to suspend platelet pools mainly from male 
donors.  

  Post -  t ransfusion  p urpura 
 Post - transfusion purpura is a rare complication of blood trans-
fusion, characterized by sudden onset of severe thrombocyto-
penia 7 – 10 days after the transfusion of platelet - containing 
blood components, usually red cells. The patient always has a 
history of previous blood transfusions or pregnancies (thus it 
is far more common in women). The most frequent cause is 
the presence in the recipient of an antibody (anti - HPA - 1a) 
against the platelet - specifi c antigen HPA - 1a (PI A1 ); next in fre-
quency is anti - HPA - 5b. It appears that the antigen – antibody 
reaction between the recipient ’ s antibody and the donor plate-
lets causes both transfused and autologous platelets to be 
prematurely destroyed, either by the formation of immune 
complexes (in a manner similar to the  ‘ innocent bystander ’  
mechanism) or by cross - reaction of the causative antibody with 
the patient ’ s own platelets. The disease is self - limiting, but in 
severe cases or if bleeding occurs, prompt therapy with intrave-
nous immunoglobulin or plasma exchange is indicated. Platelet 
transfusion is not recommended, as this may exacerbate the 
disease process.   

  Transfusion -  a ssociated  g raft -  v ersus -  h ost  d isease 
 Transfusion - associated graft - versus - host disease is a very rare 
but usually fatal complication of blood transfusion, caused by 
the engraftment and clonal expansion of HLA - compatible 
donor lymphocytes in the recipient. It is characterized by fever, 
skin rash, diarrhoea, hepatitis and pancytopenia. The diagnosis 
is made by detecting donor - derived cells or DNA in the periph-
eral blood or affected tissues of the patient. The fi rst SHOT 
(haemovigilance) reports included 13 cases of transfusion - 
associated graft - versus - host disease, all fatal, in patients for 
whom gamma - irradiated blood components were not indicated 
at the time. In recent years there have been no reprts of this 
condition.  

  Reactions  d ue to  p lasma  p rotein  a ntibodies 
 Mild urticarial reactions without other symptoms are not 
uncommon during blood transfusion; they occur with an 
approximate incidence of 1% and are mediated by IgE antibod-
ies, usually against plasma proteins or other allergens present 
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lessness). For this reason alone, transfusions should be given 
during the day, when staff are able to monitor the patient 
closely. Overnight transfusions should be avoided for the 
patient ’ s safety and comfort. If circulatory overload occurs, 
transfusion should be discontinued, the patient propped 
upright and intravenous diuretics given. Emergency venesec-
tion for fl uid overload should not be necessary if all precautions 
have been taken.  

  Thrombophlebitis 
 Thrombophlebitis is a complication of indwelling venous can-
nulae, and not specifi cally related to blood transfusion.  

  Air  e mbolism 
 This is now practically unknown, as blood and blood compo-
nents are administered from plastic bags.  

  Transfusion  h aemosiderosis 
 Haemosiderosis is a very real complication of repeated blood 
transfusions, and is being seen more commonly as long - term 
blood transfusion therapy improves the survival of patients 
suffering from some chronic anaemias. It is most commonly 
seen in thalassaemic individuals, who commence transfusions 
in early childhood. Each unit of blood contains approximately 
200   mg of iron, whereas the daily excretion rate is about 1   mg, 
and the body has no way of excreting the excess. Unless a patient 
is actively bleeding, and therefore losing iron, iron accumula-
tion is inevitable. Signifi cant iron overload is generally present 
after approximately 50 units of blood have been transfused 
to an average - sized adult. It is routine practice to give thalas-
saemic patients the parenteral iron - chelating agent desferriox-
amine or the oral iron chelator deferiprone when available, 
or a combination of both or deferasirox orally. This does not 
completely overcome the iron load administered with blood, 
but has substantially delayed the onset of problems due to 
haemosiderosis (see Chapters  4  and  6 ). 

 Patients who are transfusion dependent should receive blood 
which is less than 1 week old, which may help to increase the 
transfusion interval and therefore reduce the overall number of 
units required. Transfusion of neocytes, or young red cells, 
looked promising as a means of decreasing the frequency of 
transfusions and of reducing the iron load. However, this prac-
tice is expensive and time - consuming and the trial results were 
not as favourable as expected.  

  Complications of  m assive  t ransfusion 
 Massive transfusion is usually defi ned as the replacement of the 
total blood volume within a 24 - hour period. Although a number 
of different problems may result from changes that occur in 
stored blood, it should not be forgotten that any patient who 
needs a massive blood transfusion is by defi nition already seri-
ously ill. Too much attention may be paid to the theoretical 
problems caused by metabolic changes in stored blood and not 

incompatibility. Prompt recognition of the cause and adminis-
tration of broad - spectrum intravenous antibiotics, in conjunc-
tion with the treatment of shock, are vital. The diagnosis 
should be confi rmed by direct microscopic examination of the 
blood, and blood cultures from both the recipient and the blood 
bag. 

 Prevention of this potentially disastrous complication of 
blood transfusion rests on stringent observation of procedures 
for aseptic technique during arm cleansing prior to blood col-
lection and for the manufacture of anticoagulant solutions and 
packs. Diversion of the fi rst 20 – 30   mL of blood into a satellite 
pouch further reduces the contamination of units of blood with 
skin bacteria. Packs should never be opened for sampling, and 
the unit should be transfused within 24 hours if any open 
method of preparation has been used (e.g. washed red cells, 
frozen – thawed blood). Blood should always be kept in accu-
rately controlled refrigerators (with alarms), maintained strictly 
at 2 – 6 ° C, and a unit of blood should never be removed and 
taken to the ward or theatre until it is required. The practice of 
ordering multiple units of blood for the same patient and 
leaving unused units at room temperature (or in uncontrolled 
ward refrigerators) until needed must not be tolerated. Handling 
and storage errors are increasingly reported to SHOT and com-
prised 13% of all reports in 2008. Bacteria may cause haemolysis 
or clotting of blood and all units should be inspected for these 
before transfusion. Platelets should be inspected for discolora-
tion, foaming and absence of swirling. 

 Baseline observations and regular monitoring of patients 
undergoing transfusion, with repeat observations at 15 – 30   min 
after commencement, are essential so that reactions are detected 
and acted upon at the earliest opportunity.  

  Transfusion -  a ssociated  c irculatory  o verload 
 All patients, except those who are actively bleeding or fl uid 
depleted, will experience a temporary rise in blood volume and 
venous pressure after the transfusion of blood and/or plasma. 
In young people with normal cardiovascular function, this will 
not cause any embarrassment, providing the total volume given 
and the transfusion rate are not excessive. In contrast, pregnant 
women, patients with severe anaemia, and the elderly with com-
promised cardiovascular function will not tolerate the increase 
in plasma volume, and acute pulmonary oedema may develop. 
In view of this possibility, concentrated red cells should be given 
to these patients slowly over 4 hours. Patients with severe 
chronic anaemia and cardiac failure may require partial 
exchange transfusion. In less severe cases, diuretics (oral or 
intravenous furosemide) should be given at the start of the 
transfusion and only one or two units of concentrated red cells 
should be transfused in any 24 - hour period. Faster correction 
of anaemia is rarely required in a non - bleeding patient. The 
patient should be observed carefully for early signs of cardiac 
failure (raised jugular venous pressure, crepitations at the lung 
bases, and symptoms of pulmonary oedema, cough and breath-
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thrombin complex concentrate and recombinant FVIIa are 
increasingly used to aid the control of massive haemorrhage. 
Well - designed randomized controlled studies are diffi cult in 
this area, but case series show encouraging results. 

 Metabolic changes in stored blood include low pH, hypocal-
caemia and hyperkalaemia. The reduced oxygen - carrying 
capacity of stored blood becomes signifi cant only after 21 days ’  
storage (for CPD - AI blood) and is due to low 2,3 - DPG levels 
(see Chapter  20 ,  p. 376 ). Although excess citrate in transfused 
blood could cause toxicity theoretically, its metabolism in the 
liver is usually rapid. In practice, the only situations when 
citrate toxicity is a real problem is with extremely rapid transfu-
sion (1 unit every 5   min), or in infants, especially if premature, 
having exchange transfusion with blood stored in citrate for 
longer than 5 days. Hypocalcaemia and hyperkalaemia are 
usually transient and rapidly corrected once the transfused 
blood is circulating. Acidosis is not generally signifi cant, as 
citrate metabolism leads to an alkalosis. However, if a patient is 
severely shocked and under - transfused, acidosis may be a clini-
cal problem. All these changes due to stored blood are exacer-
bated by hypothermia. Cardiac irregularities, in particular 
ventricular fi brillation, may result from transfusion of large 
quantities of cold blood. The optimal functioning of coagula-
tion factors and of platelets is also temperature dependent and 
effectiveness is reduced by hypothermia. Thus, the use of a 
blood warmer and keeping the patient warm may be the most 
important measures to prevent the complications of massive 
transfusion. Unfortunately, this inevitably reduces the speed at 
which blood can be transfused, which may be a serious disad-
vantage when rapid transfusion is needed. When replacement 
therapy has failed, recombinant activated factor VII (rFVIIa) 
has been reported as successful in treating the coagulopathy of 
massive transfusion. However, more evidence is needed. The 
utilization of prothrombin complex concentrates in this setting 
also requires evaluation. Tranexamic acid is also being tried in 
a controlled trial. 

 The most important consideration in massive blood transfu-
sion is to replace blood loss quickly and adequately with main-
tenance of normal tissue perfusion, and to prevent development 
of coagulopathy or thrombocytopenia by aggressive early 
replacement. Too little blood too late has far more serious con-
sequences than massive blood transfusion itself.   

  Haemovigilance and  SHOT  

 The interest in transfusion - transmitted infections (TTIs) has 
meant that transfusion medicine has developed signifi cantly in 
the last two to three decades and great emphasis has been put 
on quality, audit and good manufacturing practice. However, 
there were no surveillance systems in place to assess the inci-
dence and prevalence of transfusion risks. France instituted the 
fi rst system of national haemovigilance in 1994. Haemovigilance 
is defi ned by the International Haemovigilance Network as  ‘ a 

enough to the underlying clinical condition. The coagulopathy 
problems derived from massive transfusion are different in 
trauma from those in elective surgery. 

 Although the transfusion problems encountered in cardiac 
surgery were in the past similar to those of massive transfusion, 
the volume of blood transfused to such patients is now insuf-
fi cient to merit the routine administration of fresh blood or 
FFP. When postoperative bleeding occurs, this is usually due to 
platelet dysfunction and/or reduced numbers. Platelet transfu-
sion is then indicated. Whenever possible, antiplatelet and anti-
thrombotic drugs should be suspended 5 – 7 days prior to 
elective surgery. 

 Replacement of the total blood volume will inevitably lead to 
some dilution of platelets. Blood effectively has no functional 
platelets after 48 hours of storage and once 8 – 10 units of blood 
have been given to an adult, thrombocytopenia will usually be 
seen. Regular monitoring of the platelet count in these situa-
tions is essential, preferably employing reliable point - of - care 
testing techniques for rapidly available results; platelet admin-
istration may then be judged on the clinical condition and the 
platelet count. As a guide, platelet transfusion is indicated if the 
platelet count falls below 80    ×    10 9 /L in the face of continued 
bleeding or surgical intervention. Red cell transfusion contrib-
utes to normal haemostasis by helping with the margination of 
platelets and responsiveness of activated platelets, so it is recom-
mended to aim for haemoglobin levels around 10   g/dL if 
possible. 

 Coagulation factors will also be diluted as stored blood is 
administered. Whole blood that has been stored for less than 14 
days has adequate levels of most coagulation factors for haemos-
tasis (whole blood is not available in the UK). Factors V and 
VIII are the most labile but, in conditions of patient  ‘ stress ’ , 
factor VIII is released from endothelial cells; defi ciency of factor 
VIII suffi cient to cause bleeding does not usually occur in these 
circumstances. If stored blood more than 14 days old is given, 
or if plasma - reduced blood or red cells in optimal additive solu-
tion have been used, replacement of coagulation factors may 
become necessary. Treatment should be monitored by coagula-
tion studies and DIC screen; FFP and cryoprecipitate, as a 
source of fi brinogen, should be prescribed on the basis of results 
from the laboratory or point - of - care testing, such as the throm-
boelastograph. DIC associated with massive transfusion is most 
usually due to the underlying condition, such as trauma and/or 
prolonged shock, and not due to transfused blood per se. 

 Recent evidence, especially from military practice, has sug-
gested that in cases of major trauma with massive haemorrhage, 
aggressive early platelet and FFP transfusion reduces overall 
component usage and improves outcome, especially in patients 
with High Injury Severity Score. Although further good - quality 
data are still required, some practitioners in this area favour the 
issue of a  ‘ shock pack ’  from the blood bank in these circum-
stances, so that platelets and FFP as well as red cells are available 
for immediate transfusion. Fibrinogen concentrate, pro-
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Reactions and Events). Hospitals report incidents to SHOT in 
the following categories. 
  1     Error - related incidents  

  (a)     Incorrect blood component transfused, regardless of 
harm to recipients.  
  (b)     Handling and storage errors.  
  (c)     Inappropriate and unnecessary transfusion.    

  2     Physiological reactions 
   (a)     Acute transfusion reaction within 24 hours.  
  (b)     Delayed transfusion reaction beyond 24 hours.  
  (c)     Transfusion - associated graft - versus - host disease.  
  (d)     TRALI.  
  (e)     Transfusion - associated circulatory overload.  
  (f)     Transfusion - associated dyspnoea.  
  (g)     Post - transfusion purpura.    

  3     Transfusion - transmitted infection 
   (a)     Bacterial contamination.  
  (b)     Post - transfusion viral infection.  
  (c)     Other post - transfusion infection (e.g. malaria, vCJD).    

  4      ‘ Near - miss ’  events (this has been introduced more recently).  
  5     Anti - D - related events.    

 Since 1996, SHOT has collected data on serious transfusion 
complications in the UK and has used these to make fi rm rec-
ommendations for improvements in transfusion safety. The 
four UK Blood Services currently issue approximately 3 million 
blood components each year. Since 1996 there has been a year -
 on - year increase in the number of reports, with over 400 eligible 
hospitals registered on the scheme. Participation in the scheme 
continues to increase, and a greater number of hospitals are 

set of surveillance procedures organized from the collection of 
blood and its components to the follow - up of its recipients, 
with the purpose of collecting and evaluating information on 
the undesirable and unexpected effects resulting from the thera-
peutic use of labile blood components and of preventing their 
occurrence or recurrence ’ . 

 The UK ’ s professionally led haemovigilance system, SHOT, 
was introduced in 1996 (Figure  16.4 ). SHOT receives reports of 
adverse incidents surrounding the transfusion of single or small 
pool blood components supplied by the UK National Blood 
Services (red cells, platelets, FFP including MB and SD treated, 
cryoprecipitate and cryodepleted plasma). The vast majority of 
incidents reported are from hospitals, with at least 50% arising 
from clinical areas. SHOT does not comprehensively cover 
complications of fractionated plasma products but does report 
on incidents related to anti - D immunoglobulin administration. 
In the past, reporting to SHOT has been voluntary. In recent 
years a number of quality, inspection and accreditation bodies 
within the UK have made reporting to SHOT a requirement. 
These include Clinical Pathology Accreditation UK, the National 
Patient Safety Agency and the Department of Health (via HSC 
30/2007).   

 There is now a statutory requirement to report serious 
adverse reactions and serious adverse events arising in blood 
establishments or hospital blood banks to the European 
Commission under Directive 2005/61. In the UK, reporting to 
both SHOT and the regulatory authority, the Medicines and 
Healthcare Products Regulatory Agency, is completed online 
via a shared portal called SABRE (Serious Adverse Blood 

Unclassified 7

IBCT 2355

TA-GvHD 13
TTI 66

Autologous* 28
TAD* 1

TACO* 18
PTP 49
TRALI 236

HTR 396 ATR 834

* New categories for this year

Anti-D 535

HSE 507

I and U 329

     Figure 16.4     Cumulative numbers of cases reviewed 1996 – 2008. 

ATR, acute transfusion reaction; HSE, handling and storage 

errors; HTR, haemolytic transfusion reaction; I & U, inappropriate 

and unnecessary transfusion; IBCT, incorrect blood component 

transfused; PTP, post - transfusion purpura; TACO, transfusion -

 associated circulatory overload; TAD, transfusion - associated 

dyspnoea; TA - GvHD, transfusion - associated graft - versus - host 

disease; TRALI, transfusion - related acute lung injury; TTI, 

transfusion - transmitted infection.  
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 Over the 12 years of reporting, the trends observed by 
SHOT have borne the hallmarks of an effective vigilance system. 
The number of incidents reported overall has risen, while the 
frequency of the most serious events has fallen (Figure  16.5 ). 
There has been a decrease in the number of ABO - incompatible 
transfusions and a reduction in the number of cases of TRALI. 
These trends follow changes in national policies on training and 
competency for staff involved in blood transfusion, and a switch 
to male - only FFP, both instigated as a result of SHOT data. 
Overall mortality directly attributable to transfusion has 
decreased (Figure  16.6 ). TTI constituted just 1.2% of reports. 
There were 64 confi rmed TTIs, of which the majority (38 cases) 

sending in more than one report. There has been a consistent 
increase in reporting every year, with most recently an 85% 
increase between 2007 and 2008, affecting all categories except 
transfusion - transmitted infection. 

 Of 5374 fully analysed reports between 1996 and 2008, 2355 
(44%) were  ‘ wrong blood ’  incidents (excluding handling and 
storage errors and inappropriate and unnecessary transfusion, 
which were previously included in the category  ‘ Incorrect blood 
component transfused ’ ; see Figure  16.4 ). Of these, 233 were 
ABO - incompatible red cell transfusions. Immune complica-
tions constituted 28% of reports, with 236 cases of possible 
TRALI. 
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     Figure 16.5     Incorrect blood component transfused (IBCT) and ABO - incompatible red cell cases reported to SHOT 1996 – 2008. HSE, 

handling and storage errors; I & U, inappropriate and unnecessary transfusion.  
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   •      Alternative fl uid replacement, i.e. replace use of FFP or 
albumin with crystalloids or colloids when appropriate.  
   •      Anaesthetic methods to reduce blood loss (e.g. hypotension, 
patient warming).  
   •      Enhancement of surgical haemostasis and new surgical tech-
nologies (e.g. harmonic scalpels, laser, water jets).  
   •      Non - invasive surgery (e.g. angioplasty, laparoscopic surgery).  
   •      Stopping aspirin, non - steroidal anti - infl ammatory drugs, 
clopidogrel and anticoagulants preoperatively.  
   •      Postoperative haematinics.  
   •      Point - of - care testing in theatre.  
   •      Miniaturizing blood sampling in intensive care units for pre-
mature babies and adults.  
   •      Stem cell transplantation for transfusion - dependent patients 
(e.g. thalassaemia).     

  Biological  a lternatives 

     •      Recombinant erythropoietin.  
   •      G - CSF.  
   •      Recombinant clotting factors.  
   •      Recombinant activated factor VII (rFVIIa).  
   •      Fibrin glue in surgery.  
   •      In the future: haemoglobin solutions and platelet 
substitutes?     

  Pharmacological  a lternatives 

     •      Tranexamic acid infusion intraoperatively or 
postoperatively.  
   •      DDAVP preoperatively in mild haemophiliacs.  
   •      Intravenous iron, with or without recombinant erythropoie-
tin preoperatively, especially in patients intolerant or unrespon-
sive to oral iron.  
   •      In the future: oxygen carriers such as fl uorocarbons?      

  Haemolytic  d isease of the  f etus and 
 n ewborn 

 Haemolytic disease of the fetus and newborn is a condition in 
which the lifespan of the fetal/neonatal red cells is shortened 
due to maternal alloantibodies against red cell antigens inher-
ited from the father. Maternal IgG can cross the placenta, and 
thus IgG1 and IgG3 red cell alloantibodies can gain access to 
the fetus. If the fetal red cells contain the corresponding antigen, 
then binding of antibody to red cells will occur. When the 
antibody is of clinical signifi cance (e.g. anti - D,  - c,  - E,  - K,  - Jk a ), 
and of suffi cient potency, the coated cells will be prematurely 
removed by the fetal mononuclear phagocytic system. The 
effects on the fetus/newborn infant may vary according to the 
characteristics of the maternal alloantibody. 

were of bacterial contamination, 32 from platelets and six 
from red cells. In 2008 there were four incidents involving 
bacterially contaminated platelets affecting six patients, two of 
whom died.   

 The SHOT data demonstrate that in high - resource countries, 
virological safety of the blood supply is advanced. Efforts should 
now be concentrated on preventing bacterial contamination 
and in other areas of transfusion medicine, such as the encour-
agement of appropriate use of blood, safe administration of 
blood components, and accurate patient and sample 
identifi cation.   

  Appropriate  u se of  b lood and 
 a lternatives to  a llogeneic  b lood 
 t ransfusion 

 In view of the inherent risks of blood transfusion and diffi culties 
with donor recruitment due to escalating stringent donor selec-
tion criteria, blood components should only be transfused when 
the benefi ts outweigh the risks. 

 There are several reasons for aiming to reduce unnecessary 
allogeneic blood transfusion: 
  1     safety of the patient, by avoiding errors, as well as microbio-
logical and immunological risks;  
  2     shortages of blood and increasing diffi culties in the recruit-
ment of blood donors;  
  3     cost containment;  
  4     high anxiety levels in patients that are disproportionate to the 
real residual infectious risk of transfusion.    
 There are several alternatives to allogeneic blood transfusion, 
and these can be classifi ed as operational, biological and 
pharmacological. 

  Operational  a lternatives 

     •      Treatment of preoperative anaemia with haematinics, if 
appropriate, in a timely way through pre - assessment clinics 
for elective surgery. Optimization of  preoperative  haemo-
globin using haematinics (including intravenous iron) and 
erythropoietin.  
   •      Autologous transfusion. Cell salvage is most cost - effective if 
applied to patients undergoing surgical procedures with a high 
risk of requirement for blood transfusion. Preoperative autolo-
gous deposit is becoming less favoured as evidence of effi cacy 
is patchy and contradictory. European regulation (Directive 
2002/98, UK Blood Safety and Quality Regulations  2005 ) man-
dates that this proces can only be carried out at a blood estab-
lishment. The value of preoperative haemodilution needs 
further assessment.  
   •      Re - evaluation of transfusion triggers and algorithms for esti-
mation of acceptable blood loss in surgery. Adherence to 
guidelines.  
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may not be affected. In Rh HDN, a fi rst pregnancy is usually 
unaffected (unless there has been prior immunization by abor-
tion or transfusion), and subsequent Rh - incompatible infants 
are affected to an equal degree or more severely. The majority 
of neonates affected with Rh HDN require some form of 
therapy. 

  Clinical  f eatures 

 In its least severe form, HDN manifests itself as mild haemolytic 
anaemia. The infant ’ s red cells, coated with maternal IgG 
alloantibody, are removed prematurely from the circulation, 
causing slight jaundice (maximum on the second to third days 
of life) and mild anaemia during the second week of life. More 
severely affected infants show severe hyperbilirubinaemia in 
the neonatal period, a condition that was called  icterus gravis 
neonatorum . Prompt treatment with exchange transfusion is 
necessary to prevent bilirubin impregnation of the basal ganglia 
and neurological damage, a condition known as  kernicterus . 
This condition may be fatal, or lead to serious neurological 
defi cit, with deafness, mental retardation, choreoathetosis and 
spasticity. 

 In the most severely affected cases, profound anaemia devel-
ops  in utero , and intrauterine death may occur at any time from 
the 18th week of gestation. Affected fetuses are pale and oede-
matous, with marked ascites. The placenta is bulky, swollen and 
friable. This condition is known as  hydrops fetalis , and had a 
high mortality rate until ultrasound - guided intravascular trans-
fusions and improved intensive care facilities for very prema-
ture babies were introduced. The pathophysiology of hydrops 
is not fully understood, but extravascular haemolysis with fetal 
anaemia seems to play a major role by stimulating extramedul-
lary erythropoiesis in the liver, with distortion of the hepatic 
circulation, leading to portal hypertension and impaired 
albumin production. Hypoalbuminaemia leads to ascites, 
oedema and pleural/pericardial effusions. In addition, the 
severe anaemia leads to cardiac failure and tissue hypoxia, 
which damages the endothelium, leading to fl uid extravasation 
into the extravascular space. 

 The blood fi lm of a fetus affected by HDN shows polychro-
masia and increased numbers of nucleated red cells (Figure 
 16.7 ). In most cases (except a few due to ABO antibodies), the 
DAT (Coombs test) on the infant ’ s cells is positive owing to IgG 
coating.    

   R  h   h aemolytic  d isease of the  n ewborn 

 Until the early 1970s (when Rh immunoprophylaxis was intro-
duced), 0.5 – 0.75% of all births gave rise to infants affected by 
Rh HDN. Anti - D accounted for over 90% of all cases. Although 
anti - D HDN has decreased signifi cantly as a cause, it remains 
the most important. Of all infants affected by Rh HDN, 10 – 20% 
died  in utero  or in the early neonatal period before effective 

 The antibodies giving rise to HDN most commonly belong 
to the Rh or ABO blood group systems. The morbidity of Rh 
HDN is explained by the great immunogenicity of the D antigen; 
HDN due to anti - c is also important and its incidence comes 
second among the cases of severe HDN, closely followed by the 
non - Rh antibody, anti - K. (The disease caused by anti - K is more 
properly called  alloimmune anaemia of the fetus and newborn  as 
it is due to direct inhibition of erythropoiesis by the antibody 
and haemolysis is not a feature.) Antibodies against antigens in 
almost all the blood group systems (e.g. Duffy, Kidd), and 
against the so - called  ‘ public ’  and  ‘ private ’  antigens, have also 
been occasionally responsible for HDN. However, IgM cannot 
cross the placenta and Lewis and P 1  antibodies, which occur 
frequently during pregnancy, are usually IgM and do not lead 
to HDN. Furthermore, the Lewis antigens are not red cell anti-
gens per se and are not fully developed at birth. 

 All women who have had previous pregnancies or blood 
transfusions may become immunized against  ‘ foreign ’  red cell 
antigens. However, red cell antibodies may be found in those 
with no such history, either because the antibodies are  ‘ natu-
rally occurring ’  or because a spontaneous abortion early in a 
previous pregnancy was unrecognized as such. Blood samples 
from all pregnant women must be tested early for the presence 
of atypical red cell antibodies (usually at 12 – 16 weeks, during 
the booking visit), and again at 28 weeks ’  gestation, even if no 
antibody was found at booking. 

 When anti - D, anti - c or anti - K are detected at booking, the 
strength of the antibody and the rate of rise (if any) in titre, or 
level in micrograms, during pregnancy must be carefully moni-
tored by regular monthly blood sampling during the second 
trimester and fortnightly thereafter. If the level of any other 
clinically signifi cant antibody is moderately high or high at 28 
weeks, it should be monitored fortnightly until term. If the level 
of anti - D is greater than 10   IU/mL (2    µ g/mL) or anti - c greater 
than 20   IU/mL, or if other antibodies have an IAT titre of 32 or 
greater, the fetus should be monitored by ultrasound/Doppler 
for evidence of anaemia and cardiac decompensation. At these 
levels, in the case of anti - D, anti - c or anti - K, referral to a feto-
maternal unit is advised. It should be noted that, in the case of 
potent anti - K, severe anaemia may occur relatively early during 
gestation. 

 Fetal and neonatal anaemia due to anti - D and anti - K tends 
to be more severe than that due to any other alloantibody. The 
next important, in terms of severity, is that due to anti - c. Anti -
 A,B is a common cause of HDN in group O mothers delivering 
group A or B infants (1 in 150 births), but the disease is usually 
mild; death  in utero  is unknown though exchange transfusion 
after birth may occasionally be required. 

 There are many signifi cant differences between HDN due to 
ABO and Rh incompatibilities. The low incidence of infants 
requiring treatment for ABO HDN contrasts with the situation 
in Rh HDN. Furthermore, ABO HDN is found as frequently in 
the fi rst pregnancy as in later pregnancies; subsequent infants 
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rough guide, levels below 4.0   IU/mL (0.8    µ g/mL) require no 
action, whereas a level above 4 and up to 10   IU/mL (2.0    µ g/mL) 
indicates moderate risk; 10 – 20   IU/mL indicates high risk of 
HDN and levels greater than 20   IU/mL indicate a high risk of 
hydrops. Anti - D, anti - c and anti - K should be monitored 
monthly to 28 weeks and 2 - weekly thereafter. Other red cell 
antibodies reacting by IAT should be retested at 28 weeks, 
titrated and the maternal serum should be tested for the pres-
ence of Kell alloantibodies. If the anti - D level is above 10   IU/
mL, anti - c above 20   IU/mL or for other antibodies the IAT titre 
is above 32, the fetus should be monitored by the fetal medicine 
specialist for evidence of anaemia. The strength and trend in 
titre of other maternal alloantibodies should be reported to the 
obstetrician, for fetal monitoring as appropriate.  

  Antenatal  a ssessment of  d isease  s everity and 
 t reatment of  h aemolytic  d isease 
 The severity of the haemolytic process may be assessed by fetal 
medicine specialists using clinical and ultrasound monitoring, 
including Doppler fl ow velocity. The systolic velocity of the fetal 
middle cerebral artery is a reliable indicator of fetal anaemia 
(Figure  16.9 ). Measurement of bile pigments in the amniotic 
fl uid by spectrophotometry from week 28 onwards is less com-
monly used now in the UK. The absorbance of normal amniotic 
fl uid over the range of wavelengths 400 – 600   nm forms a smooth 
curve when plotted on semi - logarithmic graph paper. When 
there is an excess of bilirubin, the curve shows a greatly increased 
absorbance, with a peak at about 450   nm. The increase in 
density at this wavelength over the normal absorbance is the 
measurement of severity.   

 If the non - invasive parameters of severity indicate a severely 
affected infant, the fetal medicine specialist can perform ultra-
sound - guided fetal blood sampling from 18 – 20 weeks onwards. 
The fetal haemoglobin defi cit is measured (Figure  16.10 ) and, 
if necessary, an intravascular transfusion with fresh ( <    5 days 
old) group O, RhD - negative, CMV - negative, irradiated blood 
of the desired packed cell volume (PCV) can be administered. 
Such transfusions will be performed subsequently throughout 
pregnancy, with a frequency determined by the severity of the 
disease. Fetal blood sampling and amniocentesis carry a risk of 
immunizing a previously unsensitized RhD - negative woman 
carrying an RhD - positive fetus, due to leakage of fetal blood 
into the maternal circulation. Similarly, pre - existing low anti-
body levels may be  ‘ boosted ’  by a new stimulus. Immunization 
to, or boosting of, other clinically signifi cant red cell alloanti-
bodies is not a rare occurrence. Although the risks of fetal blood 
sampling are small in experienced hands, there are possible 
adverse effects on the fetus (e.g. bleeding through puncture of 
fetal vessels).   

 Intraperitoneal transfusion involves injection of antigen -
 negative donor red cells into the peritoneal cavity of the fetus 
(now rarely used). Blood with the same specifi cation as for 
intravascular transfusions is used from 24 weeks of gestation. If 

therapy was possible. The disease due to anti - D is more severe 
than that due to most other alloantibodies (e.g. anti - c,  - E) 
except for some cases of anti - K. Early detection of maternal 
alloantibodies, regular fetal monitoring and assessment of rises 
in antibody titres are prerequisites to a successful outcome. 

  Antenatal  a ssessment of  m aternal  b lood 
 Rarely, anti - D may develop in a fi rst pregnancy in a woman 
who has had no previous transfusions. However, it is not 
common for the antibody to reach high levels, and it is not 
usually detectable before 28 weeks; most of such cases become 
apparent after delivery. Conversely, in women who have had 
previous pregnancies or transfusions with Rh - positive red cells, 
anti - D may be detected early in pregnancy; regular monitoring 
of the level is necessary in order to plan the best type and timing 
of intervention. At present, the most objective means of quan-
tifying anti - D levels routinely is with an automated analyser or, 
rarely, by fl ow cytometry and not by manual titration. More 
important than the anti - D levels in determining the severity of 
HDN is the obstetric assessment of the fetus. 

 The ABO, Rh groups and antibody screen should be per-
formed in all pregnant women at booking (usually around 16 
weeks ’  gestation). All women should have the testing repeated 
once more at about 28 weeks to confi rm the Rh group and to 
detect the presence of atypical antibodies. If clinically signifi cant 
antibodies are detected, more frequent testing will be required 
(see below). If the mother is RhD negative with no anti - D by 
28 weeks, routine antenatal prophylaxis should be given (see 
below). Following delivery, all RhD - negative women who are 
unsensitized for RhD should be given prophylactic anti - RhD 
immunoglobulin if the infant is RhD positive (Figure  16.8 ).   

 The level of anti - D in the serum correlates approximately 
with the clinical severity of the HDN, but this is also affected 
by factors such as IgG subclass, rate of rise of antibody, past 
history and presence of maternal blocking antibodies. As a 

     Figure 16.7     Blood fi lm of a fetus affected by HDN showing 

polychromasia and increased numbers of normoblasts.  
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fering from haemolytic disease due to antibodies other than 
anti - D, anti - c or anti - K. When the previous obstetric history is 
poor, the mother starts with a high level of anti - D and the 
partner is homozygous for D, or the fetus is known to be D 
positive, intravenous immunoglobulin is given to carry the 
pregnancy to 20 weeks, when intrauterine transfusions can be 
started. In several countries, intravenous immunoglobulin is 
the mainstay of therapy throughout pregnancy.  

  Assessment of  s everity in the  n ewborn 
 Cord blood samples should be taken at delivery. The DAT may 
be positive but is not a useful indication of severity or need for 
therapy. The best simple criterion of severity is the cord hae-
moglobin level; this is much more useful than a sample taken a 
few hours after birth, when rapid haemodynamic changes are 
occurring. The normal range of cord haemoglobin levels is 
13.6 – 19.6   g/dL. Most infants with levels in this range do not 
require therapy; more than 50% of affected babies have a level 

ascites is already present, absorption of the red cells into the 
fetal circulation is slow and intravascular transfusion will con-
tinue to be the treatment of choice. 

 It is possible to determine the Rh genotype of the fetus from 
amniotic cells through DNA typing, thus avoiding further 
manipulations when the fetus is RhD negative. Fetal RhD geno-
typing is now possible by DNA extraction from maternal plasma 
from 16 – 18 weeks ’  gestation; this non - invasive technique is 
replacing amniocyte typing (see Chapter  15 ). If the partner is 
available, he too may be tested for the presence of the relevant 
antigen.  

  Premature  d elivery 
 Modern neonatal intensive care has dramatically increased sur-
vival rates of very premature infants born at 24 – 30 weeks ’  gesta-
tion. Nevertheless, morbidity is high and premature delivery is 
now, due to the success of intrauterine transfusions, rarely per-
formed. It is sometimes considered at 36 weeks for fetuses suf-

All pregnant women
Booking visit 10–16 weeks: send sample to blood bank
Testing will be performed for ABO, RhD blood groups + antibody screen
• Clinical information regarding the week of pregnancy/EDD at time of booking sample must be included on request form
• Clinical information regarding previous pregnancies/transfusions must be included on request if known
• Use of consultant code assists in identifying a sample as antenatal on PAS
• Objectives: identify pregnancies at risk of fetal/neonatal haemolytic disease of newborn (HDN)
  identify RhD-negative women who need anti-D prophylaxis
  provide compatible blood swiftly in obstetric emergencies

All pregnant women 28 weeks
• Recheck RhD group and antibody testing
RhD negative women  at booking visit must have blood sample taken before giving injection of 28-weeks anti-D 
prophylaxis (> 500 i.u.) (passive anti-D can be detected by IAT within minutes of the injection being given)

Other antibodies No antibodiesAnti-D, anti-c,
K-related antibodies

Anti-D, anti-c,
K-related antibodies

Other IAT (warm)
reacting antibodies

No antibodies or
IAT-negative antibodies

Monitor level monthly

Monitor level 
every 2 weeks

If significantly high refer
to fetal medicine unit

If RhD negative: 34-week dose
(> 500 i.u.) anti-D prophylaxis

At delivery: test cord blood
group if mother Rh negative

At delivery perform red cell direct antiglobulin test (DAT)
Monitor baby for HDN

Monitor level and 
inform obstetrician

If baby is RhD positive, give the mother an additional injection > 500 i.u. anti-D Ig within 72 h

     Figure 16.8     Blood group and antibody testing in pregnancy.  (From British Committee for Standards in Haematology  (1996)   Guidelines 

for Blood Grouping and Antibody Testing During Pregnancy , with permission) .  
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     Figure 16.9     Middle cerebral artery Doppler. Peak velocity of 

systolic blood fl ow in the middle cerebral artery in 111 fetuses at 

risk for anaemia due to maternal red cell alloimmunization. 

Open circles indicate fetuses with either no anaemia or mild 

anaemia ( ≥    0.65 multiples of the median Hb concentration). 

Triangles indicate fetuses with moderate or severe anaemia 

( <    0.65 multiples of the median Hb concentration). Solid circles 

indicate the fetuses with hydrops. Solid curve indicates the 

median peak systolic velocity in the middle cerebral artery and 

the dotted curve indicates 1.5 multiples of the median.  (Courtesy 

of Professor Charles Rodeck.)   

     Figure 16.10     Fetal haemoglobin (Hb) concentration of 48 

hydropic (open circles) and 106 non - hydropic (closed circles) 

fetuses from red cell isoimmunized pregnancies at time of fi rst 

blood sampling. Values are plotted on the reference range of fetal 

Hb for gestation. The individual 95% confi dence intervals of the 

normal Hb for gestation defi ne zone I and the individual 95% 

confi dence intervals of the Hb for gestation of the hydropic 

fetuses defi ne zone III. Zone II indicates moderate anaemia. 

 (Courtesy of Professor Charles Rodeck.)   

in the normal range. Where the cord haemoglobin is below 12   g/
dL, exchange transfusion will be necessary. It may also be indi-
cated for a rising bilirubin level after birth, depending on the 
rate of rise and the maturity of the infant. Phototherapy may 
be given to reduce the rise in bilirubin levels but it is not a 
substitute for transfusion. Less severely affected infants may 

require small - volume transfusions of red cells at 2 – 3 weeks of 
age. In both these instances, careful follow - up arrangements 
must be made as haemolysis may continue, causing further rises 
in bilirubin or need for additional top - up transfusion. 

 The infant ’ s RhD group should be determined on the cord 
blood sample of all infants born to D - negative mothers with no 



Clinical blood transfusion

297

Chapter  15 ,  p. 247 ). Thus, only small amounts of the maternal 
antibody bind to infant red cells, and clinical sequelae are 
usually mild. 

  Serological  fi  ndings 
 The mother is usually blood group O; IgG anti - A,B, anti - A and 
anti - B can be demonstrated in her plasma after inactivating 
or inhibiting the IgM component with a reducing agent (2 - 
mercaptoethanol or dithiothreitol, ZZAP). When infants are 
affected and require therapy, the maternal IgG anti - A or anti - B 
is almost always present in a titre greater than 64. 

 The infant will be group A or B and the DAT may be positive, 
only weakly positive or negative. In most cases, spontaneous 
agglutination will be observed if a drop of whole blood from 
the cord is rocked gently on a tile, especially if the cells are 
suspended in ABO - compatible plasma. Testing eluates from the 
red cells by IAT will reveal anti - A or anti - B specifi city. 
Examination of the infant ’ s blood fi lm may show spontaneous 
agglutination of red cells, spherocytosis (not seen with Rh 
HDN), reticulocytosis, polychromasia and increased numbers 
of nucleated red cells.  

  Treatment 
 Severe anaemia is uncommon. Hyperbilirubinaemia is more 
often a problem and often subsides with phototherapy, but may 
occasionally be serious enough to warrant exchange transfusion 
to prevent brain damage. Group O donor blood with low - titre 
anti - A,B should be used.   

  Haemolytic  d isease of the  n ewborn  d ue to 
 o ther  a ntibodies 

 After anti - D, the antibodies encountered most commonly as a 
cause of HDN are anti - c and anti - K (the former usually due to 
previous pregnancy and the latter to previous maternal blood 
transfusions). The disease is generally less severe than that 
caused by anti - D, but may sometimes be serious enough to 
warrant early delivery and/or exchange transfusion, and occa-
sionally requires treatment of the fetus. Anti - K of high titre may 
cause severe fetal anaemia, because the K antigen is present in 
early red cell precursors. Assessment and treatment of the fetus 
and infant should be along the same lines as for anti - D. Blood 
that lacks the appropriate antigen should be given if intrauter-
ine or exchange transfusion is required. 

 Although uncommon, practically all other red cell alloanti-
bodies have been implicated in HDN, requiring no therapy, 
small - volume transfusion or, very rarely, exchange transfusions.  

  Prevention of  h aemolytic  d isease of 
the  n ewborn 

 The major success in HDN in the last 15 years is because of the 
decrease in cases due to anti - D, so that other antibodies now 

preformed anti - D in order to give anti - D immunoglobulin 
prophylaxis if they type as D - positive. A DAT is only performed 
on cord bloods of mothers who have made anti - D; the cord 
bloods of women given antenatal Rh prophylaxis should not 
undergo DAT as it may be positive due to the passive anti - D 
given. If intrauterine transfusions have been given, the ABO and 
Rh groups may be those of the donor, and the DAT may be 
negative. A DAT should be performed on the cord blood of all 
women who have IAT - reactive antibodies. If the DAT is posi-
tive, the cord haemoglobin should be checked and the clinical 
state, haemoglobin and bilirubin of the infant monitored for 
signs of HDN for 1 month.  

  Exchange  t ransfusion 
 Exchange transfusion is effective therapy for HDN, removing 
from the infant ’ s circulation sensitized red cells and plasma 
containing both maternal antibody and bilirubin. It also treats 
the anaemia. 

 An exchange transfusion of one blood volume will replace 
approximately 75% of the infant ’ s red cells. It is usual to 
exchange relatively large volumes of blood (e.g. 160   mL/kg) 
slowly, via an umbilical vein catheter. The donor blood should 
be ABO compatible with mother and infant, and lack the 
antigen against which the maternal antibody is directed. A com-
patibility test should be performed against maternal serum. 
Blood in CPD - AI of less than 5 days old with a PCV of 0.5 – 0.6 
is suitable for exchange transfusions, regardless of the ABO 
group of the infant. If group O blood is used in all exchange 
transfusions, it should be devoid of high - titre ABO antibodies. 
CMV antibody - negative donations should be used for infants 
less than 1200   g in weight. If possible, the blood should be irra-
diated, but there should be no delay to the exchange on account 
of this. Irradiated blood must be given to infants who have been 
transfused  in utero , because they are at greater risk of transfu-
sion - associated graft - versus - host disease.   

   ABO   h aemolytic  d isease of the  n ewborn 

 In 20% of births, the mother is ABO incompatible with her 
fetus. In A and B subjects, the anti - B and anti - A are predomi-
nantly IgM and do not enter the fetus. ABO HDN is usually 
restricted to group O mothers possessing IgG anti - A,B, in addi-
tion to IgM antibodies. In 15% of all pregnancies of white 
mothers, a group O mother carries a group A or B fetus, but 
the overall incidence of ABO HDN requiring treatment is 
extremely low. In absolute terms, however, exchange transfu-
sion may be required in up to 1 in 3000 infants. 

 The lack of severity of ABO HDN can be accounted for by 
the widespread occurrence of A and B antigens, not only on red 
cells but also in plasma and on other cells, which will partially 
neutralize maternally derived ABO antibodies. Furthermore, 
the A and B antigens are not fully developed in the infant and 
the number of ABO sites is much smaller than in adults (see 
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essary routine antenatal Rh prophylaxis to women carrying 
RhD - negative fetuses. 

 The next most common causes of HDN requiring therapy are 
anti - c and anti - K. Any reduction in the cases due to anti - K 
could only be achieved by prevention of sensitization through 
transfusion of all women of childbearing potential with 
K - negative blood.   

  Neonatal  a lloimmune  t hrombocytopenia 

 This is a condition in which the platelets of the fetus and 
newborn are destroyed by maternal platelet - specifi c alloanti-
bodies against platelet antigens inherited from the father. It is 
analogous to HDN, but for platelets. Although more than 15 
human platelet antigen (HPA) systems have been described, 
most cases are due to anti - HPA - 1a in alloimmunized HPA - 1b 
mothers. The difference with neonatal alloimmune thrombocy-
topenia is that the offspring of the fi rst pregnancy can be 
affected and that the potency of the platelet antibodies is often 
not correlated with the severity of the fetal or neonatal throm-
bocytopenia. The most serious complication is intracranial 
haemorrhage, which may lead to death or severe neurological 
sequelae. Treatment consists of intravenous immunoglobulin 
and/or transfusion of HPA - 1a - negative platelets, available from 
stock throughout the National Blood Service.  
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cated after spontaneous or therapeutic abortion or threatened 
miscarriage and all procedures that might lead to a fetomaternal 
bleed (amniocentesis, external version, abdominal injury, cho-
rionic villus sampling); the dose is 250   IU (50    µ g) up to 20 
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cause of failure of conventional postnatal prophylaxis. 
Approximately 0.8 – 1.5% of Rh - negative women carrying a Rh -
 positive fetus become immunized during pregnancy. 

 To further reduce Rh immunization signifi cantly, anti - RhD 
immunoglobulin should be given routinely during pregnancy 
to all RhD - negative women. A minimum of 500   IU (100    µ g) 
should be administered intramuscularly at 28 and 34 weeks, 
with some centres administering up to 1250   IU. A single dose 
of 1500   IU (300    µ g) at 28 weeks has also been recommended, 
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more signifi cant. Data from Canada suggest that a second dose 
of 300    µ g may be needed for many women at 34 weeks, despite 
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routine antenatal prophylaxis to all pregnant RhD - negative 
women, as it signifi cantly reduces the incidence of RhD sensi-
tization in pregnant women. It is expected to offer D typing of 
the fetus from DNA extracted from maternal plasma before 28 
weeks ’  gestation (see Chapter  15 ). This will avoid giving unnec-
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  Introduction 

 White blood cells have fundamental roles in defence against 
invading microorganisms and the recognition and destruction 
of neoplastic cells as well as their role in acute infl ammatory 
reactions. Furthermore, through their phagocytic function, 
white blood cells are infl uential in clearing senescent and 
apoptotic cells, hence allowing tissue repair and remodelling. 
Production of various cytokines by white blood cells infl uences 
the functions of other cells and affects processes such as cellular 
and humoral immunity, and allergic phenomena. The phago-
cytic actions of white blood cells can cause damage to the host 
tissue, leading to infl ammation. This occurs either as a by -
 product of their microbial killing actions or as a direct attack 
on the host in autoimmune disorders. 

 Normal haemopoiesis, including generation of appropriate 
white blood cell number and constellation, is dependent upon 
intricately regulated signalling cascades that are mediated by 
cytokines and their receptors. Orderly function of these path-
ways leads to the generation of the normal constellation of 
haemopoietic cells, and their abnormal activation results in 
impaired apoptosis, uncontrolled proliferation and neoplastic 
transformation. Cytokines function in a redundant and pleio-
tropic manner; different cytokines can exert similar effects on 
the same cell type and any particular cytokine can have several 
differing biological functions. This complexity of function is a 
result of shared receptor subunits as well as overlapping down-
stream pathways, culminating in transcription of similar genes. 
Increased understanding of the role of cytokines and other 

growth factors in the control of normal haemopoiesis has led 
to better delineation of the pathogenetic events that affect the 
function and number of these cells. 

 In this chapter, we consider the normal production and func-
tion of white blood cells involved in phagocytosis and describe 
various disorders causing their altered number and activity.  

  Mechanisms of  p hagocyte  f unction 

  Locomotion 

 Phagocytes are an important part of the innate host defence 
system, performing their function either as resident cells in 
tissues (e.g. macrophages) or as circulating defenders (e.g. 
neutrophils, eosinophils and monocytes). Phagocytosis of 
invading microorganisms by both types of defenders involves 
the synthesis of highly toxic derivatives of molecular oxygen by 
the respiratory burst NADPH oxidases and the delivery of 
stored antimicrobial proteases into the vacuoles containing 
microbes. 

 Circulating phagocytes such as neutrophils respond to spatial 
gradients of chemotaxins and move by alternating the extrusion 
and retraction of broad frontal lamellipodia that determine the 
direction of movement. As a result, the body of the cell elon-
gates along the axis defi ned by the lamellar protrusion. As little 
as a 2% change in the concentration of the chemoattractant can 
be recognized by neutrophils. The signals generated by such 
gradients activate the cytoplasm of the cell leading to propulsive 
and retractive events. The movement of neutrophils is achieved 
by the contraction of an actin fi lamentous network in the corti-
cal gel at the leading front. This dynamic network provides 
strength for the forming protrusions and serves as an anchor 
for adhesion molecules. ATP provides the energy for the move-
ment of the cell. 
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 Paracellular diapedesis is the purposeful coordinated move-
ment of leucocytes though the endothelial lining towards sites 
of infl ammation. Neutrophil chemotaxis requires a series of 
sequential steps resulting in the recruitment of these cells at 
tissue sites away from the vessel lumen. Selectin - mediated 
leucocyte tethering and rolling across endothelial surfaces 
is followed by integrin - mediated fi rm adhesion and leucocyte 
polarization at endothelial cell junctions. CD157, a glycosyl-
phosphatidylinositol (GPI) - anchored surface protein, is crucial 
to this process of locomotion and is expressed on the surface of 
neutrophils and vascular interendothelial junctions. As would 
be expected, neutrophils from patients with paroxysmal noc-
turnal haemoglobinuria, in which there is loss of GPI - linked 
proteins, demonstrate defective chemotaxis with impaired 
transendothelial migration.  

  Phagocyte  r eceptors 

 Phagocytes express a number of surface receptors that are able 
to recognize microbial surfaces as well as altered tissue compo-
nents and apoptotic bodies (Table  17.2 ). Furthermore, non -
 specifi c components of the innate immune response, such as 
the components of the complement cascade, can tag and thereby 
identify invading microorganisms, thus allowing their opsoni-
zation via another family of receptors, leading to the uptake of 
complement - coated microorganisms. This complement fi xa-
tion can occur either via the classical pathway, which is acti-
vated by the prior binding of immune IgG or IgM to the 
organism or particle, or by antibody - independent activation of 
the alternative pathway. Similarly, other molecules such as 
matrix proteins (i.e. fi bronectin and vitronectin) can act as 
opsonins allowing recognition and uptake by the phagocytic 
cells. Interestingly, in order to evade phagocytes, pathogenic 
bacteria such as  Streptococcus pneumoniae ,  Haemophilus infl u-
enzae  and  Neisseria meningitidis  have developed strategies such 
as production of polysaccharide capsules, which provide a 
shield against complement binding and activation, and recogni-
tion by scavenger receptors.   

 Two types of complement receptors, CR1 (CD35) and CR3 
(CD11b/CD18), have been described. CR1 is a glycosylated 
protein of 160 – 250   kDa and can be identifi ed as CD35. CR1 is 
present on all phagocytes as well as some T lymphocytes. CR1 
mediates phagocytosis of particles opsonized by C3b and regu-
lates complement activation. CR3 is a member of the  β  2  integrin 
family and is designated CD11b/CD18. It is composed of two 
polypeptide chains, an  α  - subunit of 185   kDa and a  β  - subunit 
of 95   kDa. CR3 is expressed on all phagocytes as well as natural 
killer cells and some  γ  δ  T cells. Monocytes and macrophages 
express high levels of CR3; neutrophils have lower - level expres-
sion that can increase rapidly through release from intracellular 
stores. CR3 can bind particles opsonized with C3bi as well as 
determinants on unopsonized microbes. The avidity of CR3 
is enhanced by an amphipathic anion lipid called integrin - 

 Phagocytic cells possess a number of cell – cell adhesion recep-
tors and ligands, which mediate their recruitment, migration 
and interaction with other immune cells (Table  17.1 ). These 
include members of the integrins, the immunoglobulin super-
family and the selectins. Migration of macrophages involves 
their adhesion to endothelial surfaces and their extravasation to 
the extravascular space. This process is mediated by cytokine -
 regulated expression of intercellular adhesion molecules 
(ICAMs) on the surface of both phagocytes and endothelial cell. 
ICAMs share similar structure to the immunoglobulin family 
and other immunoglobulin - like adhesion molecules such as 
vascular cell adhesion molecule (VCAM) - 1, and serve as ligands 
for the  β  2  integrins. The distribution and regulation of the three 
members of the ICAM family is different. ICAM - 1 is expressed 
at a low level on endothelial cells; its expression is enhanced by 
the infl ammatory cytokines such as interleukin (IL) - 1, inter-
feron (IFN) -  α  and IFN -  γ . ICAM - 2 is constitutively expressed 
on endothelial cells, with no response to the infl ammatory 
cytokines. ICAM - 3 is expressed by neutrophils, monocytes and 
lymphocytes. Another member of the endothelial immu-
noglobulin superfamily, PECAM - 1 (CD31), serves an impor-
tant role in transmigration of neutrophils into mucosal or other 
body tissues.   

 The  β  2  integrin family consists of three leucocyte restricted 
integrins, LFA - 1 (CD11a/CD18), CR3 (MAC - 1, CD11b/CD18) 
and p150/95 (CD11c/CD18). They share a common  β  - subunit, 
CD18, and three unique  α  - subunits, CD11a, CD11b and 
CD11c. LFA - 1 and ICAM - 1 are both present on monocytes and 
mediate their attachment to endothelial cells and to lym-
phocytes bearing the corresponding receptor/ligand, thereby 
facilitating antigen presentation. Leucocyte adhesion defi ciency 
type I, described later in the chapter, is caused by the genetic 
defi ciency of all three CD18 integrins, and neutrophils in this 
condition bind poorly to IL - 1 - stimulated endothelial cells and 
do not undergo transendothelial migration. 

 Selectins are expressed on all leucocytes (L - selectins) as 
well as post - capillary endothelial surfaces (E - selectins) and 
in platelet  α  - granules and endothelial cell Weibel – Palade 
bodies (P - selectins). Neutrophils, eosinophils, monocytes 
and macrophages constitutively express L - selectin. E -  and 
P - selectins recognize oligosaccharide ligands on macrophages. 
Selectins are implicated in the early interactions of phagocytes 
and endothelium. The interaction of E -  and P - selectins on 
cytokine - activated endothelial cells, and L - selectins on macro-
phages with their appropriate ligands, targets phagocytic cells 
to the endothelium at sites of vascular injury and initiates the 
rolling movement of leucocytes along the vessel wall. The 
ligands for selectins have a similar structure, containing 
carbohydrate groups typically as terminal structures of glyco-
proteins and glycolipids. A major selectin ligand, a sialylated 
and fucosylated tetrasaccharide related to the sialylated Lewis X 
blood group, is heavily expressed on quiescent neutrophils and 
monocytes. 
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  Table 17.1    Phagocytic cell adhesion molecules. 

   Adhesion molecule     CD number     Cellular distribution     Ligand     Function  

   Integrin family   

   Very late - acting antigens   

   α  1  β  1  (VLA - 1)    CD49a/29    Mo, EC    Collagen I, IV, laminin    Cell adherence to ECM  

   α  2  β  1  (VLA - 2)    CD49b/29    Mo, EC, platelets    Collagen I, IV, laminin      

   α  3  β  1  (VLA - 3)    CD49c/29    Mo    Collagen I, laminin, 

fi bronectin  

  Cell adherence to ECM  

   α  4  β  1  (VLA - 4)    CD49d/29    Mo, eos, bas    Fibronectin, VCAM - 1    Cell adherence to ECM and 

cell – cell adhesion matrix  

   α  5  β  1  (VLA - 5)    CD49e/29    Mo, neut, EC    Fibronectin    Cell adherence to ECM  

   α  6  β  1  (VLA - 6)    CD49f/29    Mo    Laminin    Cell adherence to ECM  

   Leucocyte integrins (LFA - 1 family)   

   α  D  β  2      – /18    Ma    ?      

   α  L  β  2  (LFA - 1)    CD11a/18    Mo, Ma, granulocytes    ICAM - 1, ICAM - 2, 

ICAM - 3  

  Cell – cell adhesion and 

cell – matrix adhesion  

   α  M  β  2  (CR3, Mac - 1)    CD11b/18    Mo, Ma, granulocytes    ICAM - 1, C3bi, 

fi bronectin, factor X, 

microbial antigens  

  Endothelium adherence/

extravasation  

   α  X  β  2  (p150,95)    CD11c/18    Mo, Ma, granulocytes    C3bi, fi bronectin    Adhesion during 

infl ammatory response  

   Cytoadhesins   

   α  V  β  3  (vitronectin receptor)    CD51/61    Mo, EC    Vitronectin, fi bronectin, 

collagen, 

thrombospondin, vWF  

  Cell adherence to ECM  

   α  R  β  3  (leucocyte response 

integrin)  

      Mo, granulocytes    Vitronectin, fi bronectin, 

collagen, 

thrombospondin, vWF  

  Cell adherence to ECM  

   α  V  β  5     CD51/ –     Mo    Vitronectin, fi bronectin    Cell adherence to ECM  

   α  V  β  7     CD51/ –     Ma    ?      

   Immunoglobulin superfamily   

  ICAM - 1    CD54    Mo, EC     α  L  β  2,  α  M  β  2     Cell – cell adhesion  

  ICAM - 2    CD102    Mo, EC     α  L  β  2     Cell – cell adhesion  

  ICAM - 3    CD50    Mo, granulocytes     α  L  β  2     Cell – cell adhesion  

  VCAM - 1    CD106    Ma, EC, dendritic cells     α  4  β  1     Recruitment  

  PECAM - 1    CD31    Mo, EC, platelets    CD31,  α  V  β  3     Transmigration  

  HCAM    CD44    Ubiquitous    Collagen I, IV, fi bronectin    Extravasation  

   Selectin family       

  L - selectin    CD62L    Mo, granulocytes    Carbohydrate 

determinants on EC  

  Migration, rolling on vessel 

wall  

  E - selectin    CD62E    Neutrophil, EC    Mo, neut, eos    Migration, rolling on vessel 

wall  

  P - selectin    CD62P    EC, platelets    Mo, neut, eos    Adhesion to activated 

platelets and EC  

   Bas, basophil; CD, cluster of differentiation; EC, endothelial cell; eos, eosinophil; ICAM, intercellular adhesion molecule; Mo, monocyte; 

Ma, macrophage; neut, neutrophil.   
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nocturnal haemoglobinuria. Fc γ RIIIB can trigger granule 
release but no associated respiratory burst. However, Fc γ RIIIB 
and CR3, together with Fc γ RII, act synergistically to activate the 
respiratory burst. Fc γ RII (identifi ed as CD32) is a constitutive 
low - affi nity receptor with low expression (1000 – 4000 copies 
per cell) requiring dimeric IgG for binding. Cross - linking 
Fc γ RII stimulates oxygen radical production. Fc γ RI, identifi ed 
as CD64, is not expressed on quiescent neutrophils but its 
expression is highly increased after exposure to IFN -  γ  and a 
number of infl ammatory mediators. It binds IgG1 and IgG2 
with high affi nity and promotes phagocytosis of bacteria 
opsonized by them. Polymeric IgA antibody can also function 
as an opsonin and is recognized by a specifi c IgA receptor 
(Fc α R), which is widely distributed on the circulating haemo-
poietic cells but is more highly expressed in phagocytes found 
in secretions of the gut and the lung. 

 A number of miscellaneous receptors involved in phagocy-
tosis have been described. The mannosyl/fucosyl receptors, oth-
erwise known as the macrophage mannose receptors (MMR), 
are lectin - like molecules that bind mannose and fucose residues 
on the surfaces of yeast, bacteria and parasites. These receptors 
are present only on the surface of macrophages and their 
expression is increased by IFN -  γ . Their activation mediates 
endocytosis, phagocytosis and cytotoxicity by reactive oxygen 
intermediates. The receptors described to date are composed of 

modulating factor (IMF - 1) as well as by bacterial peptide frag-
ments, C5a, leukotriene (LT)B 4 , and cytokines such as tumour 
necrosis factor (TNF), granulocyte colony - stimulating factor 
(G - CSF) and granulocyte/macrophage colony - stimulating 
factor (GM - CSF). However, IFN -  γ  transiently decreases the 
binding capacity of both CR1 and CR3. Simultaneous cross -
 linking between two different receptor types also increases 
binding by CR3. For example, macrophages adhered to collagen 
ingest complement - coated particles less effi ciently than macro-
phages adhered to fi bronectin, which cross - links other integrin 
receptors. CR3 also plays a critical role in adherence - dependent 
potentiation of the respiratory burst and secretory responses of 
neutrophils. 

 Phagocytes also express a number of receptors for the Fc 
portion of immunoglobulin molecules IgA, IgE and IgG. They 
mediate opsonization of particles and microorganisms, enhanc-
ing their phagocytic uptake. The antigen - binding site (Fab) of 
IgG binds to bacteria exposing the Fc - binding site, which is in 
turn recognized by one of three classes of receptor, Fc γ RI, 
Fc γ RII or Fc γ RIII. Fc γ RIII is constitutively expressed by neu-
trophils, with 100   000 – 300   000 copies per cell, and is identifi ed 
as CD16. Two isoforms, A and B, exist, which differ only with 
respect to their transmembrane and cytoplasmic domains. 
Fc γ RIIIB lacks both of these domains and is anchored by a GPI 
protein and is therefore absent in patients with paroxysmal 

  Table 17.2    Opsonic receptors mediating phagocytosis. 

   Receptor     Marker     Opsonic ligand     Binding affi nity ( K  a )     Cell type     Function  

  Fc γ RI    CD64    IgG1    High (50   nmol/L)    Monocytes, macrophages, 

neutrophils (after 

IFN -  γ  exposure)  

  Phagocytosis, 

respiratory burst  

  Fc γ RII    CD32    IgG1   =   IgG3    ≥    IgG4   

=   IgG2  

  Low (1    µ mol/L)    Neutrophils, monocytes, 

macrophages  

  Phagocytosis, 

respiratory burst  

  Fc γ RIII        IgG1   =   IgG3    Low (110   nmol/L)    Neutrophils, monocytes, 

macrophages  

  IIIB: phagocytosis 

(requires CR1 or 

Fc γ RII)  

     IIIA    CD16a, 1 allotype 

NA1  

      Low (470   nmol/L)          

     IIIB    CD16b, two 

allotypes NA1 

and NA2  

  Fc α R    CD89 

 My43   IgM  

  IgA1, IgA2, secretory 

 IgA1 and IgA2  

      Neutrophils, monocytes, 

macrophages, T and B 

cell subsets, NK cells, 

erythrocytes  

  Phagocytosis, 

respiratory burst, 

bacterial killing  

  CR1    CD35, four alleles    C3b and C4b dimers    High (0.5   nmol/L)    All phagocytes, some T 

lymphocytes  

  Phagocytosis  

  CR3    CD11b/CD18 

Mac1  

  C3bi    High (0.5   nmol/L)    All phagocytes, NK cells, 

 γ  δ  T cells  

  Phagocytosis, 

respiratory burst  

   CR, complement receptor; NK, natural killer.   
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tripeptide receptors such as f - Met - Leu - Phe (FMLP) are 
similar to naturally occurring bacteria - derived factors. Each 
demonstrates time - dependent saturable binding kinetics and a 
high - affi nity dissociation constant ( K  D ) for the specifi c chem-
oattractant. Approximately 50   000 FMLP receptors per cell with 
a  K  D  of 20   nmol/L have been demonstrated on human neu-
trophils. Thrombospondin also has chemotactic activity and 
binds neutrophils via specifi c receptors linked to G i2  proteins, a 
subpopulation of which is also associated with the FMLP recep-
tors. Neutrophils also have a specifi c receptor for the chemo-
tactic cleavage product of C5a, with receptor expression of 
approximately 50   000 – 100   000 per cell and a binding affi nity of 
2   nmol/L. 

 Chemokines are a family of proinfl ammatory cytokines with 
potent chemotactic activity. They are small proteins (8 – 10   kDa, 
characterized by a pattern of conserved cysteine residues. CXC 
chemokines such as IL - 8 are specifi c to neutrophils and are 
distinguished by having their fi rst two cysteine residues sepa-
rated by an amino acid. CC chemokines, including macrophage 
infl ammatory protein (MIP) - 1 α , have the fi rst two cysteine 
residues adjacent, are inactive for neutrophils, but attract 
monocytes, basophils, eosinophils and T lymphocytes. 
Monocyte migration is also directed by monocyte chemotactic 
proteins. Eosinophil migration is directed by MIP - 1 α  and 
RANTES (regulation on activation normal T - cell expressed and 
secreted protein), in addition to the CC chemokine eotaxin. 
Phagocytic cells in general have high expression of the receptors 
for these chemokines, enabling them to recognize and respond 
to the appropriate chemoattractants.  

  Phagocytic  s ignalling 

 The complex process of phagocytosis is regulated by events 
related to the activation of various receptors such as the Fc γ Rs. 
Such receptor activation results in initiation of downstream 
signalling events through immunoreceptor tyrosine - based acti-
vation motifs (ITAMs). As a result of cross - linking of these 
receptors under appropriate conditions, downstream effector 
functions are activated, resulting in phagocytosis, stimulation 
of the respiratory burst, degranulation of bactericidal proteins 
and activation of transcription factors, in turn leading to 
enhanced expression of genes encoding cytokines and other 
inducible proteins. 

 Members of the Src family of tyrosine kinases (e.g. Lyn, Fgr 
and Hk) associate with Fc γ Rs and are probably responsible for 
their tyrosine phosphorylation. The tyrosine - phosphorylated 
ITAMs then serve as binding sites for downstream kinases such 
as Syk, which propagate signals important for phagocytosis. 
Downmodulation of Syk in monocytes using antisense oligonu-
cleotides results in decreased ability of these cells to ingest IgG -
 coated particles. Furthermore, macrophages that lack Syk 
demonstrate a profound reduction in Fc γ R - mediated tyrosine 

eight and ten contiguous C - type lectin domains. In addition 
to recognizing the haemoglobin – haptoglobin complex, the 
macrophage scavenger receptor CD163 has also been shown 
to bind Gram - positive and Gram - negative bacteria and elicit 
an infl ammatory cytokine response as part of the innate 
immune response. CD14 is the receptor for complexes of 
lipopolysaccharide (LPS) - binding protein with LPS, which coat 
Gram - negative bacteria and enhance phagocytosis. CD14 is 
constitutively expressed on monocytes and macrophages but its 
expression is modulated by cytokines. TNF, IL - 1 and IL - 6 
increase its expression, whereas IFN -  γ  and IL - 4 decrease it. 
CD14 expression can also be induced on neutrophils by various 
cytokines. CD14 is also a GPI - linked protein and is shed by 
monocytes. 

 Several receptors have also been implicated in the recognition 
and phagocytosis of apoptotic cells. Defective clearance of 
apoptotic cells is believed to promote infl ammatory responses 
leading to the development of autoimmunity and effi cient 
removal of apoptotic cells maintains peripheral immunological 
tolerance. Epithelial cells, fi broblasts, mesangial cells and both 
professional and non - professional phagocytes contribute to the 
effective identifi cation and removal of apoptotic bodies before 
their intracellular contents are released. Different subsets of 
dendritic cells and macrophages likely play distinct roles in the 
clearance of cells at different stages of apoptosis. IL - 10 -
 producing anti - infl ammatory macrophages are the professional 
phagocytes involved in the recognition and clearance of early 
apoptotic cells. Morphological changes in the apoptotic cells, 
such as formation of characteristic membrane protuberances 
(blebs), lead to the exposure of phosphatidylserine and changes 
on surface sugars, which are recognized by phagocytic recep-
tors. These include integrins of the  α  v  β  3  or  α  v  β  5  classes and the 
lipid scavenger receptors of both A and B classes. The mem-
brane of apoptotic cells binds increased amounts of throm-
bospondin, a macrophage secretory product that is recognized 
by both CD36 (thrombospondin receptor) and integrin  α  v  β  3  
(vitronectin receptor). Similarly, phagocytic lectin receptors 
bind carbohydrate determinants exposed on the surface of 
apoptotic cells. A specifi c receptor for phosphatidylserine has 
also been described, which acts alone or in association with 
CD36 to recognize the exposed phosphatidylserine. CD14 has 
also been reported to be involved in tethering of apoptotic 
lymphocytes via interaction with ICAMs. Apoptotic cell - 
associated molecular patterns (ACAMPs) are highly conserved 
molecular changes expressed in cells undergoing apoptosis that 
are recognized by innate immune system receptors such as 
CD14, CD91, C1q, C3bi, collectins and pentraxins. ACAMPs 
can be visualized as a topological change in grouping of mole-
cules in the apoptotic cell plasma membrane that form a pattern 
that is then recognized by phagocytic cells. 

 Neutrophils also recognize chemoattractant signals through 
receptors expressed on their cell surface.  N  - formyl - methionyl 
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rapidly replenishing cellular stores of proteins and forming new 
granules, thus allowing repeated degranulation and secretion. 

 Regulation of granule release is mediated by a number of 
factors such as calcium, guanine nucleotides and G - proteins, 
which regulate changes in the cytoskeleton, resulting in actin 
polymerization and clearing of the cytoskeleton along the 
plasma membrane fusion site. These proteins include members 
of the annexin family, the calcium - binding protein calmodulin, 
PKC and phospholipases.  

  Phagocytic  k illing: the  r espiratory  b urst 

 Activation of phagocytes is associated with a rapid and dramatic 
increase in oxygen consumption described as the respiratory 
burst. This process is non - mitochondrial and is mediated by the 
activation of a latent enzyme system referred to as NADPH 
oxidase, which transfers a single electron to molecular oxygen 
(O 2 ) to form the superoxide anion (  O2

−). The superoxide anion 
then dismutates to hydrogen peroxide (H 2 O 2 ), a process occur-
ring either spontaneously or through the catalytic function of 
superoxide dismutase. H 2 O 2  then reacts with superoxide anion, 
forming the highly reactive hydroxyl radical (OH • ), which is 
highly microbicidal. This and other reactive oxidative products 
not only contribute to microbial killing but also activate metal-
loproteinases such as elastase and collagenase, leading to the 
surrounding tissue injury that often accompanies phagocyte 
activation. 

 The NADPH oxidase is a multicomponent enzyme, with 
several subunits located in various regions of the quiescent 
phagocytes (Figure  17.1 ). These subunits, called phox (phago-
cyte oxidase) proteins, are identifi ed by their molecular weight 
(e.g. p40 phox). In the quiescent neutrophil, p47 phox protein 
resides in the cytosol, along with p67 phox complexed with p40 
phox. Activation of NADPH oxidase results from PKC - mediated 
phosphorylation of p47 phox and the subsequent binding of the 
p47 phox phosphoprotein and the p67 phox – p40 phox complex 
to the membrane fl avocytochrome  b  558  located primarily in the 
specifi c granules, gelatinase granules and secretory vesicles of 
neutrophils. The cytochrome  b  558  is the terminal component of 
the superoxide - generating system allowing the effi cient transfer 
of electrons from the cytoplasmic NADPH to the surface of 
phagolysosome or the extracellular surface, where oxygen is 
reduced to the superoxide anion. Other GTP - binding proteins 
such as Rap1A and Rac2 associate with the above molecules and 
regulate phagocyte activation and oxidase activity through their 
preferred substrate GTP (Figure  17.1 ).    

  Phagocytic  k illing:  n itric  o xide 

 Generation of reactive nitrogen intermediates through nitric 
oxide synthase (NOS) is another mechanism for phagocytic 

phosphorylation of p85 subunit of phosphatidylinositol 
3 - kinase (PI3K), SHIP, Shc and other important signalling 
proteins. 

 Phosphorylation and activation of members of the Rho/Rac 
family of GTPases as well as the ARF6 family are probably 
involved in cytoskeletal remodelling necessary to trigger phago-
cytosis. For example, inhibition of Rac1 or Cdc42 in murine 
macrophage models leads to impaired focal actin assembly 
beneath bound IgG - coated particles and blocks subsequent 
ingestion without affecting particle binding. Cdc42 and Rac1 
appear to control different steps in the phagocytic process, 
namely pseudopod formation for the former and phagosome 
closure for the latter. The role of phospholipase C γ  and protein 
kinase C (PKC) isoforms in actin assembly and the role of PI3K 
pathways in membrane remodelling during phagocytosis are 
under investigation. Treatment of macrophages with PI3K 
inhibitors such as wortmannin and LY 294002 results in the 
failure of pseudopods to extend around particles.  

  Degranulation and  s ecretion 

 Degranulation and secretion are processes whereby the contents 
of phagocytic storage granules are released into the phagocytic 
vacuoles (degranulation) or into the extracellular space (secre-
tion). Degranulation and secretion can be triggered by invading 
microorganisms, immune complexes, cytokines, chemotactic 
factors, and adhesion to tissue surfaces and activation of ICAMs. 
The processes of degranulation and secretion begin with the 
onset of phagocytosis. A number of morphological changes 
occur within the granules and they translocate and fuse their 
membranes with those of the phagocytic vacuoles formed by 
the invagination of the plasma membrane. 

 Cytoskeletal proteins are essential for this process, facilitating 
granule transfer to plasma membrane or phagolysosomes. The 
exact cause of membrane fusion is unknown but the process is 
likely to involve the activation of several phospholipases, leading 
to altered lipid composition of granule – phagosome or granule –
 plasma membrane contact points. Actin polymers act like a 
barrier between plasma membrane and granules, and in order 
for membrane fusion to occur the granules have to negotiate 
the physical barrier of such cytoskeletal elements in the cell 
periphery. Furthermore, the repulsive negative charge on the 
surface of both membranes, related to the negatively charged 
phospholipids phosphatidylserine and phosphatidyleth-
anolamine, is a further barrier that needs to be overcome. A 
number of soluble molecules capable of provoking the release 
of granule content into the extracellular space have been 
described. These include many chemotactic factors such as C5a, 
FMLP, platelet - activating factor (PAF) and LTB 4 , as well as 
phorbol myristate acetate and several non - chemotactic inter-
leukins, cytokines and growth factors such as TNF -  α , IL - 1, IL - 4, 
IL - 6 and GM - CSF. Importantly, phagocytes are capable of 
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  Phagocytic  k illing:  a ntimicrobial  p roteins 

 Phagocytic cells such as neutrophils can kill microorganisms 
using proteins present in various granules. The importance of 
such non - oxidative killing is evident in chronic granulomatous 
disease neutrophils that are still capable of killing many potent 
microorganisms. Furthermore, this process is important for 
defence against organisms such as  Escherichia coli  and  Salmonella 
typhimurium , which do not produce their own source of oxi-
dants and are killed under anaerobic conditions. The contents 
of each phagocytic cell type are specifi c. Neutrophil antimicro-
bial proteins include defensins, serpocidins (including cathep-
sin G and azurocidin) and bacterial permeability - increasing 
protein (BPI). The antimicrobial proteins within neutrophils 
are summarized in Table  17.3 .   

 These microbicidal proteins exert their killing effect through 
enzymatic means such as proteolysis or by non - catalytic mecha-
nisms, and their combinations potentiate bactericidal activity. 
Cathepsin G is a serine protease that exerts its bactericidal 
action by binding to penicillin - binding proteins of bacteria and 
interfering with the synthesis of peptidoglycans. Azurocidin is 
another serine protease effective against a number of bacteria 
and fungi. Defensins constitute as much as 50% of neutrophil 

killing of microbes. Nitric oxide (NO) is the highly reactive free 
radical product of the oxidation of  l  - arginine in phagocytes 
during infl ammation. Three distinct isoforms of NOS have 
been described in blood cells. Two are found in endothelial and 
neuronal cells and the third, inducible NOS, is induced by 
cytokines, such as IFN -  γ , in a number of cell types. Cofactors 
required for the activity of NOS include fl avine adenine dinu-
cleotide (FAD), fl avine mononucleotide (FMN), NADPH and 
tetrahydrobiopterin. The calcium - binding protein calmodulin 
is tightly bound to the macrophage NOS. The activity of 
NOS is also regulated by kinases and phosphatases and its pro-
duction is infl uenced by other cytokines such as IL - 4, IL - 10, 
IL - 8 and transforming growth factor (TGF) -  β . 

 NO has an important role in the antimicrobial activity of 
both neutrophils and mononuclear phagocytes. In contrast to 
NADPH oxidase, which is active at the plasma and phagolyso-
some membrane, NOS is located in the cytoplasm and mediates 
defence against facultative intracellular pathogens, as well as 
other prokaryotic and eukaryotic pathogens. Its inhibitory 
effects are due to nitrosylation of proteins and interaction with 
transition metals at the active sites of enzymes. Furthermore, 
NO scavenges superoxide to form peroxynitrite (OONO  −  ), 
which can disrupt protein phosphorylation.  
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     Figure 17.1     Components of the NADPH oxidase system. The 

components include a 47 - kDa cytosolic protein (p47), a 67 - kDa 

cytosolic protein (p67), a 40 - kDa cytosolic protein (p40), 

cytosolic G - proteins (Rac and Rap1), and a membrane - bound 

cytochrome ( b  558 ). The cytochrome consists of haem - containing 

p22 - phox and gp91 - phox. The gp91 subunit is an FAD -

 dependent fl avoprotein shuttling electrons to molecular oxygen, 

forming   O2
−. The p47 component can be phosphorylated to 

various extents. In activated cells, the p40, p47 and p67 proteins 

translocate to the membrane to form an activation complex with 

cytochrome  b  558 . Similarly, the Rac and Rap1 proteins also 

translocate. The activated oxidase passes electrons from NADPH 

via FAD to oxygen, thereby generating superoxide.  
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  Production,  s tructure and  d ysfunction of 
 p hagocytes 

 White blood cells are produced from pluripotent haemopoietic 
stem cells located within the bone marrow. Development of 
white blood cells along different lineages is governed by external 
stimuli including cytokines, matrix proteins and other cellular 
products within the marrow environment. The combination of 
specifi c cytokines and growth factors infl uence the maturation 
of white blood cell progeny along specifi c lineages. Although 
there is signifi cant overlap between these growth factors, certain 
cytokines have been found to be associated with specifi c matu-
ration pathways. Some of these cytokines are now manufac-
tured commercially and are in clinical use to infl uence the speed 
of recovery of white blood cells following administration of 
chemotherapy. 

  Neutrophils   (Figure  17.2 a)   

  Development and  f unction 
 Neutrophils are the predominant white blood cells involved in 
phagocytic killing of bacteria and certain fungi. They are also 

granule protein content and exert their cidal activity by insert-
ing into hydrophobic channels, forming voltage - dependent 
ion channels in the lipid bilayer. BPI kills Gram - negative bac-
teria by binding to their LPS capsule and altering their bacterial 
membrane permeability to extracellular solutes. A mutant 
strain of  S. typhimurium  that is resistant to BPI has also been 
found to be resistant to neutrophil bactericidal activity under 
strict anaerobic conditions, demonstrating the importance of 
BPI in non - oxidative killing by neutrophils. Other neutrophil 
granule proteins include lactoferrin, which kills some Gram -
 negative bacteria by generating free radicals from iron bound 
to it, and lysozyme, which is involved in the digestion of 
killed bacteria in phagolysosomes of neutrophils. These antimi-
crobial proteins can also enhance the effects of other cidal 
mechanisms such as complement lysis and oxidative killing. 
Combinations of these proteins can also enhance their killing 
action, as seen with the combination of neutrophil lysozyme 
and elastase against Gram - negative bacteria. Some of the 
microbicidal proteins of the phagocytes have other effects at 
lower concentrations, such as stimulation of mast cell degranu-
lation, release of proinfl ammatory molecules and monocytic 
chemotaxis, as well as regulation of phagocytosis and 
granulopoiesis.   

  Table 17.3    Neutrophil microbicidal proteins. 

   Protein     Characteristics     Target organisms     Effects on target  

   Non - enzymatic proteins   

  BPI    Highly cationic, neutralizes LPS, 

most potent cidal protein, not 

released from granule  

  Gram - negative bacteria    Binds lipid A region of LPS, increases 

bacterial membrane permeability, 

activates bacterial degradative 

enzymes  

  Defensins    Comprise 30 – 50% of azurophil 

granule protein  
  Gram - positive    >    Gram - negative 

bacteria, fungi, viruses, 

mammalian cells  

  Increases membrane permeability  

  Lactoferrin    Cationic, stimulates hydroxyl 

radical formation  

  Gram - positive and Gram -

 negative bacteria, fungi  

  Oxidative damage  

   Catalytic proteins and analogues   

  Proteinase 3    Serine proteinase     Escherichia coli ,  Streptococcus 

faecalis ,  Candida albicans   

  Growth inhibition  

  Cathepsin G    Serine proteinase    Gram - positive and Gram -

 negative bacteria, fungi  

  Inhibition of peptidoglycan synthesis  

  Azurocidin    Serine proteinase    Gram - negative bacteria    Non - catalytic mechanisms  

  Lysozyme    Cationic    Gram - negative bacteria, few 

Gram - positive bacteria  

  Potentiation of complement and H 2 O 2  

killing, cleavage of cell wall 

peptidoglycans  

  Elastase    No direct cidal activity        Co - active with lysozyme, potentiation 

of MPO – halide – H 2 O 2  system  

   BPI, bacterial permeability - inducing factor; LPS, lipopolysaccharide; MPO, myeloperoxidase.   
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colony - stimulating factor. In addition to G - CSF - induced neu-
trophil production, G - CSF has also been implicated in leucocyte 
traffi cking into tissues involved with active infl ammation, such 
as infl amed joints in a collagen - induced arthritis murine model. 
Other factors such as IL - 11, stem cell factor (SCF) and FLT - 3 
ligand enhance clonal neutrophil expansion  in vitro . GM - CSF 
induces neutrophil, eosinophil and macrophage colony expan-
sion  in vitro , but there is no evidence that it induces neutrophil 
differentiation in the absence of G - CSF.   

 Granulopoiesis is the process of terminal differentiation from 
a pluripotent haemopoietic stem cell via a multipotent common 
myeloid progenitor and bipotent granulocyte – macrophage 
progenitor stage to a committed mature neutrophil. Granulocyte 
differentiation depends on the coordinated expression of 
certain transcription factors, including Pu.1, CCAAT enhancer -
 binding protein (C/EBP α ), C/EBP ε  and GFI1. Microarray tech-
nologies utilized for the analysis of human bone marrow 
populations highly enriched for promyelocytes, myelocytes, 
metamyelocytes and neutrophils have been successful in defi n-
ing the transcriptional programme of terminal granulocytic dif-
ferentiation. Chemokine and cytokine receptors and ligand 
pairs are upregulated in the transition from myelocyte to neu-
trophil and involve the constitutive activation of NF -  κ B. 

 Neutrophils contain four types of granules that can be identi-
fi ed by marker enzymes or proteins (Table  17.4 ). The lysozyme -
 like azurophil granules, otherwise known as primary granules, 
are present in promyelocytes and all further stages of neutrophil 

referred to as polymorphonuclear or segmented leucocytes, 
owing to their characteristic lobulated nucleus (their nucleus is 
segmented into two to fi ve lobes, connected by thin chromatin 
strands). They are at the end stage of maturation (Figures  17.3  
and  17.4 ) and generally uniform in size (13    µ m in diameter), 
with pink cytoplasm and fi ne azurophilic granules. The produc-
tion of neutrophils involves the action of a variety of growth 
factors, including G - CSF, GM - CSF, IL - 3 and macrophage 

(a) (b)

(c) (d) (e)

     Figure 17.2     Morphology of phagocyte cell types: (a) neutrophil; (b) eosinophil; (c) basophil; (d) monocyte; (e) macrophage.  

     Figure 17.3     Stages of neutrophil maturation, showing a 

myeloblast, a promyelocyte, several myelocytes and 

metamyelocytes, a band cell and a segmented neutrophil.  
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Degranulation may also occur by reverse endocytosis as a result 
of the action of complement, aggregated immunoglobulin or 
certain cytokines. Although the release of granule contents is 
important for phagocytosis and bacterial killing, extracellular 
release can also lead to tissue injury and infl ammation.   

 Neutrophil clearance of infectious organisms is critical to the 
immune response and neutrophil function is impaired in the 
septic state. Peroxisome proliferator - activated receptor (PPAR) -
  γ , a ligand - activated nuclear transcription factor, has been 
shown to be constitutively expressed on isolated human neu-
trophils and upregulated in the presence of infl ammatory 
cytokines. Inhibition of PPAR -  γ  activation has been shown to 
restore  in vitro  neutrophil chemotaxis. 

 Neutrophils exist in one of three states: quiescent, activated 
or primed. They circulate in the blood in the quiescent state and 
react weakly to stimuli, thus limiting potential damage to vas-
cular walls. Priming of neutrophils is a process that does not 
immediately stimulate an effector response but allows an exag-
gerated response upon later stimulation. Therefore, this is a 
mechanism whereby phagocytes are selectively activated on 
recruitment to sites of infection and infl ammation. Three main 

differentiation and contain microbicidal proteins and acid 
hydrolases (e.g. myeloperoxidase, defensins, lysozyme) involved 
in oxidative and non - oxidative killing of bacteria and fungi. 
These granules release their contents exclusively into phagocytic 
granules, with little discharge outside the cell except for release 
from disintegrating neutrophils. Specifi c or secondary granules 
are smaller than azurophil granules and contain other distinct 
hydrolases, as well as chemotactic, opsonic and adhesion protein 
receptors. They release their contents into both phagocytic vesi-
cles and the extracellular medium. Haptoglobin has been iden-
tifi ed in specifi c granules of mature neutrophils and has been 
shown to be synthesized during the myelocyte – metamyelocyte 
stage of granulocytic differentiation. The release of haptoglobin 
from specifi c granules after neutrophil activation in sites of 
infl ammation would act to reduce local tissue injury and bacte-
rial growth. Other granules, collectively known as tertiary 
granules, include secretory vesicles, which contain alkaline 
phosphatase, and gelatinase granules rich in gelatinase. 
Degranulation of neutrophils begins with the onset of phago-
cytosis and involves their translocation and fusion with phago-
cytic vacuoles created by invagination of the plasma membrane. 
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     Figure 17.4     Neutrophil lifespan and stages of maturation. Of 
every 100 nucleated cells in the bone marrow, 2% are 
myeloblasts, 5% promyelocytes, 12% myelocytes, 22% 
metamyelocytes and bands, and 20% mature neutrophils (i.e. 
about 60% developing neutrophils). The times indicated for the 
various compartments were obtained by isotopic labelling 
techniques. The ordinate shows the fl ux, and the abscissa the 
time, in each compartment. The stepwise increase in cell 

numbers through the dividing compartments represents serial 
divisions. Note that no mitoses occur after the myelocyte stage. 
 (From Bainton DF (1992) Developmental Biology of Neutrophils 
and Eosinophils. In:  Infl ammation: Basic Principles and Clinical 
Correlates , 2nd edn (JI Gallin, IM Goldstein, R Snyderman), pp. 
303 – 324. Raven Press, New York, and Cronkite EP, Vincent PC 
(1969) Granulocytopoiesis.  Ser Haematology   4:  3 – 43, with 
permisssion).   
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  Table 17.4    Neutrophil granules and their contents. 

   Granule     Azurophilic (primary)     Specifi c (secondary)     Gelatinase (tertiary)     Secretory vesicles  

  Marker enzyme    Myeloperoxidase    Lactoferrin    Gelatinase    Alkaline phosphatase  

  Membrane    CD63, granulophysin, 

CD68, V - type 

H +  - ATPase  

  CD15, CD66, CD67, CD11b/

CD18, cytochrome  b , 

fMLP - R, fi bronectin - R, 

G - protein  α  - subunit, 

laminin - R, NB - 1 antigen, 

19 - kDa protein, 155 - kDa 

protein, Rap - 1, Rap - 2, 

SCAMP, 

thrombospondin - R, 

TNF - R, urokinase - type 

plasminogen activator - R, 

VAMP - 2, vitronectin  

  CD11b/CD18, 

cytochrome  b , 

diacylglycerol -

 deacylating enzyme, 

fMLP - R, SCAMP, 

urokinase - type 

plasminogen 

activator - R, VAMP - 2, 

V - type H +  - ATPase  

  CD10, CD13, CD45, 

CD14, CD16, CD35 

(CR1), CD11b/CD18, 

alkaline phosphatase, 

fMLP - R, SCAMP, 

urokinase - type 

plasminogen 

activator - R, V - type 

H +  - ATPase, VAMP - 2, 

C1q - receptor, decay 

activating factor  

  Matrix, 

microbicidal  

  Myeloperoxidase, nitric 

oxide synthase, 

lysozyme, BPI protein, 

defensins, serpocidins, 

elastase, cathepsins, 

proteinase 3, azurocidin 

(CAP 37)  

  Lactoferrin, lysozyme    Lysozyme      

  Matrix, 

hydrolases  
  Acid  β  - glycerophosphatase, 

 α  - mannosidase, 

 β  - glucuronidase, 

 β  - glycerophosphatase, 

 N  - acetyl -  β  -

 glucosaminidase, 

sialidase  

  Gelatinase, collagenase, 

histaminase, heparanase, 

NGAL, sialidase  

  Gelatinase, 

acetyltransferase  

    

  Matrix, other    Acid - mucopolysaccharide, 

heparin - binding protein  
   β  2  - Microglobulin, urokinase -

 type plasminogen 

activator, vitamin 

B 12  - binding protein  

   β  2  - Microglobulin,    Plasma proteins 

(including 

tetranectin)  

   fMLP, f - Met - Leu - Phe; R, receptor; SCAMP, secretory carrier membrane protein; VAMP, vesicle - associated membrane protein.   

types of agonists are responsible for priming neutrophils, 
including chemotactic infl ammatory mediators, serum immu-
noglobulin and complement opsonins, and infl ammatory 
cytokines and growth factors. On neutrophil activation, a sig-
nifi cant increase in oxygen consumption, termed respiratory 
burst, occurs that leads to the production of reactive oxygen 
species responsible for microbial killing. 

 Neutrophils are the most numerous leucocytes, comprising 
65% of circulating phagocytes, with a normal range in the 
peripheral blood of 1.5 – 7.7    ×    10 9 /L. The term  ‘ granulocyte ’  is 
often used synonymously with neutrophil despite the fact that 
neutrophils, eosinophils and basophils can all be classifi ed as 
granulocytes. Neutrophils are made in the bone marrow at a 
rate of 10 12  per day, and once released into the circulation have 
a half - life of 6 – 8 hours. The largest proportion of neutrophils 

are present within the marrow (reserve pool), with circulating 
and tissue pools comprising smaller fractions (Figure  17.4 ). The 
circulating pool itself consists of a marginated pool of cells that 
are loosely adherent to the vascular endothelium and a freely 
circulating pool with the compartments in a constant state of 
dynamic equilibrium. Several factors including corticosteroids, 
exercise and infection can lead to an increase in the free circu-
lating pool. Corticosteroids promote the release of neutrophils 
from the reserve pool into the circulation and prevent migra-
tion from the blood into the tissue pool. On the other hand, 
endotoxin and some complement components (C5a) result in 
increased margination and reduction in the circulatory pool 
(Figure  17.4 ). The variations in neutrophil morphology are 
shown in Figure  17.5 . These include (i) Barr body, a drumstick 
appendage to the neutrophils in females; (ii) Pelger – Hu ë t 



(a) (b)

(c) (d)

(g)

(e) (f)

        Figure 17.5     Variations in neutrophil morphology. (a) Barr body, 

a drumstick appendage to the nucleus. (b) Pelger – Hu ë t anomaly 

with a bilobed nucleus. (c) Alder – Reilly anomaly with prominent 

purple granules (also in monocytes and lymphocytes). 

(d) May – Hegglin anomaly with D ö hle bodies in the cytoplasm. 

(e) Toxic granulation. (f) Neutrophil with nuclear 

hypersegmentation and a normal neutrophil. (g) Ch é diak – Higashi 

syndrome with giant granules.  
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  Table 17.5    Causes of neutrophilia. 

   Primary   

  Hereditary 

 Chronic idiopathic 

 Familial myeloproliferative disease 

 Leukaemoid reaction associated with congenital anomalies 

 Leucocyte adhesion defi ciency (LAD) types I and II 

 Familial cold urticaria and leucocytosis  

   Secondary   

  Infection 

 Stress 

 Chronic infl ammation 

 Drugs (steroids, lithium, tetracycline) 

 Non - haematological neoplasms 

 Asplenia and hyposplenism  

   Neoplastic   

  Chronic myeloid leukaemia 

 Other myeloproliferative disorders (myelofi brosis, polycythaemia 

vera, essential thrombocythaemia)  

anomaly, with bilobed nuclei; (iii) Alder – Reilly anomaly; (iv) 
May – Hegglin anomaly; (v) toxic granulation; (vi) hyperseg-
mented neutrophils; and (vii) Ch é diak – Higashi syndrome.   

 The May – Hegglin anomaly is a rare autosomal dominant 
condition characterized by thrombocytopenia and giant 
platelet forms. This disorder is due to a gene encoding a non -
 muscle myosin heavy chain II ( MYH9 ) and results in neu-
trophils containing basophilic inclusions resembling D ö hle 
bodies. Treatment is usually not needed except in severe 
cases when platelet transfusions are necessary due to severe 
thrombocytopenia. 

 Neutrophils undergo apoptosis within 24 hours of leaving the 
bone marrow through either intrinsic or extrinsic mechanisms. 
G - CSF plays an integral role in both the recruitment of neu-
trophils from the bone marrow and the inhibition of mature 
neutrophil apoptosis. Calpains are calcium - dependent cysteine 
proteases that activate pro - apoptotic factors such as Bax, and 
inhibit anti - apoptotic factors such as X - linked inhibitor of 
apoptosis (XIAP). G - CSF slows the infl ux of extracellular 
calcium and thus downregulates calpain activity, resulting in 
inhibition of caspase - 3, the executioner of apoptosis. Neutrophil 
apoptosis is characterized by pyknocytosis and the loss of 
expression of L - selectin and CD16, and the increased expres-
sion of CD11b/CD18. Loss of functions including attachement, 
phagocytosis, degranulation and respiratory burst activity leave 
the apoptotic neutrophil without purpose and marked for clear-
ance after an infl ammatory response has been mounted. Certain 
drugs, cytokines and mediators of infl ammation can delay/
inhibit apoptosis in neutrophils, including glucocorticoids, 
G - CSF, GM - CSF, IL - 3, IL - 6, IL - 15, endotoxin, TNF -  α  and 
IFN -  γ .  

  Disorders of  n eutrophil  f unction and  n umber 

  Neutrophilia 
 Leucocytosis, or increased white blood cell count, may be due 
to either a primary (congenital or acquired) marrow disorder 
or secondary to a disease process, toxin or drug (Table  17.5 ). 
Neutrophil counts are high in neonates and decrease to normal 
adult levels with ageing. Secondary leucocytosis not associated 
with leukaemia but with a very high white cell count 
( >    50    ×    10 9 /L) is often referred to as a  ‘ leukaemoid reaction ’  and 
can be associated with the presence of D ö hle bodies and toxic 
granulation within the cytoplasm (Figure  17.5 ), as well as with 
a  ‘ left shift ’  (with the presence in blood of myelocytes, metamy-
elocytes and band forms) and an elevated leucocyte alkaline 
phosphatase score (compared with a low score in chronic 
myeloid leukaemia). In contrast with acute leukaemia, there is 
orderly maturation and proliferation of all normal myeloid ele-
ments in the bone marrow. Leukaemoid reactions have been 
described in patients with osteomyelitis, empyema, septicaemia, 
tuberculosis, Hodgkin disease, juvenile rheumatoid arthritis 
and dermatitis herpetiformis.   

 Leucocyte adhesion defi ciency (LAD) is a congenital disorder 
that presents with persistent leucocytosis, delayed separation of 
the umbilical cord, recurrent infections, impaired wound 
healing and defects of neutrophil activation. The condition is 
caused by defects in adhesion of neutrophils to blood vessel 
walls. As a result, phagocytes do not migrate from the blood-
stream to sites of infection. Two types of LAD have been 
described. In LAD type I, mutations of the gene encoding the 
 β  - subunit of the  β  2  integrins (CD11b and CD18) have been 
detected. The molecular basis for the rare LAD type II is defec-
tive glycosylation of ligands on leucocytes recognized by the 
selectin family of adhesion molecules. The clinical features in 
the two types are similar, and because of the defect in neutrophil 
migration, abscesses and other sites of infection are devoid of 
pus despite the striking neutrophilia. Treatment involves the 
use of prophylactic antibiotics and aggressive therapy of peri-
odontal disease. Stem cell transplantation can be considered in 
patients with severe disease. The LAD - I variant syndrome is a 
condition characterized by non - pussing bacterial and fungal 
infections, poor wound healing, mucosal bleeding and the 
potential for life - threatening intracranial bleeds that are seen 
early in life, with bone marrow transplantation as the only cura-
tive modality. 

 Hereditary neutrophilia has been described in a single family 
of four, with leucocyte counts chronically in the range 20 –
 70    ×    10 9 /L as well as splenomegaly, widened diplo ë  of the skull 
and a high leucocyte alkaline phosphatase but without serious 
medical problems. Neutrophil function and adhesion to vessel 
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from the bone marrow and diminish their egress from the cir-
culation resulting in chronic neutrophilia. This can be distin-
guished from neutrophilia due to infection by the distinct lack 
of band forms in the former. The  β  - agonists produce an acute 
neutrophilia by releasing neutrophils from the marginated 
pool. Other drugs known to produce neutrophil leucocytosis 
include lithium, which increases the production of CSF and 
potentiates its effects on myeloid colony formation, and tetra-
cycline, which has been associated with counts as high as 
80    ×    10 9 /L. Growth factors such as G - CSF, GM - CSF and 
Neulasta (a pegylated form of G - CSF that has a prolonged half -
 life in circulation) are commercially available and are used com-
monly to reduce the duration of neutropenia associated with 
chemotherapy and to mobilize stem cells for transplantation. 
Their use in healthy individuals for the latter purpose is associ-
ated with signifi cant neutrophilia and a left shift.  

  Neutropenia 
 Neutropenia can be due to impaired production by the bone 
marrow, shift from the circulating pool to marginated pool, 
increased peripheral destruction, or a combination of these 
(Table  17.6 ). It has been defi ned as an absolute neutrophil 
count (ANC) of more than two standard deviations below a 
normal mean value. There is variation of neutrophil counts 
among different ethnic groups, with black people generally 
having slightly lower counts (lower limit of normal 1.2    ×    10 9 /L) 
compared with white people (lower limit of normal 1.5    ×    10 9 /L). 
The lower count in black populations has been attributed to a 
relative decrease in the size of the marrow storage pool. In 
patients whose neutropenia is related to decreased production, 
the propensity to develop infections is directly related to the 
degree and duration of neutropenia.   

 On the other hand, in patients whose neutropenia is due to 
peripheral destruction or margination of neutrophils, there is 
no direct correlation between the degree of neutropenia and the 
propensity for infections. Neutropenia due to marrow failure 
states or associated with chemotherapy can predispose patients 
to severe life - threatening infections, although this is more likely 
in patients with neutrophil counts below 0.5    ×    10 9 /L. Common 
organisms encountered in this setting are  Staphylococcus aureus , 
 Pseudomonas aeruginosa ,  E. coli  and  Klebsiella  species. On the 
other hand, patients with some congenital or immune forms of 
neutropenia can tolerate low counts for prolonged periods 
without any apparent increase in the incidence of infections. 
Moderate asymptomatic neutropenia associated with specifi c 
ethnic groups such as African - Americans and Yemenite Jews is 
associated with a dominant inheritance pattern and requires no 
specifi c intervention. 

 Several well - defi ned inherited syndromes associated with 
neutropenia have been described and are worth mentioning. 
 Severe congenital neutropenia  (SCN) is a multigene heterogene-
ous group of disorders characterized by severe neutropenia 
at birth (ANC  <    0.5    ×    10 9 /L) and maturation arrest at the 

walls in these patients are normal and the condition appears to 
have an autosomal dominant inheritance. 

 Chronic idiopathic neutrophilia is an association of a chroni-
cally elevated neutrophil count (in the range 11 – 40    ×    10 9 /L) in 
healthy individuals without any associated clinical problems. In 
one series, several individuals were followed for up to 20 years 
without developing any disease. 

 Leukaemoid reactions have been described with congenital 
disorders such as amegakaryocytic thrombocytopenia, tetralogy 
of Fallot, dextrocardia with absent radii and in patients with 
Down syndrome. The neutrophilia in Down syndrome is tran-
sient but may be exaggerated in response to stress. The transient 
myeloproliferative disorder, or  ‘ transient leukaemia ’ , can be 
seen in up to 10% of children born with Down syndrome and 
is characterized by clonal proliferation of myeloid blasts that is 
asymptomatic and self - limiting in most cases. High white cell 
count, the presence of ascites, preterm delivery, bleeding dia-
thesis and failure of spontaneous remission were all found to 
be positively correlated with the occurrence of early death in 
multivariable anlaysis. Approximately 20% of neonates with 
Down syndrome will develop an aggressive form of acute 
myeloid leukaemia (mostly FAB M7 - like) requiring intensive 
chemotherapy. A syndrome of growth retardation, hepat-
osplenomegaly and leucocytosis has been described as a familial 
myeloproliferative disease, with some affected individuals dying 
in early life and others remaining stable or even improving with 
time. These patients had low leucocyte alkaline phosphatase 
scores and no detectable cytogenetic abnormalites. Others have 
reported families with several generations of affected individu-
als with a variety of myeloproliferative disorders but without 
cytogenetic abnormalities. 

 Familial cold urticaria and leucocytosis is a syndrome of 
fever, urticaria, rash and muscle and skin tenderness on expo-
sure to cold that appears to be dominantly inherited. The onset 
of the disease is in infancy, with urticaria, rash and leucocytosis 
generally occurring several hours after cold exposure. The skin 
rash is histologically characterized by intense infi ltration by 
neutrophils. 

 Non - malignant causes of neutrophilia include acute infec-
tions, with elevated counts in most bacterial infections. In 
response to overwhelming infection, marrow depletion of leu-
cocytes can occur, resulting in neutropenia rather than neu-
trophilia. Neutrophilia in response to chronic infl ammatory 
processes is usually more modest in degree and can be accom-
panied by monocytosis. Modest elevations of neutrophil counts 
are commonly seen in various forms of  ‘ stress ’  such as exercise, 
adrenaline injection, myocardial infarction, in the postopera-
tive period, in post - ictal states and with emotional distress. This 
is probably due to the migration of neutrophils from the mar-
ginated pool to the circulatory pool. Mild neutrophilia has also 
been reported with unipolar depression. A number of drugs and 
drug reactions are commonly associated with increased neu-
trophil counts. Steroids stimulate the release of neutrophils 
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eosinophilia and hypergammaglobulinaemia are often present. 
Myelopoiesis is blocked and the increased number of promyelo-
cytes found in the bone marrow are characterized by atypical 
nuclei and cytoplasmic vacuolization. SCN associated with 
 HAX1  and  ELA2  has an increased risk of leukaemic transforma-
tion that is not observed in cases of SCN linked to the other 
gene mutations. Importantly, the risk of developing infection is 
independent of the underlying genetic defect and can be cor-
related to the ANC nadir. First - line treatment of infections in 
such patients is antibiotics with G - CSF. G - CSF is the corner-
stone of therapy in reducing the infectious risk. Stem cell trans-
plantation offers the potential of cure for those who do not 
respond to antibiotics and G - CSF. Transformation to myelod-
ysplastic syndrome (MDS)/acute myeloid leukaemia (AML) in 
SCN is also independent of genetic defect and is approximately 
21% at 10 years. The Severe Chronic Neutropenia International 
Registry has identifi ed a group of patients with SCN who were 
less responsive to G - CSF in achieving and maintaining an ade-
quate ANC; these patients have a cumulative incidence of devel-
oping MDS/AML or dying of sepsis at 10 years of 40% and 14%, 
respectively. These patients should be considered for haemo-
poietic stem cell transplantation earlier in life. The acquisition 
of  CSF3R  point mutations has also been shown to increase the 
risk of transformation to MDS/AML irrespective of the under-
lying genetic defect, and detection of monosomy 7 in the bone 
marrow of MDS/AML - associated SCN may indicate the occult 
presence of a G - CSF - sensitive leukaemic clone. 

  Cyclic neutropenia  is a rare autosomal dominant disorder 
with variable expression that is characterized by repetitive epi-
sodes of fever, pharyngitis, stomatitis and other bacterial infec-
tions attributable to recurrent severe neutropenia occurring 
every 15 – 35 days. The nadir neutrophil count, usually between 
zero and 200    ×    10 9 /L, lasts 3 – 7 days and is frequently associated 
with monocytosis. Cycling of red cell and platelet production is 
also observed in some cases. The bone marrow is characterized 
by transient arrest at the promyelocyte stage before each cycle. 
Both childhood and adult onset have been reported. Recent 
studies have shown that autosomal dominant and sporadic 
cases of this disease are due to a mutation in  ELA2 , the gene for 
neutrophil elastase (a chymotryptic serine protease of neu-
trophil and monocyte granules), located on chromosome 
19p13.3. This enzyme is synthesized in neutrophil precursors 
early in the process of primary granule formation. The present 
hypothesis suggests that the mutant neutrophil elastase func-
tions aberrantly within the cells to accelerate apoptosis of the 
precursors, resulting in oscillatory production. The cyclic 
nature of this disorder provides evidence of a regulatory mecha-
nism gone awry, likely due to a defective feedback circuit in 
which neutrophils inhibit cell proliferation thereby regulating 
progenitor cell proliferation. Recently, the process has been 
shown to involve interactions between PFAAP5, a protein 
mediating transcriptional repressor GFI1, and neutrophil 
elastase. This disorder is effectively treated with G - CSF, and no 

developmental stage of the promyelocyte/myelocyte. Kostmann 
syndrome is an autosomal recessive form involving mutations 
of the  HAX1  gene encoding a mitochondrial - associated protein 
with structural similarity to other anti - apoptotic BCL - 2 family 
members. Autosomal dominant and sporadic cases are more 
closely linked to gene mutations of  ELA2 , which codes for neu-
trophil elastase 2. It is still unclear as to the exact pathogenetic 
mechanism by which the  ELA2  mutation leads to neutrophil 
apoptosis but may involve structural rather than functional 
properties of the mutated protein. Less common mutations in 
genes encoding p14, G6PC3, GFI1, CSF3R, TAZ and WASP 
have all been documented in SCN. SCN is usually diagnosed in 
infancy in the setting of recurrent severe infections. Monocytosis, 

  Table 17.6    Causes of neutropenia. 

   Decreased production   

   Inherited   

  Reticular dysgenesis 

 Dyskeratosis congenita 

 Schwachman – Diamond – Oski syndrome 

 Cyclic neutropenia 

 Kostmann syndrome 

 Hyper - IgM syndrome 

 Chronic idiopathic neutropenia  

   Acquired   

  Aplastic anaemia 

 Bone marrow infi ltration (leukaemia, lymphoma, tumours, 

tuberculosis, etc.) 

 Severe infection 

 Drug induced (cytotoxic chemotherapy, radiation, 

chloramphenicol, penicillins, cephalosporins, phenothiazine, 

phenylbutazone, gold, antithyroid drugs, quinidine, 

anticonvulsants, alcohol) 

 Myelodysplastic syndrome 

 Vitamin B 12  or folate defi ciency 

 Pure white cell aplasia 

 T -  γ  lymphocytosis and neutropenia 

 Neutropenia associated with metabolic disorders 

 Acute leukaemia  

   Increased peripheral destruction   

  Hypersplenism 

 Immune mediated 

 Drug induced 

 Associated with collagen vascular disease (Felty syndrome, 

systemic lupus erythematosus) 

 Complement mediated (haemodialysis, cardiopulmonary bypass)  

   Altered distribution   

  Drugs 

 Stress  
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ferentiation and of monocyte function. Patients commonly die 
of overwhelming infections by the age of 5 years unless treated 
with intravenous immunoglobulin and long - term G - CSF. 

  Chronic benign neutropenia ,  chronic idiopathic neutropenia  
and  autoimmune neutropenia  are very similar in laboratory 
fi ndings and differ only with regard to age of onset and associa-
tion with other immune disorders. Chronic benign neutropenia 
commonly presents in older children or young adults. Patients 
are usually asymptomatic and have neutrophil counts in the 
range 0.2 – 0.5    ×    10 9 /L. Bone marrow examination is commonly 
normocellular or occasionally moderately hypocellular. They 
usually have a peripheral monocytosis and often a benign 
course, although occasional cases progressing to acute leukae-
mia have been reported. Anti - neutrophil antibodies, detected 
in some patients, are not commonly present but antibodies to 
the progenitor cells or other precursors may be the inciting 
factor in these patients. As these patients generally have a benign 
course, treatment to increase neutrophil counts should be 
reserved for those who have recurrent infections. Corticosteroids, 
splenectomy, cytotoxic agents and G - CSF have all been used 
successfully in this setting. Chronic benign neutropenia of 
infancy and childhood is probably a related disease, with the 
majority of patients presenting during the fi rst year of life. 
There is no familial predisposition and anti - neutrophil anti-
bodies are commonly detected. Furthermore, the neutropenia 
responds to immunosuppressive therapy, suggesting an immune 
mechanism. There is a compensatory increase in neutrophil 
precursors in the marrow. Some patients have a measurable 
defect of neutrophil mobility, otherwise described as  ‘ lazy leu-
cocyte syndrome ’ . 

 Infants of hypertensive mothers also commonly have moder-
ate to severe neutropenia lasting for several days. This is prob-
ably related to bone marrow suppression. Moderate to severe 
neutropenia can also occur in newborn infants as a result of the 
transfer of maternal IgG anti - neutrophil antibodies in a manner 
similar to rhesus haemolytic disease of the newborn. This 
isoimmune neutropenia develops antenatally and is due to 
maternal production of antibodies against antigens on fetal 
neutrophils. 

  Pure white cell aplasia  is a rare condition associated with 
recurrent pyogenic infections and with thymoma in 70% of the 
affected patients. There is almost complete absence of myeloid 
precursors without any abnormality of erythroid or megakaryo-
cytic precursors in the marrow. In the majority of patients, the 
marrow inhibitory activity is in the IgG and IgM fractions of 
serum but, in some, the inhibition is due to the lymphocytes. 
The immunoglobulin is directed against progenitor cells or 
myeloid precursors. The disorder has been associated with 
therapy with ibuprofen, certain natural remedies and chlo-
rpropamide. If associated with thymoma, surgical removal of 
the thymus gland can partially correct the neutropenia. Other 
treatment options include corticosteroids, ciclosporin, cyclo-
phosphamide and intravenous immunoglobulin. 

transformation to AML or MDS has been observed in these 
patients, with or without G - CSF therapy. 

  Schwachman – Diamond – Oski  syndrome is an autosomal 
recessive disorder characterized by exocrine pancreas insuffi -
ciency, metaphyseal dysostosis and bone marrow dysfunction 
(see Chapter  12 ). Recurrent severe bacterial infections and sus-
ceptibility to leukaemia are the major causes of morbidity and 
mortality, although many affected individuals have relatively 
few problems with infections. Neutrophil count is commonly 
less than 500    ×    10 9 /L and many patients are also anaemic and 
thrombocytopenic. Bone marrow is usually hypoplastic and a 
number of neutrophil functional disorders such as chemotactic 
defects may be present. A variety of physical anomalies includ-
ing short stature, strabismus, syndactyly, cleft palate and micro-
cephaly may exist. The propensity to develop leukaemia and 
aplastic anaemia suggests that a stem cell defect may be present. 
Treatment involves the use of G - CSF in patients with recurrent 
infections, and the use of pancreatic enzyme supplements 
for the gastrointestinal insuffi ciency and steatorrhoea. Some 
anaemic patients respond to steroids. 

 Reticular dysgenesis is associated with neutropenia, lym-
phoid hypoplasia, and thymic hypoplasia with normal erythro-
poiesis and megakaryopoiesis. Patients have a hypoplastic 
marrow and low levels of IgM and IgG and die from over-
whelming infections usually in early infancy. Dyskeratosis con-
genita is a rare disease characterized by abnormal skin 
pigmentation, nail dystrophy and mucosal leucoplakia. More 
than 80% of the affected individuals develop bone marrow 
failure, which is the major cause of death. The disorder is caused 
by defective telomere maintenance in stem cells. The major 
X - linked form of the disease is due to mutations in the  DKC1  
gene located at Xq28 and coding for dyskerin, a nucleolar 
protein (see Chapter  12 ). Dyskerin is part of small nucleolar 
ribonucleoprotein particles involved in processing ribosomal 
RNA. It is also found in the telomerase complex, pointing to a 
possible link between these two processes. An autosomal domi-
nant form is due to mutations in the RNA component of tel-
omerase. Patients with this form of the disease are more severely 
affected in the later generations carrying the mutations, possibly 
due to the inheritance of shortened telomeres, and may be 
considered to have aplastic anaemia. 

 Neutropenia has been seen with immunological abnormali-
ties such as hyper - IgM syndrome and X - linked agammaglob-
ulinaemia. Hyper - IgM syndrome is an X - linked disorder 
characterized by lymphoid hyperplasia, low concentrations of 
IgG and IgA but high concentration of IgM, and severe neutro-
penia. A genetic defect in the T - cell CD40 ligand has been 
implicated as the cause of the disease. CD40 ligand is a 39 - kDa 
protein expressed on the surface of activated CD4 +  T cells that 
delivers contact - dependent signals to CD40 - expressing cells: B 
cells, monocytes, dendritic cells, epithelial cells, endothelial cells 
and fi broblasts. The loss of interaction between CD40 and its 
ligand results in impairment of T - cell function, of B - cell dif-
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 Neutrophil counts between 0.1 and 0.45    ×    10 9 /L are seen in 
WHIM syndrome, a rare disorder characterized by warts, 
hypogammaglobulinaemia, infections and myelokathexis. The 
bone marrow is usually hypercellular with normal - appearing 
early myeloid forms and abnormal metamyelocytes, bands and 
mature neutrophils with diploid and tetraploid nuclei. 
Autosomal dominant inheritance of a CXC - chemokine recep-
tor (CXCR)4 mutation is associated with WHIM syndrome and 
leads to impaired receptor downregulation. Leucocyte CXCR4 
engagement by stem cell - derived factor (SDF) - 1 as presented 
by bone marrow stromal cells is an important signal promoting 
the retention of leucocytes within the bone marrow microenvi-
ronment niche. The overexpression of CXCR4 by leucocytes in 
WHIM leads to impaired egress of mature neutrophils from the 
bone marrow and resultant neutropenia. Decreased expression 
of BCL - X in myeloid precursors is also a feature of WHIM and 
is associated with an increased rate of apoptosis. G - CSF can be 
used to improve the neutropenia in WHIM syndrome. 

 Drug - induced neutropenia is probably the commonest cause 
of isolated neutropenia. A thorough evaluation of the medica-
tion history of a patient with neutropenia is important for 
excluding drugs as the inciting factor. Usually the mechanisms 
involve suppression of bone marrow activity or are immuno-
logical in nature. The neutropenia commonly develops 1 – 2 
weeks after initiation of the drug and resolves soon after dis-
continuation of the offending agent. Agents most commonly 
associated with this side - effect include antibiotics (e.g. penicil-
lins, cephalosporins, chloramphenicol), anticonvulsants (e.g. 
carbamazepine, phenytoin), anti - infl ammatory agents (e.g. 
gold, phenylbutazone), antithyroid drugs (e.g. carbimazole, 
methylthiouracil), hypoglycaemic agents (e.g. chlorpropa-
mide), diuretics (e.g. hydrochlorothiazide, bumetanide) and 
phenothiazine. The use of cytotoxic agents in cancer therapy is 
frequently associated with the development of neutropenia. 

 Neutropenia can also be a factor in aplastic anaemia. Other 
miscellaneous causes of neutropenia include the following. 
   •      Viral infections: HIV, varicella, measles, rubella, infectious 
mononucleosis, infl uenza, hepatitis A and B, parvovirus and 
cytomegalovirus.  
   •      Overwhelming bacterial infections (by exhausting the neu-
trophil reserve pool).  
   •      Metabolic diseases: orotic aciduria, methylmalonic aciduria, 
glycogen storage disease type Ib.  
   •      Nutritional defi ciencies: vitamin B 12 , folate (which causes 
hypersegmented nuclei; see Figure  17.5 f) or copper.  
   •      Hypersplenism.     

  Disorders of  n eutrophil  f unction 
 A number of congenital and acquired conditions with abnormal 
neutrophil morphology (see Figure  17.2 a) and/or function 
have been recognized (Table  17.7 ). Some of these are associated 
with abnormal neutrophil numbers and have been discussed 
earlier.   

 Humoral and cellular immune responses are responsible for 
the development of neutropenia in a number of settings. 
Autoimmune neutropenia due to circulating antibody can 
occur as an isolated condition or in association with other 
autoimmune disorders such as autoimmune thrombocytopenic 
purpura and autoimmune haemolytic anaemia. The antibodies 
may be directed at the mature neutrophils or morphologically 
identifi able myeloid precursors. 

 Inhibition of granulopoiesis by suppressor or cytotoxic T 
lymphocytes can occur in patients with collagen vascular disor-
ders as well as in patients with T -  γ  lymphocytosis. Patients with 
T -  γ  lymphocytosis commonly present with recurrent infections 
at a median age of 55 years. There is clonal proliferation of 
either CD3 + /CD56 +  T cells or CD3  −  /CD56 +  natural killer (NK) 
cells. NK cells do not express CD5 and T - cell receptor (TCR) 
proteins, and their TCR locus is not rearranged, whereas CD3 +  
large granular lymphocytes have rearranged TCR genes and are 
thought to represent  in vivo  activated cytotoxic T cells. The 
characteristic fi ndings include peripheral blood lymphocytosis 
with most lymphocytes being large granular lymphocytes. 
Patients may also have lymphadenopathy and hepatosplenom-
egaly; the bone marrow is commonly normocellular with 
increased lymphocytes and arrested myelopoiesis at the myelo-
cyte stage. The CD3 +  subset of the disease most commonly has 
an indolent course, although most patients need treatment for 
recurrent episodes of life - threatening infections. G - CSF therapy 
is used in managing acute infections and methotrexate, pred-
nisolone, cyclophosphamide or ciclosporin can be effective in 
improving neutrophil counts for sustained periods. In contrast, 
the CD3  −  /CD56 +  NK - cell disorders are clinically aggressive, 
occurring in younger patients and presenting with fever, massive 
hepatosplenomegaly, jaundice and marrow infi ltration with the 
abnormal clone. They typically have a rapidly progressive 
course unresponsive to combination chemotherapy. 

 Neutropenia is also associated with collagen vascular diseases 
such as systemic lupus erythematosus (SLE) and with rheuma-
toid arthritis. IgG or IgM antibodies may be directed against 
mature neutrophils or their precursors. Recent advances 
have allowed better understanding regarding the mechanism of 
neutropenia and improved options for treatment. Target anti-
gens for anti - neutrophil antibodies have been identifi ed for 
both Felty syndrome and SLE. In Felty syndrome, severe 
neutropenia is associated with rheumatoid arthritis, splenom-
egaly and leg ulcers. Therapy for neutropenia with methotrexate 
and ciclosporin has been attempted with variable success. The 
effi cacy of both GM - CSF and G - CSF in reversing neutropenia 
and decreasing the risk of infections in Felty syndrome and 
SLE has been well documented. Of concern, however, have 
been fl ares of symptoms or development of leucocytoclastic 
vasculitis in some patients following the use of these cytokines. 
Recent results suggest that G - CSF should be administered at the 
lowest dose effective at elevating the neutrophil count above 
1.0    ×    10 9 /L. 
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rological disorders that frequently become increasingly worse 
with age.  

  Chronic  g ranulomatous  d isease 
 Chronic granulomatous disease (CGD) is an inherited disease 
characterized by severe and recurrent purulent bacterial and 
fungal infections, including pneumonia, lymphadenitis, hepatic 
abscesses and osteomyelitis. The majority of patients present 
in the fi rst year of life with infections with catalase - positive 
organisms. Phagocytic cells of CGD patients have a defect in 
the phagosomal and plasma membrane - associated NADPH 
oxidase, resulting in impaired superoxide formation necessary 
for effi cient bacterial and fungal killing. In addition, a failure to 
switch off the infl ammatory response leads to the formation of 
granulomas, the distinctive hallmark of the disorder. All the 
subtypes of X - linked CGD are caused by mutations in the gene 
for the gp91 - phox subunit of cytochrome  b  ( CYBB ) located at 
Xp21.1. There is signifi cant heterogeneity in the mutations in 
the gene, with most being family specifi c. This accounts for the 
clinical heterogeneity seen in X - linked CGD. Other mutations 
in recessively inherited forms of the disease have also been 
described. 

 The incidence of CGD is 1 in 200   000 to 1 in 250   000 live 
births and the diagnosis is suggested by failure of neutrophils 
to reduce nitroblue tetrazolium (NBT slide test). The diagnosis 
can be further established by directly measuring respiratory 
burst activity as oxygen consumption, oxygen production or 

  Ch é diak – Higashi  s yndrome 
 Ch é diak – Higashi syndrome is a rare autosomal recessive disor-
der characterized by oculocutaneous albinism, recurrent and 
severe bacterial infections, giant blue - grey granules in the cyto-
plasm of white blood cells (see Figure  17.5 g), a mild bleeding 
diathesis, progressive peripheral neuropathy and cranial nerve 
abnormalities. Morbidity results from patients succumbing to 
frequent bacterial infections or to an  ‘ accelerated phase ’ , a pro-
gressive lymphoproliferative syndrome. Patients eventually 
succumb to a profound pancytopenia. Neutrophils contain a 
highly heterogeneous population of giant granules probably 
derived from coalescence of azurophil and secondary granules. 
The giant granules are seen more commonly in the bone 
marrow than peripheral blood, as many of the abnormal 
myeloid precursors are destroyed before release, leading to 
moderate neutropenia. 

 Ch é diak – Higashi syndrome neutrophils also have a defi -
ciency of antimicrobial proteins as well as disordered degranu-
lation and chemotaxis. Dysfunction of other elements of the 
immune system, such as cytotoxic T lymphocytes and NK cells, 
contribute to the propensity for infection and the development 
of the accelerated phase of the disease. Mutations in the lyso-
somal traffi cking regulator gene,  LYST , located on chromosome 
1q42.1 – q42.2, have been implicated as the cause of this disease. 
At present, treatment for the disorder is allogeneic stem cell 
transplantation, which alleviates the immune problems and the 
accelerated phase but does not inhibit the development of neu-

  Table 17.7    Disorders of neutrophil morphology and/or function. 

   Functional defect     Congenital     Acquired  

  Minimal    Hereditary neutrophil hypersegmentation (AD)    Megaloblastic hypersegmentation  

  Pelger – Hu ë t anomaly (AD)    Mucopolysaccharidoses  

  Alder – Reilly anomaly (AR)      

  May – Hegglin anomaly (AD)      

  Myeloperoxidase defi ciency (AR)      

  Adherence/migration    Leucocyte adhesion defi ciency (AR)    Renal failure  

  Neutrophil - specifi c granule defi ciency (AR)    Diabetes  

  Schwachman syndrome (?AR)    Neonates  

  Hyper - IgE syndrome    Malnutrition  

  Job syndrome (AR)    Leukaemia  

  Familial Mediterranean fever (AR)      

  Phagocytic killing    Chronic granulomatous disease    Malnutrition  

  Papillon – Lefevre syndrome (AR)    Vitamin E defi ciency  

      Severe iron defi ciency  

      Neonates  

      Diabetes  

      Viral infections  

      Sickle cell disease  

   AD, autosomal dominant; AR, autosomal recessive.   
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loss of both primary and secondary dentition. A phagocytic 
defect in microbicidal activity and degradation of ingested 
material is thought to be present. This is attributed to loss - of -
 function mutations of the  CTSC  gene located on chromosome 
11q14.2, which encodes the protease cathepsin C.     

  Eosinophils   (Figure  17.2 b)   

  Development and  f unction 
 Eosinophils, which account for 5 – 10% of leucocytes 
(0.2    ×    10 9 /L), are similar to neutrophils morphologically except 
for the presence of a bilobed nucleus and numerous bright -
 orange cytoplasmic granules. There are three distinct granule 
populations: the round, uniformly electron - dense primary 
granules present mainly in the eosinophilic promyelocyte/mye-
locyte stages; secondary or specifi c granules; and the less well 
characterized small granules (Table  17.8 ).   

 Primary granules contain eosinophil peroxidase and 
Charcot – Leyden crystal protein. The eosinophil peroxidase is 
distinct from neutrophil MPO and can mediate damage to 
microorganisms and tissues and bronchoconstriction in asthma. 
Charcot – Leyden crystal protein is found in tissues and fl uids in 
association with eosinophil infl ammatory reactions and may 
have a role in respiratory disease. 

 The large specifi c granules contain the eosinophil ’ s cytotoxic 
and proinfl ammatory proteins and account for more than 95% 
of granules in the mature eosinophils, conferring the charac-
teristic appearance of the cell. Eosinophil granules contain a 
number of enzymes similar to those found in the lysosomes of 
the neutrophil, but lack lysozyme. Different cationic polypep-
tides are the major constituents of eosinophil granules and 
include major basic protein (MBP), eosinophil cationic pro-
teins (ECP) and eosinophil - derived neurotoxin (EDN). MBP is 
toxic to cells, including parasites and mammalian epithelial 
cells, and evokes release of mediators from basophils and mast 
cells. Eosinophils have a signifi cant cytotoxic and proinfl amma-
tory function and play an important part in the pathogenesis 
of a number of allergic, parasitic and malignant disease 
processes. 

 Eosinophils are derived from bone marrow stem cell - derived 
myeloid progenitors in response to a number of T cell - derived 
cytokines and growth factors including IL - 3, GM - CSF and IL - 5. 
Mast cells, macrophages, NK cells, endothelial cells and stromal 
cells also produce these cytokines. IL - 5 is the most lineage -
 specifi c factor and plays an important role in regulation of 
terminal differentiation and post - mitotic activation of eosi-
nophils. Therefore, IL - 5 is a late - acting cytokine that is both 
necessary and suffi cient for eosinophil development  in vivo , a 
fi nding that has been confi rmed by IL - 5 transgenic and IL - 5 
knockout mice. 

 In normal individuals, eosinophils exist transiently in the 
circulation and localize specifi cally to certain tissues and organs 

H 2 O 2  production. Severe defi ciency of glucose - 6 - phosphate 
dehydrogenase (G6PD) in neutrophils, as seen in a rare X - linked 
disorder, can result in a greatly attenuated respiratory burst and 
a condition resembling CGD. Therapy involves prevention and 
early treatment of infections, aggressive parenteral antibiotic 
therapy for established infections, and use of prophylactic 
trimethoprim – sulfamethoxazole. In a prospective multicentre 
trial of CGD patients, recombinant human IFN -  γ  has been 
shown to augment host defence and reduce the incidence of 
life - threatening infections via unknown mechanisms other than 
reversing the respiratory burst defect; its effi cacy in reducing 
serious bacterial and fungal infections has been confi rmed in a 
prospective multicentre study in CGD. Haemopoietic stem cell 
transplantation, if performed at the fi rst signs of a severe course 
of the disease, is a valid therapeutic option for children with 
CGD. Newer approaches using reduced conditioning stem cell 
transplantation are still being investigated; more recently, Phase 
I clinical trials with retrovirally transduced autologous periph-
eral blood CD34 +  stem cells may make gene therapy for CGD 
a possibility in the future.  

  Myeloperoxidase  d efi ciency 
 Myeloperoxidase (MPO) defi ciency is the most common inher-
ited disorder of phagocytes and is inherited in an autosomal 
recessive manner. The gene encoding MPO is located at 
17q21.3 – q23 near the breakpoint of the translocation in acute 
promyelocytic leukaemia. Despite the key role of MPO in the 
microbicidal function of neutrophils, persons with MPO defi -
ciency lack any clinical symptoms and therapy is not required, 
except for a higher incidence of fungal infections when aggres-
sive antifungal therapy is indicated.  

  Neutrophil  s pecifi c  g ranule  d efi ciency 
 Specifi c granule defi ciency is a rare congenital disorder charac-
terized by recurrent bacterial and fungal infections of skin and 
lungs. The inheritance is autosomal recessive and although the 
precise molecular defect has not been elucidated, recent data 
implicate functional loss of the myeloid transcription factor 
CCAAT/enhancer - binding protein, C/EBP ε , as important in 
the development of specifi c granule defi ciency. The neutrophils 
of these patients display atypical bilobed nuclei, lack expression 
of at least one primary and all secondary and tertiary granule 
proteins, and possess defects in chemotaxis, disaggregation, 
receptor upregulation and bactericidal activity. Similar neu-
trophil granule defi ciencies have been described in some 
patients with leukaemia.  

  Papillon – Lefevre  s yndrome 
 This is a rare autosomal recessive disorder characterized 
by palmoplantar keratoderma and early - onset peridontitis. 
Pyogenic liver abscesses are an increasingly common complica-
tion. Consanguinity is common and the disease is commonly 
manifested in the fi rst 6 months of life, with early progressive 



Phagocytes

319

  Disorders of  e osinophils 

  Eosinophilia 
 Eosinophilia is considered as an absolute eosinophil count of 
0.5    ×    10 9 /L or more. Blood and tissue eosinophilia can be seen 
in a number of parasitic, neoplastic, collagen vascular and aller-
gic diseases (Table  17.9 ). Because of the varied causes of eosi-
nophilia, diagnostic evaluation should include complete 
physical examination and history, routine chemistries, serum 
IgE, vitamin B 12  levels, HIV serology, stool ova and parasites, 
electrocardiogram, echocardiogram, pulmonary function tests, 
chest and abdominal computed tomography, and bone marrow 
biopsy and aspirate.   

 In these disorders, a variety of abnormal stimuli lead to the 
increased production and tissue localization of eosinophils. 
When no underlying cause can be identifi ed, the hypereosi-
nophilic syndrome (HES) may be present. Several reactive 
pulmonary and cutaneous eosinophilic syndromes (e.g. Churg –
 Strauss syndrome, Loeffl er syndrome and eosinophilic lympho-
folliculosis or Kimura disease) as well as an eosinophilia – myalgia 
syndrome have also been described. Eosinophilia – myalgia syn-
drome is related to metabolites and contaminants in prepara-
tion of the drug  l  - tryptophan and presents with peripheral 

exposed to the external environment. Eosinophils are recruited 
in response to early -  and late - phase components of immediate 
hypersensitivity reactions as well as other immunologically 
mediated reactions. Their activation and recruitment involves 
the interaction of several adhesion pathways and chemotactic 
agents including the complement fragment C5a, PAF, IL - 3, 
IL - 5, GM - CSF, IL - 2, RANTES, eotaxins and the CD8 +  T cell -
 derived lymphocyte chemoattractant factor (LCF). 

 The specifi city and intensity of the microbicidal function of 
eosinophils differ from those of other leucocytes; their bacteri-
cidal activity is less effi cient than that of neutrophils, but not 
because of any defi ciency of specifi c enzymes. In fact, eosinophil 
peroxidase is more bactericidal than MPO. However, the major 
protective role of eosinophils in host defence is the destruction 
of metazoan parasites. Eosinophils readily degranulate in 
response to stimulation by antigens, cytokines and complexed 
or secretory IgA, IgE and IgG. Proteins released from eosi-
nophils result in histamine release from basophils and mast 
cells, and amplify the infl ammatory response. These proteins 
are also powerful toxins towards host cells, leading to tissue 
injury. A further role of eosinophils is tissue repair and remod-
elling through regulation of the deposition of extracellular 
matrix proteins.  

  Table 17.8    Contents of eosinophil granules. 

   Granule     Protein content     Comment  

  Primary granule (Charcot –

 Leyden granule)  

  Charcot – Leyden crystal (CLC) protein     Weak lysophospholipase, carbohydrate - crystal 

protein - containing binding properties  

  Specifi c granule (secondary 

granule)  

  Eosinophil peroxidase      

  Major basic protein (MBP)    Toxic to parasites  

  Eosinophil cationic protein (ECP)    Ribonuclease, bactericidal, toxic to parasites  

  Eosinophil - derived neurotoxin (EDN)    Ribonuclease, toxic to parasites  

  Eosinophil peroxidase (EPO)    Antibacterial  

  Lysophospholipase      

  Acid phosphatase      

  Arylsulphatase B      

  Phospholipase A 2  (secretory)    Antibacterial  

  BPI protein    LPS binding, antibacterial  

  NAMLAA    Antibacterial  

  FAD      

  Catalase      

  Urokinase      

  CD63    Tetraspanin  

  Proteoglycan      

   α  1  - Antitrypsin      

  Small - type granule    Arylsulphatase B    Lysosomal hydrolase  

  Secretory vesicle    Cytochrome  b  558     NADPH oxidase component  

  CR3     β  2  integrin  

   BPI, bactericidal permeability - increasing protein; FAD, fl avin adenine dinucleotide; LPS, lipopolysaccharide; NAMLAA, 

 N  - acetylmuramyl -  l  - alanine amidase.   
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blood eosinophilia, fatigue and severe myalgia. It responds 
slowly to cessation of  l  - tryptophan therapy in a number of the 
patients. 

 HES is characterized by sustained eosinophilia of 30 – 70% of 
total leucocyte count ( >    1.5    ×    10 9 /L) for longer than 6 months, 
absence of other underlying causes of eosinophilia and evidence 
of organ dysfunction due to eosinophilic tissue infi ltration. 
Presenting features include anorexia, weight loss, fever, sweat-
ing, thromboembolic episodes, heart failure, splenomegaly, and 
skin and central nervous system (CNS) disease. Peripheral 
blood eosinophils have a variety of cellular abnormalities, and 
bone marrow eosinophils are increased (30 – 60%) but myelob-
lasts are usually not. It has been diffi cult to assess the clonality 
of HES. Cases that are clonally derived, as demonstrated by 
clonal karyotypic abnormalities and the performance of restric-
tion polymorphism analysis in females, are now reclassifi ed by 
WHO (2008) as chronic eosinophilic leukaemia. 

 This clinically variable disorder has various subtypes, includ-
ing the myeloproliferative variant (10 – 50%) (these are now 
classifi ed as chronic eosinophilic leukaemia; see aso Chapters 
 27  and  36 ), lymphoproliferative variant (5 – 50%), familial form, 
episodic form and benign form. Patients with the myeloprolif-
erative variant of HES are typifi ed by male predominance, end -
 organ damage, elevated serum tryptase, splenomegaly, anaemia, 
thrombocytopenia and bone marrow myeloproliferation with 
reticulin fi brosis. This variant was historically recognized as 
unresponsive to steroid therapy, with a mortality greater than 
50%, most commonly due to cardiac dysfunction from endomy-
ocardial fi brosis. The myeloproliferative variant is usually 
caused by an interstitial deletion on chromosome 4q12, result-
ing in a  FIP1L1 – PDGFRA  fusion gene. The protein product of 
this fusion gene is a tyrosine kinase with enhanced activity and 
particular sensitivity to low - dose imatinib therapy, leading to 
durable complete haematological and cytogenetic remission. 
Even rarer cases with often different haematological features are 
due to rearrangement of  PDGFRB  or  FGFR1  (see Chapter  36 ). 
In a prospective multicentre study of primary HES, all 27 
patients with the  FIP1L1 – PDGFRA  fusion gene achieved com-
plete haematological and molecular remission at doses of imat-
inib between 100 and 400   mg daily. This response was durable 
with a median follow - up of 25 months, and re - emergence of 
the fusion gene was detectable by reverse transcriptase polymer-
ase chain reaction in only three patients who stopped imatinib 
for several months. In HES patients negative for the  FIP1L1 –
 PDGFRA  fusion gene, 14% achieved a complete haematological 
remission with imatinib therapy that was short - lived. 

 The lymphoproliferative variant of HES is a distinct clinical 
syndrome characterized by hypereosinophilia occurring in 
response to IL - 5 stimulation by a clonal CD3  −  CD4 + CD8  −   acti-
vated T - cell population. Patients with this variant are more 
likely to have skin, gastrointestinal and pulmonary involvement 
and less likely to have endomyocardial fi brosis and myelofi bro-
sis. Unique to this group of patients is the increased incidence 

  Table 17.9    Causes of eosinophilia. 

   Infections   

  Parasitic: helminthic (fi lariasis, strongyloidiasis, hydatid disease, 

onchocerciasis, etc.), visceral larva migrans 

 Non - parasitic: coccidiomycosis, recovery from acute infections, 

cat scratch disease,  Cryptococcus   

   Allergic disease   

  Atopic diseases 

 Drug hypersensitivity 

 Bronchopulmonary aspergillosis  

   Pulmonary   

  Allergic bronchopulmonary aspergillosis 

 Eosinophilic pneumonia 

 Transient pulmonary infi ltrates (Loeffl er syndrome) 

 Prolonged pulmonary infi ltrates with eosinophilia 

 Tropical pulmonary eosinophilia 

 Allergic granulomatosis (Churg – Strauss syndrome)  

   Cutaneous   

  Eosinophilic lymphofolliculosis (Kimura disease) 

 Bullous pemphigoid 

 Granulomatous dermatitis with eosinophilia (Wells disease) 

 Eosinophilic fasciitis (Shulman syndrome) 

 Atopic dermatitis 

 Urticaria and angioedema  

   Connective tissue disorder   

  Vasculitis 

 Serum sickness 

 Eosinophilic fasciitis  

   Immunological disorders   

  Wiskott – Aldrich syndrome 

 Selective IgA defi ciency 

 Graft - versus - host disease  

   Neoplastic conditions   

  Eosinophilic leukaemia 

 Lymphoma (Hodgkin, T cell) 

 Chronic myeloid leukaemia 

 Acute myeloid leukaemia, M4Eo 

 Some solid tumours  

   Miscellaneous   

  Eosinophilic myalgia syndrome 

 Toxic oil syndrome 

 Idiopathic hypereosinophilic syndrome  



Phagocytes

321

induction of both proinfl ammatory and immunoregulatory 
cytokines by IL - 33 - expressing resident tissue cells, IL - 3 -
 expressing mast cells, Th2 lymphocytes, and IgE receptor acti-
vation by allergen exposure may provide the mechanism by 
which basophils are activated without the required involvement 
of the adaptive immune system. 

 The interaction between IgE and basophil/mast cell Fc ε IR 
and antigen bridging results in basophil degranulation and 
initiation of their effects of granule contents. The granules of 
basophils and mast cells contain sulphated glycosaminoglycans 
responsible for their intense staining, as well as histamine, 
LTD 4 , PAF, eosinophil chemotactic factor and kallikrein 
responsible for type I immediate hypersensitivity reactions and 
chronic infl ammation (Table  17.10 ). Histamine is derived from 
histidine by decarboxylation and is stored as a complex with 
heparin or chondroitin sulphate proteoglycans. The primary 
protease of mast cells, tryptase, is mainly released during the 
early phase of allergic response and is a marker of mast cell 
activation in chronic infl ammatory diseases. Other neutral pro-
teases such as carboxypeptidase B, chymase and sulphatases are 
also released and degrade extracellular matrix proteins. Basophil 
and mast cell activation also leads to the elaboration of cytokines 
such as GM - CSF, TNF -  α , IFN -  γ , IL - 3, IL - 4 and IL - 5, which 
serve to amplify the infl ammatory response; TNF -  α  and 
GM - CSF recruit and prime neutrophils, IL - 5 activates eosi-
nophils and IL - 4 enhances cell adhesion molecule expression 
on endothelial cells, recruits eosinophils into tissues and induces 
helper T cells to mediate IgE production by B cells.    

  Disorders of  b asophils and  m ast  c ells 
 High basophil numbers are commonly seen in patients with 
myeloproliferative disorders, in particular chronic myeloid leu-
kaemia (CML). Basophil number can be strikingly elevated in 
patients with CML, accounting for over 20% of circulating leu-
cocytes in the more advanced stages of the disease. They are a 
part of the neoplastic clone expressing the Philadelphia chro-
mosome or the  BCR – ABL  fusion gene. In other myeloprolifera-
tive disorders such as primary myelofi brosis and polycythaemia 
vera, elevation of basophil numbers is usually more modest. 
Cases of AML with high levels of immature basophils have also 
been reported. Rarely, basophils may constitute over 80% of 
circulating leucocytes, a condition sometimes referred to as 
basophilic leukaemia. These patients may exhibit clinical fea-
tures related to the release of histamine and other basophil 
granular contents, and their treatment can be diffi cult owing to 
the possibility of massive release of these mediators secondary 
to cellular lysis. Other causes of basophilia include ulcerative 
colitis, myxoedema, recovery from acute illness and drug aller-
gies, although these conditions are usually associated only with 
modest elevations of circulatory basophils. 

 As discussed earlier, SCF or c - Kit ligand is an important 
factor in mast cell development. Therefore, it is plausible that 
conditions leading to its excessive production and mutation of 

of progression to lymphoma. The other variants of HES are rare 
and include a form with cyclic episodes of eosinophilia and 
angio - oedema (also referred to as Gleich syndrome) and a rare 
familial form with predominant autosomal dominant transmis-
sion and gene involvement at 5q31 – 33. 

 The goal of treatment in HES is to limit organ damage by 
controlling the eosinophil count and, except for treatment of 
 FIP1L1 – PDGFRA  associated HES with tyrosine kinase inhibi-
tors, steroids remain fi rst - line therapy. In patients who are 
refractory or intolerant to the side - effects of steroids, cytotoxic 
agents such as hydroxycarbamide (hydroxyurea), vincristine 
and cytarabine have been used, as well as immunomodulatory 
therapy with interferon alfa, ciclosporin and intravenous 
immunoglobulins.    

  Basophils and  m ast  c ells   (Figure  17.2 c)   

  Development and  f unction 
 The functions of basophils and mast cells are similar but not 
identical. They express the receptor that binds with high affi nity 
the Fc portion of IgE antibody (Fc ε IR) on their surface and they 
have large metachromatic (purple - black) granules rich in his-
tamine, serotonin and leukotrienes. Basophils have a bilobed 
nucleus, in contrast to mast cells, which have a unilobed 
nucleus. More recent studies have demonstrated that despite 
their signifi cant similarities, basophils and mast cells are termi-
nally differentiated progeny of distinct bone marrow progeni-
tors. Basophils develop from haemopoietic stem cells and 
mature in the bone marrow and circulate in the blood, whereas 
mast cells mature in the tissues. They both play signifi cant roles 
in the development of a number of allergic and infl ammatory 
disorders as well as host defence mechanisms against 
parasites. 

 Mechanisms mediating the maturation of basophils and mast 
cells differ. Mast cells are derived from CD34 + , c - Kit - positive 
progenitors and leave the marrow before their terminal matura-
tion and hone to vascularized peripheral tissues where they 
mature. A complex array of cytokines, elaborated by T cells, 
macrophages and stromal cells, regulates the production of 
basophils and mast cells. The major growth and differentiation 
factor for basophils is IL - 3, whereas the growth and develop-
ment of mast cells requires the presence of SCF. 

 Basophils are the least abundant leucocytes, accounting for 
less than 0.5% of bone marrow and peripheral blood leucocytes. 
Basophils arise from a common basophil – eosinophil progenitor 
cell, mature in the marrow over a period of 2 – 7 days and after 
release in the circulation last for up to 2 weeks. They are the key 
mediators of immediate hypersensitivity reactions such as 
asthma, urticaria and anaphylaxis. In addition, they have been 
implicated in the delayed cutaneous hypersensitivity reaction. 
Basophils are stimulated by a number of mediators, such as IgE, 
IL - 3, C5a, GM - CSF, insect venoms and morphine, to release 
the contents of their granules such as histamine. Synergistic 
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caria pigmentosa typically presents with multiple, small, round, 
reddish - brown maculopapular lesions that, when subjected to 
minimal trauma, lead to intense pruritus. In some patients, this 
disease progresses to the systemic variety, with involvement of 
bone marrow, spleen, liver and the gastrointestinal tract. 
Systemic mastocytosis can also occur without prior or concur-
rent cutaneous disease, and in association with haematological 
disorders, including leukaemias and lymphomas. Organ dys-
function may be secondary to the release of biochemical media-
tors by mast cells, such as peptic ulcer disease secondary to 
histamine release. Mast cell leukaemia, a rare condition, presents 
with circulating mast cells of abnormal morphology (account-
ing for up to 95% of circulating nucleated cells), peptic ulcer 

c -  kit , leading to its constitutive activation, can cause mastocy-
tosis. An increased number of tissue mast cells can be seen in a 
number of disorders, including atopy, parasitic diseases, 
Hodgkin disease and other lymphoproliferative disorders, some 
neoplasms and rheumatoid arthritis. The zebrafi sh has also 
been validated as an effi cient  in vivo  system for studying mast 
cell development and has led to the identifi cation of key tran-
scription factors necessary for development and may serve as a 
potential model of human mast cell diseases. 

 Several conditions, ranging from isolated cutaneous masto-
cytomas to mast cell leukaemia, are associated with mast cell 
proliferation. Solitary mastocytomas generally regress sponta-
neously. The more common cutaneous mastocytosis or urti-

  Table 17.10    Basophil and mast cell granules, and their contents. 

   Component     Function     Main physiological role     Other properties     Cell specifi city  

   Protein   

  Histamine    Binds to H 1 , H 2 , H 3  

receptors  

  Hypersensitivity reactions 

and infl ammation  

      Basophils, mast 

cells  

   Proteoglycan   

  Heparin    Package of basic proteins 

into granules  

      Binds and stabilizes 

proteases  

  Connective tissue 

mast cells  

  Chondroitin 

sulphates  

  Package of basic proteins 

into granules  

      Binds and stabilizes 

proteases  

  Basophils  

   Enzymes   

  Chymase    Inactivates bradykinin    Affects microcirculation        Connective tissue 

mast cells    Activates angiotensin 1    Modulates 

microcirculation  

  Activates precursor IL - 1 β     Modulates skin 

infl ammation  

  Tryptase    Cleaves C3 to C3a and 

C3b  

  Proinfl ammatory, 

stimulates neutrophil 

chemotaxis and 

adherence  

  Tetrameric when bound 

to heparin, monomer 

inactive, restricted 

substrate specifi city, 

raised levels in mast 

cell disorders  

  Mast cells  

  Activates metalloproteinase 

3, inactivates fi brinogen, 

degrades calcitonin 

gene - related peptide  

  Regulates collagenase, 

attenuates fi brin 

deposition  

  Cathepsin G - like 

protease  

              Connective tissue 

mast cell  

  Carboxypeptidase    Inactivates bradykinin    Affects microcirculation        Connective tissue 

mast cell  

   Other   

  Charcot – Leyden 

crystal protein  

  Lysophospholipase    Phospholipid metabolism    Neutralizes pulmonary 

surfactant  

  Basophil  

  Major basic protein        Disrupts membranes        Basophil  

  Sulphatase                  

  Exoglycosidase                  
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 Following their release into the circulation, monocytes 
rapidly partition between the marginating and circulating 
pools. The circulating monocytes have a highly convoluted 
surface and a lobulated nucleus. They can be further character-
ized by non - specifi c esterase and contain a single type of nucleus 
with staining characteristics of lysosomes. After migration into 
tissues, they become larger and acquire the characteristics of 
tissue macrophages. Monocytes contain lysosomal hydrolases 
and the intracellular enzymes elastase and cathepsin. After 
transformation into tissue macrophages they produce predomi-
nantly metalloproteases and metalloprotease inhibitors, lose 
expression of hydrolases, and express macrophage - specifi c 
genes and products such as inducible NOS and IFN -  γ . Tissue 
macrophages are long - lived and self - sustaining cells. 

 Kupffer cells, phagocytic cells residing within the lumen of 
hepatic sinusoids, represent up to 90% of fi xed tissue macro-
phages and are the fi rst phagocytes to encounter bacteria origi-
nating from the colon. Recent advances in the understanding 
of Kupffer cells suggest that two subsets exist: a sessile radiore-
sistant hepatic - derived population that does not participate in 
infl ammatory reactions and a radiosensitive population that is 
replaced by bone marrow - derived precursor cells and is 
recruited to sites of infl ammation by CD8 +  T cells. These two 
subsets can be distinguished by fl ow cytometry and immuno-
histochemical techniques. Phagocytosis by Kupffer cells may 
not be the principal mechanism of organism removal from the 
bloodstream but likely involves a complex interaction with neu-
trophils recruited to the liver within 2 hours of infection. 
Kupffer cells are also implicated in the removal of neutrophils 
after the clearance of an organism, downmodulating the infl am-
matory response and abrogating the tissue destruction some-
times seen in overwhelming sepsis. 

 Macrophage activation is the acquisition of competence to 
perform specifi c and complex functions as a result of exposure 
to a constellation of cytokines and other factors in their envi-
ronment, rather than achievement of a universal activated state. 
Physiological factors from the host such as cytokines and 
growth factors as well as environmental factors from microor-
ganisms constitute this constellation and their combined effect 
is synergistic. Macrophage activating factor, identifi ed as IFN -  γ , 
as well as IL - 2, IL - 4, macrophage colony - stimulating factor and 
GM - CSF are either directly or indirectly, through IFN -  γ , 
responsible for macrophage activation. They stimulate mono-
cyte/macrophage proliferation, increase adhesion receptor 
expression and stimulate the production of proteolytic agents 
responsible for pathogen clearance. The hypothalamic – pitui-
tary – adrenal axis and autonomic nervous system communicate 
with the infl ammatory system via catecholamine - induced 
activation of macrophage NF -  κ B and subsequent release of 
macrophage - derived proinfl ammatory cytokines. 

 Although production of IFN -  γ  by Th1 cells results in a cyto-
cidal macrophage state, IL - 4 and IL - 13 produced by the Th2 
population of T lymphocytes stimulate the antigen - presenting 

disease, constitutional symptoms, anaemia and hepatosplenom-
egaly. It should be distinguished from AML, which can develop 
in association with systemic mastocytosis. 

 Management of patients within all categories of mastocytosis 
includes careful counselling of patients and care providers, 
avoidance of factors triggering acute mediator release, treat-
ment of acute and chronic mast cell mediator release, an attempt 
to treat organ infi ltration by mast cells, and treatment of any 
associated haematological disorder. The agents and modalities 
commonly used in treating patients with mastocytosis include 
antihistamines, histamine H 2  - receptor blockers, adrenaline, 
steroids, cromolyn sodium, proton pump inhibitors, psoralen 
with ultraviolet light (PUVA), chemotherapy, radiation, inter-
feron alfa, ciclosporin, 2 - chlorodeoxyadenosine and splenec-
tomy. With increased availability of small - molecular - weight 
inhibitors of intracellular signalling pathways, targeting of the 
constitutively active mutated c -  kit  has attracted more attention. 
Two classes of constitutive activating c -  kit  mutations have been 
reported. The more frequent occurs in the catalytic pocket 
coding region, with substitutions at codon 816, and the other 
in the intracellular juxtamembrane coding region. Therefore, 
kinase inhibitors that block mutated c -  kit  activity might be used 
as therapeutic agents in systemic mastocytosis. Imatinib 
mesylate inhibits both wild - type and juxtamembrane mutant 
c - Kit kinase activity, but has no effect on the activity of the 
D816V mutant, commonly seen in patients with mastocytosis. 
Therefore, imatinib mesylate does not appear to be an effective 
therapy for this disease. However, activity of imatinib has been 
reported in a subset of mastocytosis patients with associated 
eosinophilia who express the  FIP1L1 – PDGFRA  fusion gene.   

  Monocytes and  m acrophages   (Figure  17.2 d,e)   

 The mononuclear phagocyte system has been defi ned as a 
family of cells comprising bone marrow progenitors, blood 
monocytes and tissue macrophages. Monocytes develop from a 
pluripotent haemopoietic stem cell in the bone marrow termed 
CFU - GEMM (colony - forming unit  –  granulocyte, erythrocyte, 
monocyte, megakaryocyte) and the more committed CFU - GM. 
This progenitor cell can commit to both the neutrophil and 
monocytic pathways. Cytokines and growth factors, such as 
monocyte colony - stimulating factor, GM - CSF and IL - 3, allow 
commitment along monocytic pathways. Monocyte colony -
 stimulating factor, also known as colony - stimulating factor 
(CSF) - 1, is the most important factor in the development of 
monocytes and macrophages, and is necessary but not suffi cient 
for their activation. Macrophage colony - stimulating factor is 
the primary macrophage growth factor detected in peripheral 
blood and has been shown in mouse models to be essential for 
macrophage differentiation, unlike GM - CSF. Macrophages 
stimulated by macrophage colony - stimulating factor can also 
clear apoptotic cells by macropinocytosis in the same fashion as 
dendritic cells. 
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 The histiocytic disorders comprise various haematological 
disorders, with cells of the mononuclear phagocytic system or 
the dendritic cell system involved in their pathogenesis. In 
general, diseases associated with proliferation of histiocytes can 
be grouped into two different categories: infl ammatory disor-
ders and neoplastic (clonal) disorders (Table  17.12 ). In the 
more recent classifi cations by the World Health Organization 
Committee on Histiocytic/Reticulum Cell Proliferations, other 
disorders in which histiocytes are implicated, such as storage 
diseases (Gaucher and Niemann – Pick), have been excluded. 
Abnormal immune responses mediated by cytokines has been 
proposed to be the inciting factor for the two more common 
disorders: Langerhans cell histiocytosis and haemophagocytic 
lymphohistiocytosis. However, it is unclear whether the histio-
cytes themselves or other immune cells are the defective cell 
population.   

  Langerhans  c ell  h istiocytosis 
 The offending cells in the disorders previously referred to as 
histiocytosis X (including eosinophilic granuloma, Letterer –

cell state. These cytokines then enhance macrophage stimula-
tion of T cells by inducing class II MHC antigen and costimula-
tory molecule expression. Activated macrophages, in turn, 
produce cytokines that stimulate both types of helper T cells. 

 Several cytokines, including IL - 4, IL - 10, IL - 13 and TGF - 
 β , can inhibit different aspects of macrophage function. 
Furthermore, prostaglandin (PG)E 2 , elaborated by macro-
phages, as well as corticosteroids can suppress various actions 
of macrophages. These provide a feedback mechanism for 
control of the immune response. 

 Recently, a subset of activated macrophages has been shown 
to express a folate receptor that can bind and internalize folate -
 linked drugs and dyes, which opens the possibility for folate -
 linked radioimaging techniques of joints as well as selective 
drug delivery to sites of active infl ammation. 

  Disorders of  m onocyte/ m acrophages 

  Monocytosis and  m onocytopenia 
 Chronic infl ammatory conditions, both infectious and immune 
in nature, are associated with monocytosis (Table  17.11 ). These 
include tuberculosis, bacterial endocarditis, syphilis, collagen 
vascular disease, sarcoidosis and ulcerative colitis. Monocytosis 
is also commonly seen in a number of haematological malig-
nancies such as AML, Hodgkin disease, non - Hodgkin lympho-
mas and histiocytosis. Decreased number of circulating 
monocytes has been reported with endotoxaemia, corticoster-
oid administration and hairy cell leukaemia.    

  Histiocytic  d isorders 
 As described above, bone marrow monocytes enter the circula-
tion and transform into tissue - specifi c macrophages under the 
infl uence of the local environment, thus becoming cells of the 
mononuclear phagocytic system. Dendritic cells also have their 
origin in the bone marrow and share common progenitors with 
macrophages. Progenitors of dendritic cells are released from 
the bone marrow and enter tissues in which they differentiate 
into functional antigen - presenting dendritic cells. The ordinary 
tissue macrophages have IgG Fc receptors, whereas the tissue -
 based dendritic cells comprising the dendritic cell system lack 
phagocytic capacity or Fc receptors and are predominantly 
antigen - presenting cells. The dendritic Langerhans cells are 
found in virtually all tissues except the brain and are the major 
immunological cellular components of the skin and mucosa. 
Their racquet - shaped ultrastructural inclusions (Birbeck 
bodies) distinguish them from other tissue cells. They interact 
with and process antigen, then migrate to lymphoid organs 
where, through interaction with T cells, they generate cellular 
and humoral immune responses. This ability of dendritic cells 
to interact with T cells and other infl ammatory cells contributes 
to the often varied clinical manifestations of the histiocytic 
disorders. 

  Table 17.11    Causes of monocytosis. 

   Infl ammatory conditions   

   Infections   

  Tuberculosis 

 Bacterial endocarditis 

 Fever of unknown origin 

 Syphilis  

   Other   

  Systemic lupus erythematosus 

 Rheumatoid arthritis 

 Temporal arteritis 

 Polyarteritis 

 Ulcerative colitis 

 Sarcoidosis 

 Myositis  

   Malignant disorders   

  Acute myeloid leukaemia 

 Hodgkin disease 

 Non - Hodgkin lymphomas 

 Histiocytoses 

 Carcinomas 

 Myelodysplastic syndrome  

   Miscellaneous   

  Cyclic neutropenia 

 Chronic idiopathic neutropenia 

 Kostmann syndrome 

 Post splenectomy  
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lesions of patients demonstrate several phenotypic changes that 
distinguish them from their normal counterparts. Differences 
in staining by the lectin peanut agglutinin, expression of pla-
cental alkaline phosphatase, expression of the IFN -  γ  receptor, 
and expression of costimulatory receptors such as CD86 and 
CD80 allow one to distinguish between LCH lesional cells and 
their normal counterparts. There is extensive expression of 
GM - CSF, IL - 1, IL - 3, IL - 4, IL - 8, TNF and leukemia inhibitory 
factor (LIF) in the lesions of LCH, suggestive of activation of T 
lymphocytes as well as recruitment of macrophages, eosinophils 
and granulocytes. The accumulation of IL - 1 and PGE 2  may 
explain the association of these lesions with bone loss. Such 
increases in immunostimulatory and tissue - damaging cytokines 
occur at local sites, usually without high systemic levels. 

 The diagnosis of LCH is based on a biopsy of the involved 
organs, with the key diagnostic feature being the presence of 
pathological Langerhans cells, which can be identifi ed by dem-
onstration of either CD1a surface antigen or the presence of 
Birbeck granules on electron microscopy. Mitoses are usually 
not present and when found have no prognostic signifi cance. 
Early lesions are generally cellular and locally destructive, with 
abundance of essentially normal Langerhans cells. As the lesions 
mature, there are fewer Langerhans cells with occasional 
necrosis. 

 The lesions of LCH occur in skin, bone, lymph nodes, liver, 
spleen, bone marrow, lungs, the CNS and the gastrointestinal 
tract. Clinical features are varied and depend on the organs 
involved. It may involve single organs or involve multiple 
systems, and assessment of organ function is important as it can 
have prognostic signifi cance. Initial investigations should 
include a full blood count, assessment of renal and hepatic 
function, a skeletal survey and a technetium bone scan; these 
latter studies are complementary, with the latter being more 
sensitive for early lesions. Other investigations include chest 
radiography and possibly magnetic resonance imaging (MRI) 
of the brain to rule out CNS involvement. Additional testing 
for diabetes insipidus and other organ involvement should be 
carried out as indicated. 

 Langerhans cells play an integral role in antigen recognition 
and presentation in immune responses throughout many 
tissues. Pulmonary Langerhans cell histiocytosis (PLCH) is a 
non - neoplastic collection of reactive Langerhans cells that 
causes interstitial lung disease in adult smokers. PLCH is 
uncommon and comprises 5% of all interstitial lung disease, 
predominantly affl icting middle - aged men and women smokers. 
PLCH typically presents with dyspnoea, non - productive cough 
and constitutional symptoms and radiographic features of 
reticulonodular changes with cyst formation. Diagnosis is made 
with open lung biopsy and, depending on the stage of the lesion, 
histopathology can range from an abundance of Langerhans 
cells, lymphocytes, eosinophils, plasma cells in a background of 
mild to dense fi brosis. Langerhans cells in PLCH are phenotypi-

 Siwe disease and Hand – Sch ü ller – Christian disease) have the 
characteristics of epidermal Langerhans cells. These disorders, 
now collectively referred to as Langerhans cell histiocytosis 
(LCH), have variable clinical features depending on the organs 
infi ltrated by the responsible Langerhans and accompanying 
cells. The true prevalence of these disorders is seven cases per 
million. The majority of cases occur in children under 15 years 
of age, but they can occur at any age. 

 The aetiology of these disorders is far from clear, but a 
number of clues from their biology and epidemiology are 
emerging. Associations with malignancies and an inherited pre-
disposition based on studies in identical twins have been sug-
gested. No seasonal variations or geographic or racial clustering 
has been reported, disputing the possibility of an infectious 
aetiology. Flow cytometric and chromosomal analysis of cells 
from LCH infi ltrates as well as methods to assess clonality based 
on restriction fragment length polymorphisms have suggested 
the possibility of a clonal nature, although no consistent chro-
mosomal alterations have been reported so far. 

 It is now clear that LCH is characterized by clonal prolifera-
tion of CD1a - positive cells. The Langerhans cells from the 

  Table 17.12    Histiocytic disorders. 

   Disorders of varied biological behaviour   

   Related to dendritic cells   

  Langerhans cell histiocytosis 

 Juvenile xanthogranuloma and related disorders 

 Solitary dendritic cell histiocytoma  

   Related to macrophages   

  Haemophagocytic syndromes 

    Primary: familial haemophagocytic histiocytosis 

    Secondary: infectious, tumour associated, drug associated (e.g. 

phenytoin) 

 Rosai – Dorfman disease (sinus histiocytosis with massive 

lymphadenopathy) 

 Solitary macrophage histiocytoma  

   Clonal disorders   

   Related to monocytes   

  Leukaemia: FAB M4 and M5, acute myelomonocytic leukaemia, 

chronic myelomonocytic leukaemia, extramedullary monocytic 

tumours  

   Related to dendritic cells   

  Histiocytic sarcoma (malignant histocytosis): localized or 

disseminated  

   Related to macrophages   

  Histiocytic sarcoma (malignant histiocytosis): localized or 

disseminated  
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therapy include ciclosporin, antithymocyte globulin, 2 - chloro-
deoxyadenosine, thalidomide, TNF inhibitors, anti - CD1a anti-
bodies and haemopoietic stem cell transplantation.  

  Haemophagocytic  l ymphohistiocytosis 
 These disorders include genetic (familial and immunodefi -
ciency - related syndromes) and acquired forms. Familial forms 
affecting neonates and infants occur in 1 in 50   000 live births. 
Males and females are equally affected and over two - thirds of 
cases occur in siblings. The familial form is an autosomal reces-
sive disease without a well - defi ned genetic defect. Recently, 
several defects in genes with important immune functions have 
been reported in patients with familial haemophagocytic lym-
phohistiocytosis (HLH) and include mutations in the genes 
for perforin ( PRF1 ), Munc13 - 4 ( UNC13D ) and syntaxin 11 
( STX11 ). The acquired form is associated with Ch é diak – Higashi 
syndrome, Griscelli syndrome and X - linked lymphoprolifera-
tive syndrome. 

 It is hypothesized that the disease is caused by impaired lym-
phocyte - mediated cytotoxicity and defective triggering of apop-
tosis. Perforin, normally secreted by cytotoxic T cells and NK 
cells, can form cell death - inducing pores through which toxic 
granzymes may enter the target cell and trigger apoptosis. 
Mutations of the perforin gene have been reported in several 
patients with familial HLH and result in defective lymphocyte 
cytotoxic activity. The manifestations of the disease are thought 
to be mediated by hypersecretion of proinfl ammatory cytokines 
such as IFN -  γ , TNF -  α , IL - 6, IL - 10 and macrophage colony -
 stimulating factor (M - CSF). Such excess of proinfl ammatory 
cytokines results in tissue infi ltration by lymphocytes and mac-
rophages, leading to haemophagocytosis and the characteristic 
laboratory abnormalities including cytopenias, coagulopathies 
and hypertriglyceridaemia. 

 Both familial and acquired forms of HLH are commonly 
precipitated by viral (particularly Epstein – Barr virus and other 
herpesviruses), bacterial, fungal and protozoan infections, 
occurring frequently in an immunocompromised host. Other 
factors that have been associated with acquired HLH include 
malignancies (particularly lymphoproliferative disorders), 
drugs (such as phenytoin) and rarely with inborn errors of 
metabolism (lysinuric protein intolerance and multiple sul-
phatase defi ciency). It is important to distinguish patients with 
the secondary form of the disease from individuals with familial 
HLH and a precipitant viral infection. 

 Symptoms of HLH commonly include high fever, anorexia, 
malaise, irritability and vomiting. Hepatosplenomegaly, lym-
phadenopathy and neurological signs such as cranial nerve 
palsies and seizures are also common. Laboratory features 
include pancytopenia, hypertriglyceridaemia, hypofi brinoge-
naemia, cerebrospinal fl uid pleocytosis, coagulopathy, 
transaminitis and hyperbilirubinaemia. The marrow is often 
hyperplastic with increased numbers of haemophagocytic his-
tiocytes. Histopathological features of the lymph nodes or other 

cally similar to lymphostimulatory dendritic cells within the 
lymphoid organs and can be identifi ed by positive immunos-
taining for CD1a, langerin, E - cadherin and S - 100, as well as the 
presence of Birbeck granules. The treatment of PLCH is smoking 
cessation and although no randomized studies exist, reports can 
be found in the literature supporting the use of corticosteroids 
and chemotherapy for progressive disease. Prognosis is variable 
and cases of spontaneous regression even without intervention 
have been documented. 

 Solitary or multifocal eosinophilic granuloma occurs mainly 
in older children and young adults and accounts for the major-
ity of cases of LCH. Hand – Sch ü ller – Christian disease occurs in 
younger children (2 – 5 years) and often presents with exoph-
thalmos due to a tumour mass in the orbital cavity. Letterer –
 Siwe disease is the rarest and often most severe form of LCH, 
typically presenting with a scaly, seborrhoeic, eczematoid and, 
occasionally, purpuric or ulcerative rash in infants younger 
than 2 years. Bone involvement in LCH can lead to a tender 
swelling (as a result of infi ltration of adjacent tissues) and 
inability to bear weight. Radiographically, lesions appear as 
 ‘ punched - out ’  holes sometimes with sclerotic edges. Other 
clinical manifestations include rashes, which may be maculopa-
pular, nodular or vesicular; ear discharge; lymphadenopathy; 
diabetes insipidus, due to involvement of the hypothalamus and 
the pituitary; respiratory symptoms, with radiographic changes 
such as micronodular infi ltrates due to lung involvement; 
hepatomegaly with laboratory evidence of liver dysfunction; 
splenomegaly; CNS disease, with ataxia, dysarthria and cranial 
nerve palsies; and, rarely, gut involvement with diarrhoea, mal-
absorption and protein - losing enteropathy. 

 The prognosis of patients with LCH depends on age of onset, 
number of involved organs and degree of dysfunction. In 
general, infants with multiorgan disease have the worst prog-
nosis. There is also growing realization that multiple recur-
rences of the disease can occur indefi nitely, and those patients 
with multisystem involvement can have long - term sequelae of 
their disease and/or its treatment. These include neurocognitive 
and psychosocial problems, neurological complications with a 
neurodegenerative pattern of CNS involvement, orthopaedic 
problems, hearing loss, and hypothalamic – pituitary axis defi -
ciencies leading to stunted growth and other endocrine 
problems. 

 Spontaneous resolution in a signifi cant proportion of patients 
with LCH can occur and patients with limited disease usually 
do not require systemic therapy. In contrast, patients with 
multifocal disease generally benefi t from systemic therapy. 
Treatment options have included low - dose radiation for symp-
tomatic single lesions, local injection of steroids, topical ster-
oids, PUVA, non - steroidal anti - infl ammatory drugs, high - dose 
systemic steroids, and systemic combination chemotherapy 
regimens with agents such as prednisolone, vinblastine, vincris-
tine, etoposide and 6 - mercaptopurine. Other treatments that 
have been tested in patients with disease progression while on 
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and less commonly other nodal areas and has no known aetiol-
ogy. Other features may include fever, weight loss and extran-
odal disease in skin, soft tissues, orbits, upper respiratory 
mucosa, bone and other organs. Although the disease com-
monly occurs in the fi rst two decades of life, all ages can be 
affected. Diagnostic evaluation of involved lymph nodes reveals 
infi ltration by histiocytes and multinucleated giant cells associ-
ated with erythrophagocytosis. The proliferating histiocytes are 
morphologically distinguished from the Langerhans cells of 
LCH by the absence of Birbeck granules on electron microscopy 
as well as their surface phenotype. Nodal disease is often self -
 limited and regresses without intervention. However, bulky 
extranodal disease can cause symptoms and even organ impair-
ment. Therapy depends on the extent of involvement and 
ranges from observation to surgical debulking and/or radiation. 
Chemotherapy plays no role in treatment. 

 Erdheim – Chester disease is a rare non - Langerhans cell his-
tiocytosis that occurs in adults and may be of clonal origin. 
Bony pain with symmetric osteosclerosis of the metaphyses and 
diaphyses of long bones is characteristic of the disease. 
Extraosseous lesions can be found in approximately 50% of 
cases and can involve lung, heart, skin, kidney, CNS, muscle, 
breast and sinonasal mucosa. Because of the very rare nature of 
this disease, only anecdotal reports of treatment with steroids, 
interferon, chemotherapy, radiation and stem cell transplanta-
tion with variable rates of success are found in the literature. 
Prognosis is dependent on the extent of extraosseous disease 
and many patients die within a few years due to progressive 
pulmonary and retroperitoneal involvement. 

 Although monocytic leukaemias are included in the classifi -
cation of histiocytic disorders, their discussion is beyond the 
scope of this chapter and are dealt with elsewhere.      
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involved tissue are often diagnostic, showing infi ltration by 
lymphocytes and histiocytes and characteristic prominent 
erythrophagocytosis and haemophagocytosis, features required 
for diagnosis. During the acute phase of the illness, the plasma 
concentrations of infl ammatory cytokines and the  α  - chain of 
the soluble IL - 2 receptor as well as impaired NK cell activity are 
abnormal. Revised criteria from the Histiocyte Society for the 
diagnosis of HLH are shown in Table  17.13 .   

 Treatment of familial HLH has included the use of corticos-
teroids (dexamethasone is preferred over prednisolone due to 
its ability to cross the blood – brain barrier), immunoglobulin 
infusions, ciclosporin and etoposide. Although early responses 
are observed, disease recurrence within months is common. 
Adequate control of CNS disease is important and intrathecal 
therapy using methotrexate with or without corticosteroids is 
merited in patients with recurrent CNS disease. Patients are at 
risk of developing opportunistic infections due to their underly-
ing immune dysfunction and the effects of therapy. If a treatable 
infectious agent is identifi ed, appropriate antimicrobial therapy 
should always be employed, regardless of whether the patient 
has genetic or acquired HLH. Haemopoietic stem cell trans-
plantation from a matched sibling or unrelated donor remains 
the defi nitive treatment modality in patients with genetic forms 
of HLH. 

 Sinus histiocytosis with massive lymphadenopathy or Rosai –
 Dorfman syndrome is characterized as a benign, frequently 
chronic, painless lymphadenopathy involving the cervical nodes 

  Table 17.13    Diagnostic criteria for haemophagocytic 

lymphohistiocytosis. 

   Familial disease/known genetic defect   

   Clinical and laboratory criteria (5/8 criteria)   

  Fever 

 Splenomegaly 

 Cytopenia in two or more cell lines 

    Haemoglobin  <    9   g/dL (below 4 weeks  <    12   g/dL) 

    Platelets  <    100    ×    10 9 /L 

    Neutrophils  <    1    ×    10 9 /L 

 Hypertriglyceridaemia and/or hypofi brinogenaemia 

    Fasting triglycerides    ≥    3   mmol/L 

    Fibrinogen  <    1.5   g/L 

 Ferritin    ≥    500    µ g/L 

 sCD 25    ≥    2400   U/mL 

 Decreased or absent NK cell activity 

 Haemophagocytosis in bone marrow, CSF or lymph nodes  

   Supportive evidence includes cerebral symptoms with moderate 

pleocytosis and/or elevated protein, elevated transaminases and 

bilirubin, lactate dehydrogenase  >    1000   U/L.  

  sCD 25, soluble interleukin - 2 receptor.   
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  Lysosomes 

 Lysosomes are membrane - bound intracellular organelles that 
represent the major degradative compartment of mammalian 
cells. They are morphologically heterogeneous and are distin-
guished from other organelles by the presence of a range of 
catalytic enzymes and lysosome - associated membrane proteins 
(LAMPs). More than 50 lysosomal hydrolases, active at acidic 
pH, catalyse the degradation of macromolecules (lipids, 
proteins, nucleic acids, glycosaminoglycans and oligosaccha-
rides). These include breakdown products of blood cell mem-
branes, gangliosides from neurones, and glycosaminoglycans 
derived from connective tissue and extracellular matrix. 
Substantial fl ows of substrate of intracellular origin are also 
generated as a product of intermediary metabolism and turno-
ver of macromolecules. Substrate is delivered to the lysosome 
by the processes of endocytosis, pinocytosis, phagocytosis or 
autophagocytosis, or is imported from the cytoplasm using a 
system of biological chaperones. 

 The lysosomal membrane and its LAMPs protect cytoplasmic 
components from the acid hydrolases. LAMPs are transmem-
brane proteins with highly glycosylated intralysosomal domains, 
among the most densely  N  - glycosylated proteins so far reported. 
The lysosomal membrane is also involved in fusion with other 
organelles, in maintenance of an acidic intralysosomal pH and 
in the effl ux of amino acids and monosaccharides and oligosac-
charides produced by the lysosomal hydrolases. 

 Soluble lysosomal enzymes are synthesized on the rough 
endoplasmic reticulum and acquire N - linked oligosaccharide 
side - chains in the Golgi apparatus. Here, asparagine - linked 

high - mannose residues are phosphorylated at position 6. This 
modifi cation is specifi c for lysosomal enzymes and is essential 
for the routing of the enzymes to the lysosomal compartment 
via mannose 6 - phosphate receptors (Figure  18.1 ). The small 
proportion of newly synthesized enzyme that does not bind to 
the intracellular receptor is secreted into the interstitial fl uid, 
where it may bind mannose 6 - phosphate receptor located on 
the plasma membrane. This enzyme is then recovered by recep-
tor - mediated endocytosis and transported to the lysosome. 
Traffi cking signals for lysosomal membrane glycoproteins 
probably reside in the cytosolic tails of the proteins and differ 
from those of lysosomal enzymes. This knowledge of the sorting 
mechanism for lysosomal enzymes has allowed the develop-
ment of enzyme replacement therapy of lysosomal storage 
disorders.    

  Pathophysiology of  l ysosomal  s torage 
 d isorders 

 In most lysosomal storage disorders, an inherited defi ciency of 
a specifi c lysosomal enzyme results in the accumulation of 
undegraded substrates within the lysosome. In others, accumu-
lation of storage product results from defi ciency or malfunction 
of activator proteins or transport proteins. Individual muta-
tions of the relevant genes give rise to variable levels of residual 
enzyme activity. The resulting diseases are grouped according 
to the major stored substance, for example the mucopolysac-
charidoses, sphingolipidoses and glycoproteinoses. Storage 
product within the lysosomes causes disruption of cellular 
organization and disturbance of normal membrane functions 
including signal transduction and ion transport. Different 
lysosomal storage diseases have the characteristic organ distri-
bution patterns of the stored metabolites. For example, in 
mucopolysaccharidosis (MPS) type III (Sanfi lippo disease) 
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is also elevated and may represent an abnormal state of immune 
activation.    

  Prevalence 

 Recent studies suggest that the true prevalence of lysosomal 
storage disorders may be higher than previously thought. This 
is because patients with minimal symptoms, such as homozy-
gotes for the Gaucher N370S mutation, may not come to 
medical attention and also because of misdiagnosis of multisys-
tem disorders such as Fabry disease. Studies in Europe, the 
USA and Australia suggest that although the diseases are indi-
vidually rare, their combined overall birth prevalence is 1 in 
5000 – 8000. In a study performed in the Netherlands, lipidoses 
were the most frequent as a group followed by mucopolysac-
charidoses. Mucolipidoses and oligosaccharidoses were very 
rare. Metachromatic leucodystrophy, Krabbe disease and 
Gaucher disease were the most frequent individual disorders 
(Table  18.2 ). Attenuated forms of some lysosomal storage dis-
orders (e.g. Fabry disease) may be much commoner and may 
underlie diverse late clinical manifestations in adults, including 
stroke, renal failure and left ventricular hypertrophy (see 
below).    

  Diagnosis 

 In the absence of an informative family history, diagnosis of 
lysosomal storage disorders requires a high degree of clinical 

there is accumulation of heparan sulphate, an essential com-
ponent of the neuronal membrane. This results in mental 
retardation. In contrast, in MPS type IV (Morquio disease) 
accumulation of keratan sulphate results in severe skeletal 
deformities. However, even within a discrete storage disorder 
there are often wide - ranging clinical manifestations and con-
siderable interindividual heterogeneity. Furthermore, geno-
type – phenotype relationships are generally unclear and even 
siblings with the same mutation can have widely disparate clini-
cal manifestations. 

 Although knowledge of the genetics and biochemistry of the 
disorders has recently improved, little is known of the patho-
logical processes that actually result in end - organ damage. 
These processes do not simply relate to the burden of storage 
product but extend to involve a complex host reaction to 
abnormal cells. This may result in cytokine secretion, cellular 
proliferation, disturbed calcium homeostasis, exaggerated 
infl ammation and perturbed control of apoptosis. In Gaucher 
disease, where storage cells are macrophages that play an essen-
tial role in host physiology and pathogenesis of infl ammatory 
and immunological responses, a wide variety of enzymes, 
cytokines and coagulation factors are perturbed (Table  18.1 ). 
Interleukin (IL) - 1, IL - 6, IL - 10 and tumour necrosis factor 
(TNF) have been implicated in the pathogenesis of Gaucher 
disease. Elevated serum levels of IL - 6, which is produced by 
macrophages, endothelial cells, fi broblasts and T cells, have 
been found to correlate with an index of severity in patients 
with Gaucher disease, and may be instrumental in the patho-
genesis of B - cell dysregulation and bone disease. IL - 10, which 
in general inhibits the synthesis of other infl ammatory cytokines, 
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didate enzyme is identifi ed, analysis of the corresponding gene 
may identify a specifi c mutation and facilitate rapid screening 
of other family members. As effective treatment becomes avail-
able for a larger number of disorders, it is increasingly impor-
tant that patients should be diagnosed as early as possible 
as presymptomatic individuals may be candidates for early 
intervention.  

  Therapy 

 Effective treatment of lysosomal storage disorders self - evidently 
involves reduction of the stored compound and prevention of 
its reaccumulation. This has been achieved by elevation of 
enzyme activity by stem cell transplantation, infusion of the 
missing enzyme (enzyme replacement therapy or ERT) or sta-
bilization of protein folding variants by pharmacological chap-
erones. Conversely, reduction of the substrate can also be 
achieved by limiting its synthesis through inhibition of anabolic 
enzymes, so - called substrate reduction therapy (SRT). 

 Many patients with Gaucher disease, metachromatic leucod-
ystrophy, Krabbe disease and MPS type I have undergone stem 
cell transplantation. Donation of stem cells has largely been 
from HLA - identical siblings but as the highest level of enzyme 
activity will be supplied by donor cells from non - carriers, cord 
blood from unrelated donors has recently been used with good 
results. 

 ERT is now available or under investigation for several lyso-
somal storage disorders (Table  18.2 ). A range of production 
platforms has been developed recently. Recombinant human 
enzyme can be produced in Chinese hamster ovary cells or 
plant (e.g. carrot) cells. Gene activation technologies have been 
applied to cultured human fi broblasts. The resulting translated 
proteins are chemically modifi ed, purifi ed and prepared for 
infusion. The effectiveness of ERT depends on the accessibility 
of the site of the pathology to exogenous enzyme and the ability 
of affected cells to internalize the enzyme. ERT is effective in 
reducing the non - neuronopathic manifestations of a number 
of disorders, including Gaucher disease type I, Fabry disease, 
Pompe disease and MPS types I, II, III and VI. However, infused 
enzymes do not cross the blood – brain barrier and ERT does 
not prevent the onset and progression of neurological symp-
toms. Intrathecal administration is under investigation but is 
likely to be of limited success. Furthermore, ERT for systemic 
therapy has to be given by intravenous infusion. Antibodies 
readily develop to infused enzyme and this certainly attenuates 
effectiveness in some diseases (e.g. Pompe disease) but data are 
lacking in other conditions (e.g. Gaucher disease, Fabry disease). 

 Recently, other treatment strategies have been developed. 
One approach, SRT, is to decrease the rate of synthesis of the 
stored component so that it is approximately equal to the rate 
of degradation. Analogues of small molecules are used to inhibit 
the activity of synthetic enzymes. Thus, glucose and ceramide 

suspicion. Storage product may be identifi ed within biopsy 
specimens, plasma or urine. These may have been requested 
incidentally, for example the fi nding of Gaucher disease in the 
bone marrow biopsy of a thrombocytopenic patient or Fabry 
disease in a renal biopsy, or may be a specifi c directed examina-
tion such as a skin biopsy in a patient with the characteristic 
rash of Fabry disease. Levels of lysosomal enzymes may be 
measured in plasma or leucocytes using commercially available 
synthetic or naturally occurring labelled substrates. Once a can-

  Table 18.1    Enzyme and cytokine disturbance in type  I  Gaucher 

disease. 

        Elevated     Reduced  

  Plasma    Glucosylceramide    Total plasma cholesterol  

  Apolipoprotein E    Low - density lipoprotein  

  Transcobalamin II    High - density lipoprotein  

  Ferritin    Apolipoprotein A - 1  

   β  - Hexosaminidase    Apolipoprotein B  

   α  - Mannosidase    Factor XI  

   β  - Glucuronidase    Factors V and VIII 

(normalize post 

splenectomy)  

  Angiotensin - converting 

enzyme  

  Factors II, VII, X, XII  

  Lysozyme      

  Tartrate - resistant acid 

phosphatase  

    

  Chitotriosidase      

  Thrombin – antithrombin      

  Plasmin – antiplasmin      

   d  - Dimer      

  Immunoglobulins      

  Paraprotein      

  IL - 1      

  IL - 6      

  IL - 8      

  IL - 10      

  TNF -  α       

  M - CSF      

  Soluble CD14      

  CCL18/PARC      

  Tissue    Glucosylceramide      

   β  - Hexosaminidase      

   β  - Glucuronidase      

  Galactocerebrosidase      

  Tartrate - resistant acid 

phosphatase  

    

  Non - specifi c esterase      

  Hepatic    Alkaline phosphatase      

  Transaminases      
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  Table 18.2    Lysosomal storage disorders: biochemistry, prevalence and therapy. 

   Category     Disease     Alternative name     Enzyme defi ciency     Stored material     Chromosome     Birth 

prevalence 

per 100   000  

   Therapy  

  Mucopolysaccharidosis    MPS I    Hurler Scheie, 

Hurler/Scheie  

  Iduronidase    Dermatan sulphate    4p16.3    1.14    ERT  

  Heparan sulphate    SCT  

  MPS II    Hunter    Iduronate - 2 - sulphatase    Dermatan sulphate    Xq27 – 28    0.74    ERT  

  Heparan sulphate    SCT  

  MPS III    Sanfi lippo                (1.89)      

  IIIA    Heparan -  N  - sulphatase    Heparan sulphate    17q25.3    0.88    SCT  

  IIIB     N  - Acetyl - glucosaminidase    Heparan sulphate    17q21.1    0.47  

  IIIC    Acetyl - CoA glucosamine 

 N  - acetyltransferase  

  Heparan sulphate    Uncertain    0.07  

  IIID     N  - Acetyl - glucosamine - 6 -

 sulphatase  

  Heparan sulphate    12q14    0.09  

  MPS IV    Morquio                0.59    ERT under 

development    IVA    Galactose - 6 - sulphatase    Keratan sulphate    l6q24    (0.22)  

  IVB     β  - Galactosidase    Keratan sulphate    3p21 – pter    (0.14)  

  MPS VI    Maroteaux – Lamy    Galactosamine - 4 -

 sulphatase  

  Dermatan sulphate    5q13 – q14    0.43    ERT  

  MPS VII    Sly     β  - Glucuronidase    Dermatan sulphate    7q21.1 – q22    0.05    SCT  

  Heparan sulphate    ERT  

  Preclinical  

  MPS IX        Hyaluronidase    Hyaluronic acid    3p21.3          

  Mucolipidoses    ML I    Sialidosis I    Neuraminidase    Sialic acid    10pter – q23    0.02      

  ML II    I cell    UDP -  N  - acetylglucosamine 

transferase  

  Many        (0.16)    SCT  

  ML III    Pseudo - Hurler                (0.08)      

  IIIA    As ML II    Many              

  IIIC    Transferase -  d  - subunit    Many    l6p          

  ML IV        Neuraminidase    Mucolipin    19p13.2 – 13.3          
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   Category     Disease     Alternative name     Enzyme defi ciency     Stored material     Chromosome     Birth 

prevalence 

per 100   000  

   Therapy  

  Sphingolipidoses    GM1 gangliosidosis         β  - Galactosidase    GM1 - ganglioside    3p21 – 3pter    0.5    SCT  

  Keratan sulphate  

  Oligosaccharide  

  Glycolipids  

  GM2 gangliosidosis                    0.26    SCT  

  Tay – Sachs     β  - Hexosaminidase A    GM2 - ganglioside    15q23 – 24        SCT  

  Keratan sulphate  

  Oligosaccharide  

  Glycolipids  

  Sandhoff     β  - Hexosaminidase A and 

B  

  GM2 - ganglioside    5q13          

  Oligosaccharide  

  GM2 gangliosidosis        GM2 activator    GM2 - ganglioside    5q32 – 33          

  Glycolipids  

  Globoid cell 

leucodystrophy  

  Krabbe    Galactocerebrosidase    Galactosylceramides    14q31    0.71    SCT  

  Metachromatic 

leucodystrophy  

      Arylsulphatase A    Sulphatides    22q13 – 3    1.09    SCT  

  Metachromatic 

leucodystrophy  

      Saposin B activator    Sulphatides    10q21          

  GM2 - ganglioside  

  Glycolipids  

  Fabry disease         α  - Galactosidase A    Globotriacylceramide    Xq22    0.85    ERT  

  EET (Phase III)  

  Gaucher disease        Glucocerebrosidase    Glucosylceramide    1q21    1.75    ERT  

  SRT  

  SCT  

  Gaucher disease        Saposin C activator    Glucosylceramide    10q21          

  Farber disease        Ceramidase    Ceramide    8p22 – 21.2        SCT  

  Niemann – Pick disease A 

and B  

      Sphingomyelinase    Sphingomyelin    22q13.1 – 13.2    0.4    ERT  

  Preclinical  

  Oligosaccharidoses     α  - Mannosidosis         α  - Mannosidase     α  - Mannosides    19p13.2 – q12    0.09    SCT  

   β  - Mannosidosis         β  - Mannosidase     β  - Mannosides    4p    0.13      

  Fucosidosis        Fucosidase    Fucosides, glycolipids    1p24    0.05    SCT  

  Aspartylglucosaminuria        Aspartylglucosaminidase    Aspartylglucosamine    4q32 – 33    0.05      

  Schindler disease         α  -  N  -

 acetylgalactosaminidase  

   N  - Acetylgalactosamine 

glycolipids  

  22q13.1 – 13.2          

Table 18.2 Continued
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   Category     Disease     Alternative name     Enzyme defi ciency     Stored material     Chromosome     Birth 

prevalence 

per 100   000  

   Therapy  

  Glycogen    Pompe disease         α  - Glucosidase    Glycogen    17q23    0.68    ERT  

  Lipid    Niemann – Pick disease C        Unknown    Cholesterol    NPC1, 18q11 – q12    0.47    SCT  

  Sphingolipids    NPC2, 14q24.3    SRT  

  Wolman disease and 

cholesterol ester 

storage disease  

      Acid lipase    Cholesterol ester    10q23.2 – 23.3    0.19    SCT  

  ERT  

  Preclinical  

  Monosaccharide amino 

acids and monomers  

  ISSD    Infantile sialic 

acid storage 

disease  

  Sialic acid transporter    Sialic acid glucuronic    6q14 – q15    0.19      

  Salla disease        As ISSD    As ISSSD    As ISSD          

  Cystine        Cystine transporter    Cystine    17p13    0.52      

  Cobalamin F disease        Cobalamin transporter    Cobalamin    Unknown          

  Danon disease        LAMP - 2    Cytoplasmic debris and 

glycogen  

  Xq24          

  Peptides    Pycnodysostosis        Cathepsin K    Bone proteins    1q21          

  S - acylated proteins, 

ceroid lipofuscinosis  

  CLN    Batten disease                      

  CLN 1    Infantile    Palmitoyl protein 

thioesterase  

  Saposins    11p32          

  CLN 2    Late infantile    Pepstatin - insensitive 

carboxypeptidase  

  Subunit C 

mitochondrial ATP 

synthase  

  11p15.5          

  CLN 3    Juvenile    Membrane protein    As CLN 2    16p21          

  CLN 4    Adult, Kuf 

disease  

  Unknown    As CLN 2              

  CLN 5    Late infantile, 

Finnish variant  

  Membrane protein    As CLN 2    13q22          

  CLN 6    Late infantile 

variant  

  Unknown    As CLN2    15q21 – q23          

  CLN 7    Late infantile 

variant  

  Unknown    Unknown    Unknown          

  CLN 8    Progressive 

epilepsy with 

mental 

retardation  

  Membrane protein    As CLN 2    8p23          

  Multiple enzyme 

defi ciencies  

  Multiple sulphatase 

defi ciency  

      Multiple sulphatase 

enzymes  

  Sulphatides, glycolipids, 

glycosaminoglycans  

  Unknown    0.07      

    

  Galactosialidosis        Neuraminidase and 

 β  - galactosidase 

protective protein  

  Oligosaccharides, sialic 

acid  

  20q13.3    (0.04)      

   EET, enzyme enhancement therapy; ERT, enzyme replacement therapy; SCT, stem cell transplantation; SRT, substrate reduction therapy.   
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autosomal recessive condition arising as a result of mutation 
within the  GBA  gene. Affected individuals have a mutant 
enzyme with reduced activity, resulting in accumulation of the 
substrate (glucosylceramide) in lysosomes of reticuloendothe-
lial cells. It is one of the commonest lysosomal storage disor-
ders, with an estimated incidence of 1 in 60   000 to 1 in 80   000 
individuals.   

  Clinical  f eatures 
 Clinical manifestations are due to cellular and tissue damage 
consequent upon accumulation of sphingolipid - laden macro-
phages in reticuloendothelial organs. Three main clinical phe-
notypes are observed (Table  18.4 ), determined in large part by 
the residual activity of the mutant enzyme. All three types are 
progressive disorders. Residual enzyme activity in type II is so 
low that abnormal cells accumulate in the central nervous 
system (CNS). This is the acute neuronopathic form of the 
disease, which presents with neurological complications in early 
infancy and usually leads to death before the age of 2 years. Type 
III disease is the subacute neuronopathic form that leads to a 
slowly progressive neurodegenerative disorder. Type I is the 
commonest form of Gaucher disease and typically does not 
cause neurological disease. It is particularly common among 
subjects of Ashkenazi Jewish origin; within this community, as 
many as 1 in 15 – 20 subjects are carriers, and approximately 1 
in 800 – 1000 subjects are homozygous. Type I Gaucher disease 
is a heterogeneous disorder that may present in childhood or 
in late adult life ( >    60 years old). It is likely that many undiag-
nosed subjects are asymptomatic. Symptomatic individuals 
have hepatosplenomegaly, skeletal disease and bone marrow 
infi ltration, leading to pancytopenia. Rarer manifestations of 
type I Gaucher disease include pulmonary disease, skin involve-
ment and peripheral neuropathy. Patients with type I Gaucher 
disease have an increased incidence of malignancy generally and 
an increased incidence of haematological malignancies, espe-
cially B - lymphocyte disorders (myeloma, monoclonal gam-
mopathy of undetermined signifi cance) and myelodysplasia. 
There is an increased incidence of Parkinson disease among 
affected individuals and carriers.    

  Laboratory  f eatures 
 Affected individuals have mutations within the  GBA  gene; more 
than 300 different mutations have been described. The com-
monest mutation causing type I disease is a single base - pair 
substitution in codon 370 (N370S), which accounts for approx-
imately 70% of mutant alleles in affected Ashkenazi Jewish 
subjects. A base - pair substitution in codon 444 (L444P) is 
the commonest mutation underlying neuronopathic Gaucher 
disease. Diagnosis is confi rmed by enzymatic assay of  β  -
 glucocerebrosidase activity in leucocytes, fi broblasts and urine. 
However, enzymatic assay does not always identify heterozygote 
subjects and measured enzyme activity correlates poorly with 
clinical severity. 

analogues can be used separately to reduce the activity of the 
enzyme glucosylceramide synthetase. This approach is only fea-
sible in individuals with later - onset forms of the diseases who 
harbour mutations associated with detectable levels of residual 
enzyme activity. The small molecules used in SRT can be given 
orally, are easily absorbed and have a wide tissue distribution. 
Furthermore, SRT may have therapeutic utility in crossing the 
blood – brain barrier. 

 Some mutations lead to reduced levels of residual enzyme 
activity by causing misfolding of peptide chains or abnormal 
intracellular transport. The oral administration of small mole-
cules (pharmacological chaperones) that can rescue misfolded 
or unstable enzymes is currently under active investigation 
for several lysosomal storage disorders. Such chaperones are 
designed to bind specifi cally to mutant peptides, aid their 
passage through the endoplasmic reticulum, rescue them from 
proteosomal degradation and guide them to the lysosome. They 
would dissociate from the enzyme within the acidic lysosomal 
environment. Combinations of ERT and chaperone therapy are 
also being evaluated in clinical trials. 

 Agents that bind to ribosomes (e.g. derivatives of gentamicin) 
and which modify the processing of RNA transcripts to allow 
 ‘ read - through ’  of premature stop codon mutations are another 
class of mutation - specifi c therapy currently being evaluated in 
lysosomal storage disorders. Finally, gene therapy is under 
investigation in animal models of lysosomal storage disorders 
and has been reported as an adjunct to ERT in Gaucher disease.  

  Prognosis 

 The clinical course of infants diagnosed with a lysosomal storage 
disorder usually follows a predictable path of loss of learned 
skills and neurological deterioration until death results from 
infection and progressive organ damage. When onset is later, in 
adolescents and adults, the clinical course is more varied and 
the prognosis depends on the major organ systems affected. 
However, patient heterogeneity is such that it is not possible to 
predict which patients are most likely to experience signifi cant 
morbidity or early mortality.  

  Clinical  m anifestations 

 The key clinical features of the major lysosomal storage disor-
ders are presented in Table  18.3 . In view of recent advances in 
therapy, Gaucher disease, Fabry disease and Pompe disease are 
presented in greater detail below.   

  Gaucher  d isease 

 Gaucher disease is due to defi ciency of the enzyme  β  -
 glucocerebrosidase, a lysosomal enzyme that hydrolyses gluco-
sylceramide to glucose and ceramide (Figure  18.2 ). It is an 
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  Table 18.3    Lysosomal storage disorders: clinical features. 

   Category     Disease     Clinical features  

  Mucopolysaccharidoses    MPS I    Hurler disease: developmental delay, ENT infections, coarse facial features, 

macrocephaly, thick skin, corneal clouding, hepatosplenomegaly, bony 

deformity including large skull, pelvic dysplasia, deformed vertebrae and 

shortened tubular bones (dysostosis multiplex)  

  Scheie disease: mild skeletal abnormalities, stiff joints, corneal opacities, carpel 

tunnel syndrome, cardiac valvular abnormalities and respiratory infections  

  MPS II    Like MPS I but without corneal clouding  

  MPS III    Loss of acquired skills, aggression, hyperactivity, coarse hair, hirsutism, 

seizures, may become tetraspastic  

  MPS IV    Disproportionate dwarfi sm, joint contractures, kyphoscoliosis, corneal clouding  

  MPS VI    Like Hurler disease but without neurological involvement  

  MPS VII    Skeletal disease, hepatosplenomegaly, lethal hydrops, normal  

  Mucolipidoses    ML I    Early psychomotor retardation, hypotonia, truncal ataxia, upper motor 

neurone signs, corneal clouding  

  ML II    Like Hurler disease, mild corneal clouding and hepatosplenomegaly, prominent 

gum hypertrophy, severe dysostosis multiplex  

  MLIII    Progressive arthropathy, bone lesions, low intelligence, cardiac valvular lesions, 

corneal clouding  

  ML IV    Like ML I  

  Sphingolipidoses    GM1 gangliosidosis    Infantile: coarse features, seizures, progression to decerebrate rigidity and 

spastic quadriplegia by 2 years  

  Juvenile: psychomotor and neurological degeneration over 2 – 10 years  

  Adult: progressive cerebellar impairment, spasticity and intellectual impairment  

  GM2 gangliosidosis    Tay – Sachs disease: motor weakness, psychomotor retardation, blindness, 

lapsing into vegetative state with decerebrate rigidity  

  Sandhoff disease: like rapidly evolving Tay – Sachs disease  

  Globoid cell 

leucodystrophy  

  Developmental delay and progressive neurological degeneration aged 3 – 9 

months  

  Metachromatic 

leucodystrophy  

  Flaccid paresis, lack of coordination and hyporefl exia, psychomotor 

retrogression, juvenile and adult forms have later onset, intellectual 

deterioration  

  Fabry disease    Left ventricular hypertrophy, renal impairment, angiokeratoma and 

acroparaesthesia  

  Gaucher disease    Type 1: hepatosplenomegaly, skeletal disease and pancytopenia  

  Type 2: death from neurological complications by 2 years  

  Type 3: slowly progressive neurodegenerative disorder  

  Farber disease    Hoarse cry, painful arthropathy, pulmonary infi ltration, cherry - red spot, 

mental handicap, thickened heart valves  

  Niemann – Pick disease    A: Hepatosplenomegaly, lymphadenopathy, neurological regression, epileptic 

seizures, macular cherry - red spot  

  B: Hepatosplenomegaly and pulmonary infi ltration  

  C: Psychomotor delay and regression  

  Oligosaccharidoses     α  - Mannosidosis    Mild skeletal deformity, coarse facial features and moderate to marked mental 

retardation  

   β  - Mannosidosis    Hearing loss and swallowing diffi culties  

  Fucosidosis    Neurological degeneration, neurological impairment, seizures, angiokeratoma 

and mild skeletal dysplasia  

  Aspartylglucosaminuria    Progressive psychomotor retardation, coarse facial features and mild skeletal 

dysplasia  

  Schindler disease    Progressive psychomotor retardation, blindness and seizures  

  Glycogen    Pompe disease    Cardiomegaly, hepatosplenomegaly, muscular weakness and macroglossia  
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   Category     Disease     Clinical features  

  Lipid    Wolman disease    Failure to thrive, malabsorption, adrenal gland enlargement and calcifi cation, 

fatal by 1 year  

  Cholesterol ester storage 

disease  

  Hypercholesterolaemia and premature atherosclerosis  

  Monosaccharide amino 

acids and monomers  

  ISSD    Visceral involvement, skeletal dysplasia, psychomotor retardation and early 

death  

  Salla disease    Mental retardation, ataxia and near - normal lifespan  

  Cystinosis    Polyuria, thirst, failure to thrive, renal tubular acidosis, rickets, photophobia 

and hypothyroidism  

  Cobalamin F disease    Stomatitis, glossitis, convulsions and developmental delay  

  Danon disease    Cardiomyopathy, myopathy, variable mental retardation  

  Peptides    Pycnodysostosis    Short stature, osteosclerosis, short fi ngers, open fontanelle, hypodontia  

  Ceroid lipofuscinosis    CLN    Mental impairment, seizures, loss of vision and motor skills  

  Multiple enzyme 

defi ciencies  

  Multiple sulphatase 

defi ciency  

  Resembles a combination of metachromatic leucodystrophy and Hurler disease  

  Galactosialidosis    Hypotonia, coarse features with facial oedema, retinal cherry - red spot  

Table 18.3 Continued

  Table 18.4    Clinical manifestations of Gaucher disease. 

   Manifestation     Type I     Type II     Type III  

  Onset    1 year     <    1 year    2 – 20 years  

  Hepatosplenomegaly    ++    +/ −     +  

  Bone disease    ++     –     +/ −   

  Cardiac valve disease     −      −     +  

  CNS disease     −     +++    +/ −   

  Oculomotor apraxia     −     +    +/ −   

  Corneal opacities     −     +/ −     +/ −   

  Age at death    60 – 90 years     <    5 years     <    30 years  

 Splenic enlargement and marrow infi ltration frequently lead 
to anaemia, thrombocytopenia and leucopenia. 

 Changes in serum immunoglobulins are frequent. Polyclonal 
hypergammaglobulinaemia is found in more than one - third of 
patients, and monoclonal gammopathy of undetermined sig-
nifi cance is seen in up to 20%. Liver function tests are often 
abnormal, refl ecting infi ltration of the liver by Gaucher cells 
leading to necrosis, fi brosis and, occasionally, even frank cir-
rhosis. There is an increased incidence of gallstones. The serum 
cholesterol level is typically lowered. Gaucher disease is associ-
ated with a bleeding diathesis, attributable to abnormal platelet 
function and thrombocytopenia. Factor XI defi ciency is com-
monly observed and is largely due to co - inheritance of other 
genetic abnormalities that are also common among Ashkenazi 
Jews. 

 The abnormal lipid - laden macrophages are readily detected 
on tissue biopsy (e.g. bone marrow aspirate; Figure  18.3 ), 
although biopsy is no longer considered necessary to make the 
diagnosis. The serum levels of ferritin, angiotensin - converting 
enzyme (ACE) and acid phosphatase are typically elevated. The 
enzyme chitotriosidase is derived from macrophages and is 
typically grossly elevated in untreated Gaucher disease, and 
declines progressively with treatment. Levels may be as high 
as 30   000   U/L (normal range  <    150   U/L); values below 1000   U/L 
generally indicate stable disease and with prolonged ( >    7 years) 
ERT, values may even come down into the normal range (Figure 
 18.4 ). However, up to 6% of the population are defi cient in this 
enzyme because of a 24 - bp duplication in the chitotriosidase 
gene. These individuals cannot be monitored by measurement 
of plasma chitotriosidase activity. A new surrogate marker, pul-
monary activation - regulated cytokine (PARC, CCL18), is also 
elevated in plasma of patients with Gaucher disease and is useful 
for monitoring those patients with chitotriosidase defi ciency. 
PARC is a member of the CC chemokine family and its over-
expression may be relevant to some of the pathophysiological 
features of Gaucher disease such as abnormalities in neutrophil 
chemotaxis.    

  Treatment 
 All patients with Gaucher disease should be evaluated by expe-
rienced physicians. Gaucher disease is the fi rst lysosomal storage 
disorder to be treated by ERT, and a number of different ERT 
preparations are now available for the treatment of type I 
Gaucher disease. Indications for ERT include signifi cant pan-
cytopenia (e.g. Hb  <    10   g/dL, platelets  <    100    ×    10 9 /L), skeletal 
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     Figure 18.2     Biochemistry of lysosomal 

storage disorders.  

disease and signifi cant hepatosplenomegaly. High - dose ERT 
( >    100   U/kg every 2 weeks) has been evaluated in type II Gaucher 
disease but recombinant enzyme does not cross the blood –
 brain barrier and although hepatosplenomegaly improves, ERT 
has no discernible impact on CNS disease. 

 However, ERT has recently (2003) been licensed for patients 
with type III Gaucher disease, who typically have milder CNS 
abnormalities (e.g. ophthalmoplegia) in association with 
advanced systemic changes. SRT has been evaluated in combi-
nation with ERT in type III Gaucher disease but again no sig-
nifi cant benefi ts on CNS manifestations have hitherto been 
demonstrated. ERT is administered by intravenous infusion 
(typically in the patient ’ s home) every 1 – 2 weeks. The dose of 
therapy is titrated against the severity of clinical and laboratory 
changes. Type I patients with extensive bony disease and 

hepatosplenomegaly require in excess of 30   U/kg every 2 weeks 
( >    60   U/kg for type III), and these high doses should be contin-
ued for 2 – 3 years or more. Patients are monitored regularly 
with blood tests (the chitotriosidase assay is particularly 
helpful) and an annual skeletal magnetic resonance scan. 
Some patients with advanced type I and III disease may benefi t 
from more frequent infusions (e.g. weekly) for the fi rst year or 
more. The dose of ERT is gradually lowered as the disease 
burden declines. Patients with less advanced disease may require 
lower doses, and some patients may only require monthly infu-
sions. ERT is well tolerated and has been available for over 
10 years. A small proportion of patients ( <    10%) develop anti-
bodies, but these are not usually neutralizing and do not 
affect treatment effi cacy. Infusion reactions are rare and easily 
managed. 
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 An oral form of therapy (miglustat, Zavesca) has recently 
been developed and is licensed for mild to moderate type I 
disease. It is a form of SRT (see above). It is a small molecule 
that reduces the amount of substrate (glucosylceramide) being 
produced within lysosomes, such that patients with reduced 
residual enzyme activity will benefi t. It is being evaluated at 
present in other lysosomal storage disorders (e.g. Niemann –
 Pick type C) as its administration leads to reduction of a range 
of substrates in addition to glucosylceramide. 

 Supportive therapy is frequently required. The skeletal 
disease in Gaucher disease (Figure  18.5 ) is painful and patients 
may require analgesia. Prior to the use of ERT, patients fre-
quently developed acute  ‘ bone crisis ’   –  episodic severe pain, 
typically in the limbs and often precipitated by dehydration. 
Bisphosphonate therapy is under evaluation for its potential to 
reduce pain and rate of progression of skeletal disease. Blood 
component therapy may be required for pancytopenic patients. 

     Figure 18.3     Gaucher cells in the bone marrow.  
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     Figure 18.4     Clinical course in Gaucher disease treated with 

enzyme replacement therapy.  

     Figure 18.5     MRI scan showing skeletal changes in Gaucher 

disease.  
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USA). The infused enzyme in Fabry disease must be taken up 
by lysosomes within cells in diverse organs and tissues, so tar-
geting is of crucial importance. Benefi cial clinical effects of ERT 
have been observed in renal and cardiac function, pain, hearing 
loss and gastrointestinal symptoms.   

  Pompe  d isease 

 Pompe disease (glycogen storage disease type II) is caused by 
defi ciency of acid  α  - glucosidase. It is characterized clinically by 
an early infantile subtype associated with cardiomyopathy, 
hypotonia and reduced survival, and a later - onset form with 
features consistent with a limb girdle muscle disease phenotype 
and survival into adulthood. On blood fi lm examination lym-
phocytes show glycogen vacuolation, which is positive on PAS 
staining. The prevalence of Pompe disease has been estimated 
to be 1 in 146   000, although it is higher in certain populations 
such as African - Americans (1 in 40   000) and Chinese (1 in 
50   000). In untreated patients with the late - onset form of Pompe 
disease, muscle strength and pulmonary function deteriorate 
over time. 

 Alglucosidase alfa (Myozyme) is a recombinant formulation 
of human acid  α  - glucosidase generated from the transduction 
of Chinese hamster ovary cells. In infantile - onset patients, 
enzyme therapy has been shown to signifi cantly extend overall 
and ventilator - free survival compared with data on historical 
controls. Trials involving the Chinese hamster ovary - derived 
enzyme in late - onset patients are in progress.  

  Niemann –  P ick  d isease 

 Niemann – Pick disease is divided into subtypes A and B result-
ing from sphingomyelinase defi ciency and subtype C resulting 
from defects in cellular cholesterol traffi cking. Patients with 
type A exhibit neurodegenerative disease resulting in death in 
infancy, those with type B have lung but not neurological 
involvement, and those with type C show slowly progressive 
neurological disturbance. Hepatosplenomegaly may be found 
in all three types. Over 100 sphingomyelinase mutations causing 
Niemann – Pick disease type A or B have been described and 
DNA - based carrier screening has been implemented in the 
Ashkenazi Jewish community. Murine knockout mouse models 
have also been constructed and used to investigate disease 
pathogenesis and treatment. Based on these studies in the 
mouse model, a clinical trial of ERT has been initiated in adult 
patients with non - neurological sphingomyelinase - defi cient 
Niemann – Pick disease. The use of inhibitors of glycolipid syn-
thesis including miglustat appears promising in the therapy of 
Niemann – Pick disease type C. A recent 24 - month randomized 
trial of miglustat in 29 patients with Niemann – Pick disease type 
C has recently been published and demonstrated improvement 
in, or stability of, several clinical markers including swallowing 
capacity and hearing acuity.   

Splenectomy should be avoided if possible as splenectomized 
subjects are more likely to develop tissue infi ltration in other 
organs (e.g. liver, lungs, skeleton). Allogeneic stem cell trans-
plantation is curative and has a defi nite role in carefully selected 
children with neuronopathic Gaucher disease.     

  Fabry  d isease 

 Fabry disease (or Anderson – Fabry disease) is an X - linked lyso-
somal storage disorder due to mutation within the gene for 
 α  - galactosidase A ( GLA ) (see Figure  18.2 ). The resulting inabil-
ity to catabolize glycosphingolipids leads to progressive accu-
mulation of the substrate globotriasylceramide in a range of 
tissues. In contrast to Gaucher disease, the lipid accumulation 
in Fabry disease affects a range of cells (e.g. endothelial cells, 
epithelial cells, myocytes) within a broad range of tissues and 
organs, particularly the kidneys (leading to renal failure), heart 
(causing ventricular hypertrophy and conduction disturbances) 
and vasculature of the CNS. It is one of the commonest lyso-
somal storage disorders, with an incidence of approximately 1 
in 100   000. It is pan - ethnic. Milder variants of Fabry disease may 
be much commoner and may present as left ventricular hyper-
trophy, stroke/transient ischaemic attack and renal failure. 
Although it is X - linked, Fabry disease typically causes manifes-
tations in females, though these occur later and are usually less 
severe than in males. 

  Diagnosis 
 Diagnosis is by assay of  α  - galactosidase A activity in leucocytes 
and detection of molecular abnormalities within the  GLA  gene. 
More than 200 different mutations have been described, and 
most lead to complete loss of enzyme activity. Tissue diagnosis 
is by renal, skin or cardiac biopsy.  

  Clinical  f eatures 
 Clinical features are legion. Although females are heterozygous, 
they are usually symptomatic and may be as severely affected as 
males. A skin rash (angiokeratoma) and pain in limbs (acropar-
aesthesia) are early symptoms (under 10 years old). In late 
childhood, reduced sweating, abdominal symptoms and lym-
phoedema are characteristic. Renal failure, cardiac failure, 
stroke, epilepsy and CNS/sensory organ involvement are later 
features. Life expectancy is 40 – 50 years for men and 50 – 65 years 
for most women.  

  Treatment 
 ERT for Fabry disease has been available since 2001. Two for-
mulations are available: a recombinant galactosidase that is 
translated in Chinese hamster ovary cells and mannose - termi-
nated (agalsidase beta, Genzyme Corporation, MA, USA); and 
an enzyme of identical amino acid sequence that is translated 
in a human fi broblast cell line wherein post - translational modi-
fi cation is performed within the human cell itself (Shire, MA, 
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  Introduction 

 The immune system has evolved to provide protection against 
infection and is believed to play an important role in the control 
of malignant disease. The immune response is often considered 
to comprise two functional components, known as the  innate  
and  adaptive  arms of the immune response, but in reality these 
have a broad overlap. The innate immune system is responsible 
for the initial response to infection and infl ammation and is 
mediated by cells such as macrophages, neutrophils and den-
dritic cells as well as lymphoid subsets such as natural killer 
(NK) cells,  γ  δ  T cells and B1 B cells. The adaptive or specifi c 
immune system is mediated by antigen - specifi c lymphocytes 
that are selected and expanded following recognition of antigen 
on antigen - presenting cells.  

  The  a natomy of the  i mmune  s ystem 

 The cells of the immune system are of haemopoietic origin and 
derive ultimately from the haemopoietic stem cell in the bone 

marrow. The myeloid and lymphoid lineages diverge during 
differentiation, with separation of a common myeloid progeni-
tor and a common lymphoid progenitor. There are three broad 
classes of lymphocyte  –  B cells, T cells and NK cells  –  and these 
have different developmental pathways. 

  T cells  are generated in the thymus following the migration 
of prothymocytes from bone marrow to thymus followed by 
selection of thymocyte precursors. Over 95% of thymocytes die 
in the thymus, but the minority population emerges from the 
thymus as single - positive CD4  +   or CD8  +   T cells and enters the 
lymphoid system as naive precursors that can survive for many 
years. The antigen receptor on T cells, the T - cell receptor 
(TCR), exists only as a cell - surface molecule and is not secreted. 
T cells have extremely diverse functions including (i) providing 
signals that help induce T cells and B cells to proliferate and 
differentiate, (ii) specifi cally deleting virally infected cells or 
foreign cells, (iii) activating macrophages to enhance cellular 
cytotoxicity, and (iv) regulation of established immune 
responses. 

 Most  B cells  are generated from within the bone marrow, the 
 ‘ B ’  in their name referring to an obscure avian structure called 
the bursa of Fabricius in which the B cells of birds develop. 
Naive mature B cells enter the lymphoid circulation but, if trig-
gered by antigen in the periphery, a proportion of cells will 
return to the bone marrow as long - lived plasma cells that 
secrete immunoglobulin. B lymphocytes are the precursors of 
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receptors on lymphocytes are described in the next section. 
Figure  19.1  shows the structure of surface immunoglobulin on 
B cells.   

 T cells recognize peptides presented in association with MHC 
molecules. In humans, the MHC molecules are also known as 
human leucocyte antigens (HLAs) and there are two classes of 
MHC molecule. MHC class I molecules (Figure  19.2 ) are 
expressed by all nucleated cells except germ cells. They are not 
expressed by erythrocytes but are found on the surface of eryth-
roblasts. The peptides recognized by T cells in association with 
class I MHC molecules are, in most circumstances, derived 
from proteins produced from within the cell. This places MHC 
class I molecules in an excellent position to present peptides 

antibody - producing cells. Each B cell produces and expresses 
on its surface immunoglobulin with a distinct specifi city for 
antigen. The specifi city of the immunoglobulin is determined 
by the way the immunoglobulin variable - region genes are rear-
ranged during B lymphopoiesis. B cells that bind antigen 
through their surface immunoglobulin have to obtain accessory 
signals if they are to proliferate and differentiate into antibody -
 secreting cells. These can be provided by helper T cells, which 
recognize antigen that has been taken up and presented by the 
B cell. 

  NK cells  similarly appear to develop from within the environ-
ment of the bone marrow. They are able to kill cells that fail to 
express major histocompatibility complex (MHC) class I mol-
ecules on their surface or that express molecules associated with 
cellular stress. 

 The bone marrow and thymus are therefore the sites of lym-
phocyte development and are known as the  primary lymphoid 
organs . However, immune responses are initiated when lym-
phocytes encounter antigen and this occurs primarily in  second-
ary lymphoid tissues  such as lymph nodes and the spleen. 

 Lymphocytes circulate around the body tissues via the blood 
and lymphatic vasculature. Lymphatic vessels drain extravascu-
lar spaces and lymph nodes are collections of lymphoid tissue 
in lymphatic vessels, which are organized to optimize encoun-
ters between lymphocytes and antigen. Afferent lymph drains 
into the lymph nodes, bringing circulating lymphocytes and 
populations of antigen - loaded dendritic cells from regional 
tissue. Efferent lymph returns lymphocytes to the bloodstream, 
where naive cells continue this circulatory pattern in a continu-
ing quest for antigenic encounter. Antigen - experienced lym-
phocytes migrate to a variety of tissues in order to mediate their 
effector functions. The pattern of homing is largely determined 
by the chemokine receptor profi le on the lymphocyte (see 
below).  

  Nature of the  a ntigen -  s pecifi c  r eceptors 
on  T  and  B   c ells 

  Antigen  r ecognition by  l ymphocytes 

 Each B or T lymphocyte expresses approximately 20   000 – 100   000 
antigen - specifi c receptors on their surface and all the receptors 
on a single T cell or B cell are identical. However, although the 
antigen receptors on a single cell are identical, they are different 
from the receptors on other B or T lymphocytes. During lym-
phoid development, a repertoire of billions of B and T cells is 
generated and all have slightly different antigen receptors on 
their surface. At the initiation of an immune response, only a 
few of these cells are able to recognize the antigen and these are 
then expanded during their differentiation into effector cells. 
This is the basis of the  clonal selection  theory of immunology. 
The mechanisms that generate this great diversity of antigen 
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     Figure 19.1     The structure of the antigen - specifi c receptor of B 

cells (BCR). Antibody (immunoglobulin) molecules on the 

surface of B cells provide their antigen - specifi c receptors. The 

green structures are the heavy (H) chains and the orange the light 

(L) chains. The antigen - combining (variable) regions are shown 

as open circles; the locations of the antigen - combining sites are 

indicated by arrows. The binding of antigen by B cells through 

their surface immunoglobulin can lead to antigen being 

internalized and can result, indirectly, in proliferation by the B 

cell and its differentiation to become an antibody - secreting cell 

or a memory cell. Signals delivered to the B cell when the surface 

immunoglobulin binds antigen are delivered through the  α  and 

 β  CD79 transmembrane signalling molecules and other surface 

immunoglobulin - associated molecules, including the complex of 

CD21 and CD19 with TAPA. CD21 binds the complement 

component C3d, which is derived from C3, and attaches to 

bacterial and other cell membranes; when CD21 and the surface 

immunoglobulin are cross - linked, the stimulus for B - cell 

activation is considerably more than that delivered through 

surface immunoglobulin alone. All B - cell surface 

immunoglobulin, such as plasma IgG and IgA, has two heavy and 

two light chains per molecule; IgA secreted from the body is a 

dimer and most IgM found in body fl uids a pentamer of this 

basic four - chain structure.  
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I molecules are being assembled. The nascent MHC molecules 
are able to  ‘ fold ’  around the peptides, which make non - covalent 
interactions with the peptide - binding groove at the top of the 
molecule. This complex is then stabilized by the association of 
 β  2  - microglobulin before being transported to the cell surface. 
In this way, the cells are continuously advertising the peptide 
composition of the proteins that they are producing. 

 The selection of T cells during their development in the 
thymus involves the processes of negative selection and positive 
selection. T cells that have high affi nity for self peptides held in 
the groove of a self MHC molecule are deleted by apoptosis in 
a process known as negative selection. T cells with lower affi nity 
for self peptide – MHC complexes are positively selected and 
survive to become peripheral T cells. T cells that recognize 
peptide presented by MHC class I molecules express a molecule, 
CD8, that binds to the  α 3 domain of the MHC class I molecule 
(Figure  19.2 ). When any cell in the body presents immunogenic 
peptides, these may be recognized by a cytotoxic CD8 T lym-
phocyte that can then kill the target cell. This is most likely to 
occur as the result of virus infection when virus - encoded pro-
teins are produced; it may also occur following the acquisition 
of a genetic mutation within a cell. 

 The other class of MHC molecule, MHC class II (Figure 
 19.2 ), is less widely expressed. The only cells that constitutively 
express large amounts of this class of MHC molecule are spe-
cialized antigen - presenting cells collectively known as dendritic 
cells, B lymphocytes and thymic epithelial cells. Dendritic cells 
are derived from haemopoietic stem cells and codevelop with 
monocytes; they can be derived from blood mononuclear prep-
arations by culture with granulocyte/macrophage colony - stim-
ulating factor (GM - CSF) and interleukin (IL) - 4. They migrate 
to many tissues, particularly epithelia, where they remain until 
activated by local tissue injury. On activation, they take up fl uid 
and particles from their surrounding environment (Figure 
 19.3 ). The pinocytotic activity in these cells can be induced by 
IL - 1 and tumour necrosis factor (TNF) released at sites of 
injury. The pinocytotic vesicles fuse with an antigen - presenting 
endosomal compartment; proteolytic enzymes within this com-
partment are activated and proteins are broken down to pep-
tides by the action of lysosomal enzymes. Class II molecules 
with peptide - binding grooves sealed by invariant chain (CD74) 
are inserted into the endosome wall. The invariant chain is 
digested and this allows peptides within the compartment to 
associate with MHC class II molecules. The MHC class II –
 peptide complex is then taken to the cell surface. 

 The scrutiny of antigen - presenting cells by T cells starts when 
dendritic cells have moved from peripheral tissues to the T cell -
 rich areas of adjacent secondary lymphoid organs. In this site 
they are known as interdigitating dendritic cells (IDCs), which 
express increased amounts of MHC class II and constitutively 
express other molecules associated with T - cell activation such 
as CD40, CD80 (B7.1) and CD86 (B7.2). In the T zones of 
secondary lymphoid organs, CD4  +  , and to a lesser extent CD8  +  , 

derived from viral proteins following intracellular viral infec-
tion (Figure  19.3 ). It is now clear that antigen - presenting cells 
are also able to take up proteins from outside the cell and 
process them such that peptides gain access to the MHC class I 
presentation. This process is called  cross - presentation  and may 
be particularly important in generating CD8  +   T - cell responses 
to tumour - associated proteins.   

 MHC class I antigen presentation starts with the intracellular 
breakdown of proteins by a multimolecular proteolytic complex 
known as a  proteasome . These peptides are actively transported 
by TAP (transporter associated with antigen processing) pro-
teins into the endoplasmic reticulum, where empty MHC class 
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     Figure 19.2     T cells recognize peptides held in MHC molecules. A 

class I MHC molecule is depicted on the left and a class II MHC 

molecule on the right. Some of the protein produced within each 

cell is broken down to peptides, which are presented on the cell 

surface in the peptide - binding groove of MHC molecules, usually 

class I (Figure  19.3 ). Extracellular molecules are taken up by 

antigen - presenting cells, broken down within the cell and 

presented on the cell surface in the peptide - binding groove of 

MHC molecules, usually class II (Figure  19.3 ). There are three 

isotypes of class II molecules, known as DP, DQ and DR, and 

three main class I isotypes, A, B and C. All of these are encoded 

within the MHC gene complex at 6p21.3. The genes encoding the 

peptide - binding grooves of each of these isotypes show 

extraordinary variability within the human population, so - called 

 ‘ allelic polymorphism ’  (see Figure  19.5 ). The range of peptides 

that can be held by different MHC molecules varies. 

Consequently, this polymorphism is refl ected in differences 

between individuals in the ability to recognize specifi c peptides. 

Any one T - cell receptor (TCR) will only recognize a particular 

peptide within a particular groove structure.  β  2  - Microglobulin is 

a non - polymorphic immunoglobulin - like domain that is 

non - covalently associated with HLA class I MHC molecules; it 

stabilizes peptide binding and is essential for the expression of 

class I on the cell surface.  
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generate the TCR complex. This transmembrane signalling 
complex of molecules is collectively known as CD3 (detailed in 
Figure  19.4 ) and is linked to second messenger signalling mol-
ecules, whose expression varies between different T - cell subsets 
and at different stages of T - cell differentiation. CD4 or CD8 
molecules are closely associated with the CD3 complex and 
determine the class of MHC molecule to which the TCR can 
bind.    

  Polymorphism of  MHC   m olecules 

 There is extensive polymorphism of MHC class I and class II 
molecules (Figure  19.5 ). These were fi rst recognized as targets 
for allograft rejection and the allelic forms of the MHC mole-
cules differ in the fi ne structure of their MHC - binding grooves. 
This is refl ected in differences in the range of peptides that dif-
ferent MHC alleles can present to T cells. Crossover during 
meiosis is relatively rare; consequently the alleles on each chro-

recirculating T cells are constantly migrating to the surface of 
IDCs, which they appear to scrutinize for the presence of an 
MHC – peptide complex to which they can bind with their TCR. 
In this way, the T cells continually screen for the presence of 
peptides derived from both extracellular and intracellular anti-
gens (see section Immune responses). 

 The TCR (Figure  19.4 ) has certain similarities to immu-
noglobulin in that it is composed of two non - identical polypep-
tide chains that have constant and variable regions. In addition, 
as described in the next section, the genes that encode for TCR 
and immunoglobulin are remarkably similar. The TCR has only 
one antigen - binding site per molecule, as opposed to the two 
antigen - binding sites of immunoglobulin. There are two types 
of TCR, the most common being a heterodimer comprising an 
 α  - chain and a  β  - chain. The minority population of  γ  δ  TCRs is 
less well characterized, but they appear to recognize antigen in 
a different way from  α  β  TCR. A number of different molecules 
are associated with the two TCR polypeptide chains in order to 
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     Figure 19.3     Antigen processing and presentation in association 

with MHC molecules.  Left : Antigen presentation of proteins 

produced within cells is mainly the property of class I MHC 

molecules. A proportion of proteins (black ribbons) produced 

within a cell on ribosomes (yellow) are broken down to peptides 

(black fragments) within a cytoplasmic molecular complex 

known as a proteasome. The resulting peptides are actively 

transported by TAP proteins (blue) through the wall of 

specialized endoplasmic reticulum (ER) that has MHC class I 

molecules in its wall. The peptides and  β  2  - microglobulin associate 

with class I molecules and are then expressed on the cell surface 

(detailed in Figure  19.2 ).  Right : Antigen presentation in 

association with class II MHC molecules involves pinocytosis of 

antigen (black ribbon) and fusion with an antigen - processing 

endosome, which has class II MHC molecules (magenta and 

blue) inserted in its wall. The antigen - presenting grooves of the 

class II MHC molecules are kept empty by the association with 

invariant chain (CD74). Fusion of the pinosome with the 

endosome heralds the activation of proteolytic enzymes; the 

invariant chain and the ingested proteins are broken down to 

peptides. The resulting peptides (black fragments) are assembled 

into the antigen - presenting groove of class II MHC molecules 

that are held in the endosomal wall. The HLA class II molecules 

with bound peptides are then carried to the cell surface  (detailed 

in Figure  19.2 ) .  
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 Certain MHC alleles are associated with relative protection 
against specifi c infections. Conversely, some alleles, or com-
binations of alleles, are associated with a greater chance of 
developing autoimmunity. Many diseases, including diabetes 
mellitus, Graves disease and ankylosing spondylitis, are dis-
tinctly more common in individuals with a particular MHC 
allele or MHC haplotype. It seems logical that in evolution most 
alleles have been retained because they have certain advantages 
without too many disadvantages. The advantages of an allele 
might relate to a particular infection that is prevalent in one 
part of the world but almost unknown in another; for example, 
the HLA - B53 allele has a high prevalence in West Africa and is 
associated with relative protection from a potentially lethal 
form of malaria.   

  Generation of  a ntigen -  s pecifi c  r eceptors 
on  T  and  B   l ymphocytes 

 There are six pairs of genes that encode antigen - specifi c recep-
tors: three for immunoglobulin ( κ  and  λ  light chains, and heavy 
chains) and three for TCRs ( β ,  γ  and a combined  α  and  δ  locus; 
see Table  19.1 ). These genes show marked similarities, indicat-
ing that the gene complexes evolved from a common precursor 
gene. The genetic organization of the variable - region genes and 
the way in which they are rearran g ed can generate a huge diver-
sity of antigen recognition structures for subsequent display on 
the surface of mature B and T lymphocytes. For T cells, this is 
the only way in which diversity of V region structure is achieved. 
In B cells, there is an additional mechanism that increases the 
variable - region gene repertoire. This is called  somatic hypermu-
tation , which is activated during B - cell maturation in germinal 
centres and which introduces mutations into the rearranged 
immunoglobulin variable - region genes.   

 Both the immunoglobulin and TCR variable - region genes 
have to undergo a process of  gene rearrangement  from their 
germline confi guration before they can encode an antigen rec-
ognition structure. As an example, the immunoglobulin heavy 
chain gene is located at 14q32.3 and the germline organization 
of the part of the gene that encodes for the variable region of 
IgH is shown at the top of Figure  19.6 . The variable - region 
component of the immunoglobulin heavy chain gene is divided 
into three types of  gene segment : V segments, D segments and J 
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     Figure 19.4     The  α  β  T - cell receptor (TCR) complex. The  α  β  TCR 

is composed of two polypeptide chains, each with a variable 

(open ovoid) and constant (closed ovoid) domain. Peptide plus 

MHC is recognized by the combined variable regions. The TCR 

is surrounded by the CD3 complex of transmembrane signalling 

molecules. This is composed of four types of polypeptide chain, 

 γ ,  δ ,  ε  and  ζ , that are present as three pairs:  ε  with  δ ,  ε  with  γ  and 

a pair of  ζ  - chains or  ζ  plus  η  (a splice variant of  ζ  with a longer 

intracellular tail). Most monoclonal antibodies against CD3 are 

directed against antigenic determinants on CD3 ε . Most 

peripheral T cells express CD4 or CD8 with their TCR. In the 

thymus, the TCR is fi rst expressed on thymocytes that express 

both CD4 and CD8, allowing the possibility for selection on the 

basis of either class II or class I - recognizing properties  (see 

section on T - cell development) .  
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Class II MHC genes
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     Figure 19.5     MHC polymorphism. This 

is a simplifi ed diagram of the main 

genes that encode MHC class I and 

MHC class II molecules and their 

exceptional polymorphism.  

mosome 6 are usually inherited en bloc and are named the 
MHC haplotype of that chromosome. It follows that approxi-
mately one in four siblings share the same MHC haplotype on 
both chromosomes. For the purposes of stem cell transplanta-
tion, the patient and donor must usually be fully matched for 
HLA alleles and thus only 25% of siblings are appropriate for 
donation.   
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  Table 19.1    The variable region genes of human  T  -  cell  and  B  -  cell  antigen receptors. 

   Gene complex     Chromosomal location     Gene segments  

   Type     Approximate number  

  Immunoglobulin heavy chain    14q32.3    V H     51  

  D H      ∼ 27  

  J H     6  

  C H     10  

  Immunoglobulin  κ  light chain    2p12    V  κ      40  

  J  κ      5  

  C  κ      1  

  Immunoglobulin  λ  light chain    22q11    V  λ       ∼ 29  

  J  λ      4  

  C  λ      4  

  TCR  α  - chain    14q11.2 (contains TCR  δ  locus)    V  α       ∼ 70  

  J  α      61  

  C  α      1  

  TCR  δ  - chain    14q11.2 (between V α  and J α  of TCR  α )    V  δ       ∼ 4  

  D  δ      3  

  J  δ      3  

  C  δ      1  

  TCR  β  - chain    7q32.5    V  β      52  

  D  β      2  

  J  β      13  

  C  β      2  

  TCR  γ  - chain    7p15    V  γ      12  

  J  γ      5  

  C  γ      2  

   C, constant regions; D, diversity segments; J, joining segments; V, variable sements.  

  Where the number of functional gene segments is uncertain, this is denoted by  ‘  ∼  ’ . There are many non - functional gene segments 

(pseudogenes); these are disregarded in this table. Because TCR  α  and  δ  genes are encoded in the same gene complex on chromosome 

14, successful rearrangement of the TCR  α  genes inevitably results in looping out of the  δ  genes so that  α  and  δ  genes cannot be 

coexpressed.   

segments. A large number of individual V gene segments are 
encoded within the genome. The V gene segments are longer 
than J or D segments and encode much of the framework of the 
variable - region domain, together with the fi rst and second 
hypervariable regions (known as the complementarity - deter-
mining regions, CDR1 and CDR2). The CDR1 and CDR2 
regions encode two of the three parts of the variable region that 
determine the antigenic specifi city of the heavy - chain V region.   

 There are fewer D and J gene segments. The third hypervari-
able region (CDR3) is encoded at the site of joining of one of 
the functional D segments with any one of the functional J seg-
ments and includes the downstream end of one of the V seg-
ments. Heavy - chain rearrangement involves two looping - out 
manoeuvres (Figure  19.6 ). In the fi rst of these, one of the J seg-
ments becomes spliced to one of the D segments and the inter-
vening sequences are deleted. Next, one of the two rearranged 

D – J pairs becomes linked to one of the V segments and again 
the intervening sequences are deleted. The association of seg-
ments appears to occur at random and the theoretical number 
of different variable region genes that might be generated in this 
way is the product of the number of functional V, D and J seg-
ments, i.e. about 8262. In practice, D to J and V to D – J joining 
is not exact and additional random nucleotides may be added 
at the point where the gene segments join. This results in very 
much greater diversity, which is seen only in CDR3 and which 
includes both the D to J and V to D – J junctions. 

 The diversity of CDR1 and CDR2 is therefore much less than 
that of CDR3. Junctional diversity in CDR3 is suffi ciently great 
to allow the conclusion that B cells with the same CDR3 
sequence are almost certainly derived from the same clone and 
this fact is used widely to identify the origin and relationship of 
malignant B cells.  
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 Almost always, heavy - chain gene rearrangement precedes 
light - chain gene arrangement. The fi rst rearrangements to 
occur are in the joining of one of the J segments to one D 
segment, with the looping out of the intervening sequences (see 
previous section for details). The rearrangement or attempted 
rearrangement of D to J is completed on both chromosomes 14 
before an attempt is made to rearrange the D – J to a V segment 
on one of the chromosomes. If this is successful, the rearranged 
V – D – J sequence will be transcribed together with the genes 
encoding the  µ  constant region. After translation of this tran-
script, the cell has cytoplasmic  µ  heavy chain and is known as 
a  pre - B cell . During all the preceding stages of B lymphopoiesis, 
cells showing differentiation towards B cells are known as  pro - B 
cells . 

 When intact  µ  heavy chain is expressed, an essential further 
step has to take place if the B cell is to proceed to light - chain 
rearrangement. The  µ  chain is expressed on the cell surface at 
low level with a  ‘ surrogate ’  light chain that is composed of two 

   B   l ymphopoiesis 

 B - cell production starts in the fetal liver at the end of the fi rst 
trimester of pregnancy and normally ceases at this site later in 
pregnancy. Subsequently, B cells are also produced in the bone 
marrow and production in this tissue continues throughout life 
such that approximately 2% of adult marrow mononuclear cells 
are B - cell progenitors. 

 The events that occur as cells differentiate towards B cells are 
summarized in Figure  19.7 . The associated phenotypic changes 
are set out in Table  19.2 . The earliest signs associated with dif-
ferentiation of haemopoietic cells towards the B lineage are the 
expression of CD19, CD24 and MHC class II molecules on the 
cell surface and CD22 inside the cell. These changes are fol-
lowed by the expression of molecules such as the recombinase -
 activating genes  RAG1  and  RAG2 , which are involved in 
immunoglobulin gene rearrangement.     
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     Figure 19.6     Immunoglobulin heavy - chain variable - region genes 

and their rearrangement. The germline structure of the variable -

 region gene complex is shown in the top line. The genes are 

present in this form in haemopoietic stem cells. The approximate 

number ( n ) of V H , D H  and J H  segments are given in Table  19.1 . 

The constant - region genes are downstream of the V - region genes. 

The fi rst of these,  µ , encodes the IgM heavy chain constant -

 region domain. This is followed in sequence by  δ ,  γ 3,  γ 1, a 

non - functional pseudo -  ε  gene,  α 1,  γ 2,  γ 4,  ε  and  α 2. The boxes 

represent exons and lines introns. During rearrangement, fi rst 

one of the J segments becomes aligned with one of the D 

segments and the intervening sequences are deleted; DJ 

rearrangement is always attempted on both chromosomes 14. 

The aligned DJ pair on one chromosome 14 then becomes linked 

to one of the V segments on that chromosome, and again 

intervening sequences are deleted. If this V to DJ rearrangement 

is able to encode a variable region, then there is no V to DJ 

rearrangement on the other chromosome; if it has been 

unsuccessful (e.g. the rearrangement is out of frame) the cell goes 

on to attempt to rearrange a V segment to the DJ on the other 

chromosome. The D to J and V to DJ alignment is made possible 

by the presence of recombinase signalling sequences that fl ank 

(i) the upstream end of each J segment and the downstream end 

of each D segment and (ii) the upstream end of each D segment 

and the downstream end of each V segment. Additional diversity 

at the junctions between the rearranged V, D and J segments 

results in part from imprecise splicing and partially through the 

insertion of additional non - encoded (N) basepairs at the D to J 

and V to DJ junctions through the action of terminal 

deoxynucleotidyltransferase.  
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seen with a non - functional VDJ rearrangement or a D – J rear-
rangement. This  allelic exclusion  of antigen receptor genes 
means that only one functional antigen - binding protein is 
expressed on the surface of the cell. 

 The enzyme terminal deoxynucleotidyltransferase (TdT) is 
expressed during variable - region gene rearrangement and 
introduces non - encoded (N) sequences at the junctions of V to 
D – J and D to J. The enzyme is expressed both in pro - B cells in 
the marrow and in cortical thymocytes during TCR gene rear-
rangement. The expression of TdT is much greater in the bone 
marrow than in the fetal liver and, as a result, junctional diver-
sity is less marked in the fi rst B cells that are produced. These 
are mainly B1 cells, which are described later. The enzyme TdT 
is not expressed in late pre - B cells at the time of light - chain gene 
rearrangement and N sequences are not a feature of light chain 

peptides, V preB  and  λ 5. If this surface expression does occur, the 
pre - B cell receives a signal for further differentiation to proceed, 
exits cell cycle and starts light - chain gene rearrangement. On 
the other hand, if the fi rst attempt to rearrange V to D – J is not 
successful and no  µ  V preB  –  λ 5 complex is expressed at the surface, 
an attempt is made to rearrange a V segment to D – J on the 
other chromosome 14. If this also fails and the cell is still unable 
to express  µ  V preB  –  λ 5 at its surface, it will die by apoptosis. 
When the second heavy - chain rearrangement is successful, the 
cell proceeds, as above, towards light - chain gene rearrange-
ment. The fi rst expression of IgM on a B - cell surface marks the 
transition from pre - B cell to a newly produced virgin B cell. 

 Extensive analysis of variable - region genes in pre - B cells of 
mice has failed to identify cells with two functional VDJ rear-
rangements. One functional VDJ rearrangement can only be 
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  Table 19.2    Phenotypic changes during  B  -  cell  lymphopoiesis. 

        Surface CD34     Cytoplasmic CD22 

with surface CD19 

and CD24  

   Nuclear TdT     Surface CD10     Surface CD20     Cytoplasmic  μ      Surface IgM  

  Pro - B cell    +    +    +     −      −      −      −   

  Early pre - B cell    +    +    +    +     −      −      −   

  Late pre - B cell     −     +     −     +    +    +     −   

  Virgin B cell     −     +     −      −     +    +    +  

   TdT, terminal deoxynucleotidyltransferase.   

     Figure 19.7     Outline of the main stages of B lymphopoiesis. The 

central process in B - cell formation is the rearrangement of 

immunoglobulin variable - region genes. For rearrangement of 

V - region genes to occur in either T or B cells, the recombinase -

 activating genes  RAG1  and  RAG2  have to be expressed. Absence 

of these genes totally blocks further differentiation towards B or 

T cells. After a successful heavy - chain VDJ has been made, a B 

cell must express the heavy chain with the surrogate light chain 

composed of V preB  and  λ 5 if further differentiation is to occur. 

Cells that fail to make either a productive heavy -  or light - chain 

rearrangement destroy themselves by apoptosis.  
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ible form or as a consequence of elimination during the T - cell 
selection process. 

 Thymic epithelial cells in the cortex are critical in the positive 
selection of thymocytes that have moderate affi nity for MHC –
 peptide complexes. The boundary of the cortex and medulla is 
populated by macrophages (often called sentinel macrophages) 
that phagocytose cells undergoing apoptosis. The medulla con-
tains bone marrow - derived dendritic cells that express MHC 
class I and II antigens. It is here that the process of negative 
selection is mediated, in which T cells with high affi nity for self 
MHC – peptide complexes are deleted. Structures known as 
Hassall corpuscles, which are whorled aggregates of epithelial 
cells, can also be seen in the medulla though their function is 
uncertain. 

   TCR   g ene  r earrangements and 
 p henotypic  c hanges 

 Bone marrow - derived T - cell progenitors (prothymocytes) seed 
the subcapsular region of the thymic lobule (Figure  19.8 ). At 
this stage of ontogeny the cells have not started to rearran g e 
their TCR genes, do not express the mature T - cell markers CD3, 
CD4 or CD8, and may not be irreversibly committed to the 
T - cell lineage. They may be identifi ed by expression of CD7 and 
CD34. Interaction with the thymic stroma is accompanied 
by proliferation and expression of CD2, soon followed by cyto-
plasmic expression of CD3 genes. By this stage, the cell is com-
mitted to the T - cell lineage and TCR gene rearran g ement is 
underway.   

 The confi guration of the TCR and its genes is discussed in 
the section on antigen - specifi c receptors on T and B cells and 
is summarized in Figure  19.4  and Table  19.1 . During early fetal 
development, the fi rst cells to leave the thymus as mature T cells 
have successfully rearranged their  γ  and  δ  genes and express 
the  γ  δ  form of the TCR. Many  γ  δ  T cells do not express CD8 
or CD4, suggesting they may not be interacting with antigen in 
association with MHC class I or class II molecules. During later 
stages of human fetal development and throughout the rest of 
life, 85 – 98% of T cells that leave the thymus have undergone 
successful  α  and  β  gene rearrangement and express the  α  β  TCR. 

 Rearrangement of the gene encoding the TCR  β  - chain occurs 
fi rst with D to J rearrangements followed by V to D – J rearrange-
ments. Successful rearrangement leads to low - level expression 
of the  β  - chain at the cell surface in a complex with CD3 and a 
surrogate  α  - chain analogous to V preB  –  λ 5 in B - cell development. 
It is at this stage that the cell starts to express low levels of both 
CD4 and CD8; further  β  - chain gene rearrangement is halted 
and  α  - chain gene rearrangement starts (Figure  19.8 ). TCR  α  -
 chain gene rearrangement may involve sequential rearrange-
ments of V – J pairs, which enables the cell to express different 
TCR  α  - chains until a successful TCR  α  β  heterodimer is 
generated.   

V – J junctions. Normally, B cells will express only light chains 
encoded by one of their four light - chain gene complexes, i.e. 
they express either a  κ  - chain or a  λ  - chain. The ratio of  κ  -
 expressing B cells to  λ  - expressing B cells is closely regulated and 
in humans is close to 60   :   40. Major deviation from this ratio has 
been observed only in B - cell neoplasia, when there is massive 
expansion of a neoplastic clone of B cells. Disturbance of the 
 κ / λ  B - cell ratio to more than 10   :   1 or less than 0.1   :   1 can there-
fore be taken as a reliable indicator of the presence of a neo-
plastic clone. 

 Intact heavy chains can be exported to the surface of a B cell 
only if they are complexed with light chain or surrogate light 
chain. This does not apply to free light chains, which are able 
to pass out of B cells and plasma cells. Physiological light chain 
production is always greater than that required to complex all 
the available heavy chain, and measurement of serum free light 
chain is now a useful tool in the management of paraprotein-
aemia. The heavy chains that are secreted in heavy chain disease 
are able to leave the cell only because they are truncated heavy 
chains.  

   T  -  cell   p roduction and  s election 
in the  t hymus 

 Although the earliest progenitors of T cells are produced in the 
bone marrow, the development and selection of most mature 
immunologically competent T cells occurs in the thymus. The 
thymus is an encapsulated gland that is organized into lobules 
by capsular septa. Within each lobule, there is a complex mesh-
work of epithelial and other cells that are responsible for regu-
lating the development of prothymocytes into mature T cells. 
The subcapsular region of the thymus is divided into the more 
peripheral cortex and the deeper medulla. 

 CD8 and CD4 thymocytes are selected on the basis of their 
potential to recognize peptides held in association with either 
MHC class I or MHC class II molecules respectively. Immature 
 α  β  TCR thymocytes are subject to two selection processes:  posi-
tive selection , which allows cells that have the potential to rec-
ognize foreign peptide in association with self MHC to mature 
into functional T cells, and  negative selection , which removes T 
cells that recognize self peptides in association with a self MHC 
molecule. During the development from prothymocytes to 
mature lymphocytes, T cells pass from the outer cortex, through 
the inner cortex and on through the medulla before emerging 
as immunocompetent T cells in the peripheral circulation. T 
cells whose TCR molecules fail to engage with MHC – peptide 
complexes within the thymus die by neglect, whereas those 
whose TCR can interact with these complexes are subject to 
positive and negative selection (see below). It has been esti-
mated that 95% of all thymocytes die within the thymus either 
as a result of failure to rearrange their TCR genes in an express-
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 The majority of B cells are conventional (B2) B cells and are 
produced in the marrow after the fi rst year of life. Three stages 
of conventional B - cell differentiation can be identifi ed: newly 
produced virgin B cells ,  recirculating B cells and marginal zone 
B cells (Table  19.3 ). Most recirculating B cells are virgin cells, 
whereas the B cells of the marginal zones do not recirculate and 
are a mixture of virgin and memory cells.   

 Naive B cells are small non - dividing virgin B lymphocytes 
that classically are positive for surface IgM and IgD. They 
are in a constant state of migration between the follicles of 
secondary lymphoid organs. On their way to the follicles, they 
migrate through the T cell - rich zones that contain antigen -
 presenting cells and have an average lifespan of 4 weeks or 
more. 

 Marginal zone cells, like recirculating B cells, respond to T 
cell - dependent antigens and to bacterial cell wall lipopolysac-
charides (thymus - independent type 1, or TI - 1, antigens). 

  The  B  -  cell   r epertoire 

 B cells constitute around 10 – 20% of the peripheral lymphoid 
pool and two broad lineages have been recognized,  B1 cells  and 
 conventional (or B2) cells . B1 cells are the predominant B - cell 
subtype in fetal life and during the fi rst year after birth, and 
are capable of antigen - independent self - renewal in the periph-
ery. The antigen - binding specifi city of the antibodies produced 
by these cells tends to have broad reactivity including autoreac-
tivity. The function of B1 cells and the background IgM anti-
body they produce is still far from clear. It has been suggested 
that they may play a regulatory role in selection of the B - cell 
repertoire and they are highly conserved during evolution. B1 
B cells often express CD5 and share many features in common 
with the malignant cells of B - cell chronic lymphocytic 
leukaemia. 
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     Figure 19.8     T - cell maturation in the thymus. Molecules within 

cells (red) or on a cell ’ s surface (blue) are depicted without the 

prefi x CD. T - cell progenitors enter the thymus from the marrow 

or other primary lymphoid site to become a prothymocyte. At 

this stage their T - cell receptor (TCR) genes are in germline 

confi guration. The proliferative potential and lack of 

commitment of prothymocytes is refl ected in the ability of a 

single prothymocyte to populate an entire thymic lobe and 

generate a full T - cell repertoire. Prothymocytes proliferate in the 

outer cortex. Towards the end of the proliferative phase, TCR 

rearrangement starts: fi rst,  β  - chain genes are rearranged, then 

these are expressed with a surrogate  α  - chain (pre - T  α  – ); after 

this,  α  - chain genes rearrange. As with B cells, these 

rearrangements require  RAG1  and  RAG2  genes to be expressed, 

and junctional diversity is increased by the addition of N 

sequences using terminal deoxynucleotidyltransferase. Selection 

occurs at the double - positive stage when the full TCR complex is 

expressed with CD3 and both CD4 and CD8. These cells are 

selected on their ability to recognize self peptide presented by a 

self MHC molecule at low avidity. Those cells recognizing 

peptide with class I go on to become single - positive CD8 

expressors; those recognizing peptide with class II continue to 

express CD4 without CD8. Cells recognizing self peptide at high 

avidity and cells failing to recognize a self MHC molecule are 

deleted.  
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   CD 4  +   and  CD 8  +   T  c ells and  t heir  f unctions 

 CD4  +   T cells can have one or more of a variety of functions. 
Their major role is in the provision of signals that induce pro-
liferation or differentiation of T or B cells, generally known as 
 T - cell help . They can also activate macrophages and may mediate 
HLA class II - restricted cytotoxic activity. Increasing attention 
is being given to their regulatory role in T - cell immune responses 
and this is mediated through a FoxP3 - positive subset. 

 CD8  +   T cells have a predominant role in the recognition of 
virally infected cells and recognize antigen in association with 
HLA class I. Antigen recognition is followed by lysis of the target 
cell or secretion of cytokines or interferon (IFN) -  γ . There are 
two main killing mechanisms which both induce apoptosis in 
the target cell. Firstly, enzymes known as  granzymes  and pore -
 forming molecules termed  perforins  are transferred from the T 
cell to the target cell. Granzymes and perforins are present in 

Unlike recirculating B cells, they will also respond to bacterial 
capsular polysaccharides. Capsular polysaccharides are thymus -
 independent type 2 (TI - 2) antigens. These antigens do not 
evoke antibody responses until several months after birth, and 
levels of antibody produced in response to these antigens do not 
reach adult levels until 5 years of age.  

  The  T  -  cell   r epertoire 

 The majority (around 95%) of peripheral T cells express  α  β  
TCR. When these  α  β  T cells leave the thymus, most express 
either CD4 or CD8 on their surface and are restricted to the 
recognition of peptides in the context of MHC class II or class 
I molecules respectively. A minority of T cells express a  γ  δ  TCR 
and exhibit antigenic specifi city for non - peptide molecules. 

  Table 19.3    Differences between the three main types of human  B   cell  found in adults. 

        Marrow IgM  +  , IgD  −       Recirculating     Marginal zone  

  Diameter         ∼    8    µ m     ∼    10    µ m  

  Chromatin    Condensed    Condensed    Open  

  Cytoplasm volume/basophilia    Scanty/little    Scanty/little    Moderate/moderate  

  Proliferating    No    No    No  

  Lifespan    About 3 days    4 weeks or more    3 weeks or more  

  Antigen - independent movement    Migrate from marrow to 

secondary lymphoid tissue  

  Migrate between the secondary 

lymphoid tissues  

  Remain in the marginal 

zones  

  Surface immunoglobulin    IgM    IgM and IgD    IgM or IgG or IgA  

  Memory or virgin    All virgin    Almost all virgin    Variable mixture of virgin 

and memory  

  Immunoglobulin V - region 

mutations  

  None    Not present    Present in memory cells  

   Molecules expressed on the cell surface   

  CD19, CD20, CD37, CD40 and 

class II MHC  

  Positive    Positive    Positive  

  CD21, CD39    Negative    Positive    Positive  

  CD5    Negative    Some positive    Negative  

  CD23    Negative    Positive    Negative  

  CD25    Negative    Negative    Positive  

  CD38    Negative    Negative    Negative  

   Capacity to respond to different classes of antigen   

  Bacterial cell wall 

lipopolysaccharide  

  +    +    +  

  Bacterial capsular polysaccharide     −      −     +  

  Protein - based antigens    +    +    +  

   IgM  +  , IgD  −   cells of the marrow are representative of newly produced virgin B cells.   
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to IFN -  γ . They characteristically express a range of receptors 
such as CD56 (NCAM) and CD57 but these are also expressed 
on a subset of T cells. 

  Natural  k iller  T   c ells 

 Natural killer T (NKT) cells represent a small ( <    1%) popula-
tion of peripheral blood T cells and appear to be positioned 
somewhere between conventional T cells and NK cells in that 
they express a TCR but also a range of receptors typically associ-

granules that stain crimson and are easily seen against the fea-
tureless pale cytoplasm of cytotoxic T cells and NK cells in 
Jenner – Giemsa preparations. These features have given rise to 
the term  ‘ large granular lymphocyte ’ . The second cytotoxic 
mechanism involves the expression of the Fas ligand (FasL) by 
the effector cell. The resulting engagement of Fas on the target 
cell induces the target to undergo apoptosis. Fas is a member of 
the TNF receptor family and FasL is an analogue of TNF -  α  and 
TNF -  β . 

 Once the peripheral T - cell pool is established, it can maintain 
itself without further input from the thymus. Even neonatal 
thymectomy in humans during cardiac surgery does not cause 
clinically noticeable immunodefi ciency. This indicates that 
T - cell clones can be very long - lived and this certainly applies to 
CD45RA high  virgin T cells. Unlike the peripheral pool of recir-
culating B cells, which cannot replenish itself when depleted, 
small numbers of transferred recirculating T cells will prolifer-
ate to fi ll a depleted peripheral T - cell pool in a process known 
as  homeostatic proliferation . Some experiments suggest that 
memory T - cell clones persist only if there is periodic restimula-
tion by antigen, but other experiments indicate that in some 
instances this is not required.   

  Natural  k iller  c ells 

 NK cells are cytotoxic lymphocytes that lack expression of a 
TCR and have a range of functional activities in the immune 
system. They express a range of inhibitory and activating recep-
tors and it is the balance of signals received through these mol-
ecules that determines whether the target cell will be recognized. 
Inhibitory signals include (i) killer inhibitory receptors (KIRs) 
that bind to HLA - C or HLA - B alleles on the surface of the target 
cell and (ii) CD94  –  NKG2 heterodimers that bind to HLA - E. 
Activating receptors include (i) activating forms of KIR mole-
cules, whose ligands are uncertain at present; (ii) NKG2D, 
which binds to proteins such as MICA and ULBP expressed on 
cells under physiological stress; and (iii) the immunoglobulin 
receptor (FcR) CD16. 

 HLA class I expression is often downregulated on the surface 
of cells following viral infection and is also a common feature 
of malignant cells. This provides some protection from recogni-
tion by CD8  +   T cells but renders the cell susceptible to lysis by 
NK cells (Figure  19.9 ). Thus, CD8  +   T cells and NK cells can be 
viewed as having complementary recognition systems based on 
the level of HLA class I on the target cell. The ability of NK cells 
to recognize ligands such as MIC - A, which are expressed on the 
surface of damaged or stressed cells, demonstrates that NK cells 
may also have the ability to target cells at the site of infl amma-
tion, irrespective of HLA class I expression level.   

 The lytic mechanisms of NK cells seem to be the same as 
those used by cytotoxic T cells. NK cells proliferate in the pres-
ence of IL - 2 and their activity can be augmented by exposure 
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     Figure 19.9     Mechanism by which NK cells kill target cells that 

fail to express HLA class I. NK cells express two classes of 

receptors which either activate (b) or inhibit (a) NK cell killing. 

Activating receptors can bind to a range of ligands on the target 

cell whose expression is often constitutive. In contrast, the major 

forms of inhibitory receptor bind to HLA class I molecules. If 

HLA class I expression is downregulated on the target cell, no 

inhibitory signal is delivered to the NK cells and the target cell is 

killed.  
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contain fewer fi xed cells and are easier to identify. In the 
medulla, the intranodal lymph sinuses feed into the efferent 
lymphatic vessel that returns the lymph to the venous blood 
supply; in the case of the gut and lower half of the body, via the 
thoracic duct to the left subclavian vein.   

 The solid tissue of the node is composed of variable numbers 
of roughly cone - like segments (Figure  19.10 ). The base of each 
cone abuts onto the subcapsular lymph sinus in the cortex of 
the node and the apex is in the medulla. These cones fi t together, 
but are separated by the intranodal lymphatic sinuses, to form 
the roughly kidney - shaped structure of lymph nodes. The cones 
have three main zones: the follicles in the cortex, the T zones 
and the medullary cords. The medullary cords form a convo-
luted apex to the cone. The contents and functions of each of 
these zones are described in detail in subsequent sections. The 
blood supply to the node enters and leaves the node through 
the medulla, and the specialized small blood vessels termed  high 
endothelial venules  through which recirculating B and T cells 
and newly produced virgin B cells enter the node are located in 
the T zones. Virgin B and T cells, and some memory cells, enter 
the T zone by passing across the high endothelial venules. Here 
they encounter IDCs (Figure  19.11 ), which present peptides on 
MHC molecules and initiate immune responses. The series of 
stages leading to T cell - dependent B - cell activation in the T 
zones is shown in Figure  19.11 . If a T cell is able to recognize a 
peptide – MHC complex, it is activated through TCR signalling. 
Costimulation is provided by interaction between molecules 
such as CD80 and CD86 expressed on IDCs and CD28, which 
is constitutively expressed by T cells. The effect of this interac-
tion is to bring about changes in the T cell that are collectively 
called  T - cell priming  (Figure  19.12 ).   

 Cytokines are produced by the T cell following this interac-
tion and the nature of the cytokines produced in different situ-
ations is considered later. Short - term proliferation of the T and 
B cells is also induced, and most B cells migrate to local sites of 
antibody production. In the spleen this is the red pulp, and in 
lymph nodes the medullary cords. The lifespan of most of these 
plasma cells is 3 days. The extent of immunoglobulin class 
switching will depend on the conditions of dendritic cell activa-
tion and T - cell priming. In primary antibody responses, the 
plasma cells generated by B - cell activation in T zones do not 
have somatic mutations in their immunoglobulin V - region 
genes. On the other hand, in secondary responses, marginal -
 zone memory B cells that have somatic mutations in their 
V - region genes can be induced to migrate to T zones on contact 
with antigen and give rise to short - lived plasma cells. 

 The other pathway of migration of T and B cells activated in 
T zones is to the follicles. Both antigen - specifi c B blasts and T 
blasts migrate to the follicles at an early stage in T - zone responses 
and give rise to  germinal centres . Germinal centres are present 
in the fi rst 3 weeks following an immune response and build 
around B blasts that migrate to follicles and undergo massive 
clonal expansion such that the spaces in the follicular dendritic 

ated with NK cells. Moreover, the TCR is invariant, with the 
same V β 11V α 24 heterodimer being expressed on all cells. NKT 
cells recognize lipid antigens presented on the surface of CD1d 
molecules, CD1d being a protein with homology to MHC class 
I. It appears that NKT cells are activated very early in an immune 
response, although their functional signifi cance is uncertain.   

  The  i mmune  r esponse 

 In this section we consider how an immune response is devel-
oped within the secondary lymphoid tissue. The general struc-
ture of a lymph node is shown in Figure  19.10  to provide an 
anatomical context for immune physiology.   

 Lymph nodes have an afferent lymphatic supply that is fed 
by lymph draining the extravascular tissue spaces and this pro-
vides the main source of antigen for the node. Dendritic cells 
activated by local disturbance take up and process antigen, and 
then pass through afferent lymph into lymph nodes (Figure 
 19.11 ). The afferent lymph passes into the subcapsular sinus, 
which forms a lake of lymph that covers the cortical surface of 
the node. From the subcapsular sinus, lymph passes through 
intranodal lymph sinuses that surround and separate the cone -
 like segments that make up the solid tissue of the node. The 
intranodal lymphatics, as they pass the follicles and T zone, are 
diffi cult to see as they are crossed by fi brous cords. Attached to 
these and the walls of the tissue cones are macrophages and 
other poorly defi ned cells. Increased numbers of these cells in 
the intranodal lymph sinuses and similar cells in the subcapsu-
lar sinus are described by histopathologists as  sinus histiocytosis . 
The intranodal lymph sinuses passing the medullary cords 
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     Figure 19.10     The main compartments of a lymph node. Note 

that the size of the marginal zone is variable; although it is often 

obvious in mesenteric lymph nodes, it may not be obvious in 

small nodes such as the popliteal nodes, particularly if these have 

not been sites of recent immune responses.  
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zone. These blasts, now termed  centroblasts , activate the somatic 
hypermutation mechanism that acts on their rearranged immu-
noglobulin V - region genes. Centroblasts continually give rise to 
 centrocytes , non - dividing cells that migrate into the FDC 

cell (FDC) network become fi lled with blasts. At this stage, 
changes occur whereby the classical germinal centre structures 
of dark and light zones develop. The dark zone is formed by the 
blasts moving to the edge of the FDC network next to the T 
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     Figure 19.11     T - cell priming and T - cell - dependent B - cell 

activation in a lymph node. Local disturbance induces dendritic 

cells in the tissues to take up material from their surroundings. 

Ingested proteins are processed to peptides inside the cell (see 

Figure  19.3 ). Dendritic cells that have taken up antigen migrate 

through afferent lymphatics to draining lymph nodes or through 

the blood to the spleen. By the time they reach a T zone, they 

have differentiated into interdigitating cells (IDCs), which are 

specialized at presenting antigenic peptides, held in MHC 

molecules, to recirculating T cells. Virgin T cells migrating 

through the T zones move over the surface of the interdigitating 

cells and are activated if they meet antigen they recognize. As the 

result of this priming process, they move to the outer T zone and 

become targets for B cells that have taken up and processed 

antigen. The primed as opposed to virgin T cells are able to 

deliver costimulatory signals via CD40 and B7.1 and B7.2 to B 

cells that specifi cally engage their TCR. B cells activated in this 

way migrate to extrafollicular foci of B - cell proliferation  –  the 

medullary cords in lymph nodes  –  where they generate short -

 lived plasma cells. Other B cells migrate to follicles where they 

may form germinal centres. T cells, after a brief period of 

proliferation in the T zone, either leave the node as effector cells/

recirculating memory T cells or migrate to follicles, where they 

proliferate further and participate in the selection of B cells that 

have mutated the immunoglobulin variable - region genes in 

germinal centres (see Figure  19.14 ). The consequences of this 

cognate T cell – B cell interaction are described in more detail in 

the text.  
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network that forms the light zone of the germinal centre. 
Centrocytes either leave the light zone within 12 hours or die 
 in situ . They can leave the light zone only if they receive antigen -
 specifi c selection signals (Figure  19.13 ).   

 Centrocytes pick up antigen from FDCs in order to process 
peptides for T - cell recognition. This requirement for the B cells 
to receive T - cell help in the germinal centre protects against 
potential autoimmune responses as those B cells that have 
developed reactivity against autoantigens are unlikely to receive 
selection signals from germinal centre T cells. Centrocytes that 
survive selection within germinal centres leave the light zone as 
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     Figure 19.12     Surface molecules involved in T - dependent B - cell 

activation in T zones. B cells take up antigen that they bind 

specifi cally through their surface immunoglobulin. This is 

internalized, broken down to peptides and the peptides are 

presented on the B - cell surface, held in the peptide - binding 

grooves of MHC class II molecules (see Figure  19.3 ). Cross -

 linking of surface immunoglobulin by antigen induces the 

endocytosis of the antigen – antibody complex and signals 

upregulation of CD40 expression and  de novo  B7.1 and B7.2 

expression. If this B cell interacts with a primed T cell that 

recognizes the peptide complex with class II MHC molecules, 

there will be costimulation through the molecule CD28, which is 

constitutively expressed by CD4 T cells, and this can result in 

further signalling through costimulatory molecules that are 

transiently expressed on the T - cell surface; CD40 ligand 

exemplifi es these transiently expressed signalling molecules. 

These interactions can lead to B -  and T - cell proliferation and 

differentiation and may also induce cytokine secretion by the 

cells. Cytokine receptor expression by the B cell and the T cell is 

initiated or upregulated. The arrows indicate that TCR 

engagement induces CD40 ligand expression and that 

engagement of these molecules by their counterstructures on the 

B cell delivers further signals to the T cell. CD40 ligation induces 

immunoglobulin class switching in the B cell and migration as 

indicated in Figure  19.11 .  
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T cellSelected
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with antigen
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on FDC

Failed
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Death by
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proliferate to produce centrocytes

Plasma cell Memory B cell

FDC

     Figure 19.13     Selection of cells that have undergone 

immunoglobulin V - region gene hypermutation in germinal 

centres. The hypermutation mechanism is active in centroblasts, 

which are the rapidly dividing cells of the dark zone that give rise 

to centrocytes. Centrocytes die by apoptosis unless they (i) pick 

up and process antigen held on follicular dendritic cells (FDCs) 

and (ii) fi nd a T cell in the germinal centre that recognizes the 

peptides from this antigen presented on centrocytes in 

association with self class II. The T cell - dependent selection 

mechanism makes it unlikely that centrocytes with mutated 

immunoglobulin V - region genes that encode self - reactive 

antibody will be selected. Most B cells that are selected leave the 

germinal centre to (i) migrate to distant sites of antibody 

production, the gut or bone marrow, where they differentiate to 

become plasma cells and (ii) differentiate into memory B cells. 

Some selected cells remain within the germinal centre and return 

to the dark zone as centroblasts.  
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although the last of these is mainly produced by macrophages 
and osteoclasts. 

  Th17 cells  produce large amounts of the cytokine IL - 17 and 
are associated with infl ammatory disorders. They may play an 
important role in the control of fungal disease and could rep-
resent an important target for future immunotherapeutic 
interventions. 

 The balance between Th1 and Th2 cells can be an important 
determinant of immunopathology. Tuberculoid leprosy exem-
plifi es apparent dominance of a Th1 response, while atopic 
disease seems to refl ect an imbalance towards Th2. Nevertheless, 
manipulation of these cytokine networks provides a potential 
means of modifying established immune responses to avoid 
the complications associated with overactivity of either Th1 or 
Th2 cells.  

either plasmablasts or memory B cells. The plasmablasts migrate 
to bone marrow or the lamina propria of the gut and differenti-
ate into plasma cells. 

  Immunoglobulin  c lass  s witching 

 Most plasma cells and memory B cells undergo  switch recom-
bination  in which rearranged V - region genes become linked 
to heavy chain constant region genes downstream from IgD. 
This process is similar to immunoglobulin variable gene 
rearrangement, with the DNA forming loops between comple-
mentary switch region genes that lie upstream of each set of 
heavy chain gene exons. The order of the heavy chain constant -
 region genes that encode the different heavy chain isotypes is 
located downstream from the variable - region genes:  µ ,  δ ,  γ 3,  γ 1, 
a non - functional pseudo -  ε  gene,  α 1,  γ 2,  γ 4,  ε  and  α 2. Thus, 
switching to  γ 2 involves looping out  µ ,  δ ,  γ 3,  γ 1, pseudo -  ε  and 
 α 1. Switch recombination within B cells is driven by cytokines 
produced following recognition by antigen - specifi c T cells, and 
variation in the distribution of immunoglobulin isotypes 
underlies disorders such as allergy in which there is excess IgE 
production.  

  Differentiation of  p rimed  T   c ells  i nto 
 e ffector  c ells 

 Following recognition of antigen, most CD8  +   T cells differenti-
ate into cytotoxic effector cells. Differentiation of primed CD4  +   
cells is directed into one of four major pathways (Figure  19.14 ) 
and it appears that factors such as the nature of the antigen, 
associated infl ammatory stimuli and the affi nity of T - cell 
engagement can infl uence the subtype of CD4 T cell that is 
produced. CD4  +   T cells stimulated in the presence of IL - 12, 
which is produced by macrophages, and dendritic cells are more 
likely to differentiate into Th1 cells. IFN -  γ  secreted by NK cells 
or Th1 cells themselves has a similar effect, which is partly 
attributable to inhibition of differentiation towards Th2 cells. 
In contrast, IL - 4 produced by either NKT cells or Th2 cells 
promotes production of Th2 cells and inhibits Th1 cell 
formation.   

  Th1 cells  produce cytokines that are associated with macro-
phage activation, granuloma formation and delayed hypersen-
sitivity. These cytokines are principally IL - 2, IFN -  γ  and TNF -  β . 
Macrophages work in concert with Th1 cells to provide a major 
mechanism by which mycobacteria and other pathogens are 
destroyed. Infl ammatory CD4  +   T cells enhance this activity 
through the action of cytokines following recognition of pep-
tides presented by MHC class II molecules on macrophages. 
Some Th1 cells have cytolytic potential and can kill infected 
macrophages through granzyme/perforin or Fas ligand. 

  Th2 cells  produce cytokines associated with antibody produc-
tion, particularly IL - 4, IL - 10 and, in some instances, IL - 6, 

Virgin
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     Figure 19.14     Maturation pathways of CD4  +   T helper cells. CD4  +   

T cells that have been activated by antigen acquire the capacity to 

produce cytokines. The cytokines that they produce depends on 

the environment in which they are activated. Two major subsets 

of effector Th cell are recognized, Th1 and Th2 cells. The 

cytokines produced by Th1 cells tend to promote further Th1 cell 

formation and inhibit Th2 cell formation, and IL - 4 produced by 

Th2 cells promotes further differentiation towards Th2 cells. 

Th1 - promoting cytokines are also produced by activated 

macrophages, dendritic cells and NK cells, whereas mast cells 

produce IL - 4. Th17 cells are an additional effector subset that is 

induced through the activity of IL - 23 and produce large amounts 

of IL - 17 and IL - 22. T regulatory cells can be induced through the 

activity of transforming growth factor (TGF) -  β  and play an 

important role in the control of autoimmune responses. IDC, 

interdigitating dendritic cell.  
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their sequence, and the CXC chemokines, in which these two 
cysteine residues are separated by another amino acid. 
Chemokine receptors are integral membrane proteins linked to 
G - proteins and have seven membrane - spanning domains. They 
are classifi ed according to the type of chemokine that they bind, 
i.e. CCR1 – 9 and CXCR1 – 5. Cells that express chemokine recep-
tors are attracted towards an increasing concentration of chem-
okine molecules, and these interactions are critical to many 
functions of the innate and adaptive immune response (Table 
 19.6 ). Some chemokines are expressed in a constitutive fashion, 
whereas others are released in response to infl ammation.    

  Interpretation of  b lood  l ymphocyte 
 c ounts 

 Blood provides the most accessible view of the lymphoid system 
but it must be remembered that peripheral blood contains only 
around 2% of total body lymphocytes. The cells present in the 
blood are in transit and many are recirculating T and B lym-
phocytes that will pass rapidly into secondary lymphoid organs 
in less than 30   min. 

 The numbers of different lymphocyte subsets normally found 
in the blood in different age groups is given in Table  19.7 . These 
numbers are derived from studies in which whole blood was 
labelled by fl uorescent dye/monoclonal antibody conjugates, 
followed by red cell lysis and fl ow cytometry. When this method 
is used to measure the proportion of lymphocytes that belong 
to different subsets, much of the interlaboratory variation that 

  Regulatory  CD 4  +   T  c ells 

 Immunological tolerance is mediated by a number of mecha-
nisms, including deletion of self - reactive B and T cells in the 
bone marrow and thymus respectively. In addition, it is now 
clear that a specialized population of T lymphocytes can actively 
suppress immune responses. These cells have been termed regu-
latory T (Treg) cells and their dominant phenotype is that of 
expression of the transcription factor FoxP3 in association with 
CD4. In addition, these cells usually express high levels of 
CD25, the IL - 2 receptor  α  - chain, as well as low levels of CD127, 
a component of the IL - 7 receptor. Treg cells are involved in 
maintenance of peripheral T - cell tolerance to self antigens and 
protection against autoimmunity. They constitute approxi-
mately 1 – 5% of peripheral blood CD4 lymphocytes and may be 
derived either from a discrete thymic lineage (natural Treg cells) 
or following the differentiation of CD4 + CD25  −   T cells in the 
presence of cytokines such as transforming growth factor 
(TGF) -  β  (induced Treg cells). The role of Treg cells in a range 
of human diseases is being explored at present and typically they 
are defi cient, in either number or function, in autoimmune 
disorders while relative overactivity may be apparent in malig-
nant disease. Immunotherapeutic strategies that involve cellular 
therapy with Treg cells, or which utilize reagents such as anti -
 CTLA - 4 antibody to suppress their function, are now in clinical 
trial.   

  Cytokines and  t heir  c lassifi cation 

 Cytokines are soluble proteins produced by leucocytes and 
other cells that infl uence the behaviour of cells that carry 
cytokine receptors. Many are secreted, but others, such as TNF -
  α , are cell membrane proteins that are active when bound to 
the cell that produced them but which also have activity as a 
soluble protein. The potency of cytokines  in vivo  has been 
exemplifi ed clearly by the dramatic effects of recombinant gran-
ulocyte colony - stimulating factor (G - CSF) in inducing acceler-
ated recovery of neutrophil counts after the administration of 
myelotoxic therapy and the effect of interferon alfa in the man-
agement of haematological malignancies. It seems likely that 
many cytokines act only at very short range and some appear 
to be more potent as membrane - bound forms than as released 
proteins. The families of cytokines are summarized in Table 
 19.4  and a fuller description of the known cytokines that act on 
cells of the immune system is given in Table  19.5 .    

  Chemokines and  t heir  c lassifi cation 

 Chemokines are a class of cytokines with chemoattractant prop-
erties and are all related in sequence. There are two groups, the 
CC chemokines, which have two adjacent cysteine residues in 

  Table 19.4    The cytokine and cytokine receptor families. 

   Cytokine family     Members of family     Type of receptor  

   β  - Trefoil    IL - 1 α , IL - 1 β     Immunoglobulin 

family  

  Haematopoietins    IL - 2, IL - 3, IL - 4, 

IL - 5, IL - 6, IL - 7, 

IL - 9, IL - 13, 

IL - 15, GM - CSF  

  Class I cytokine 

receptor  

  IL - 10, interferons    Class II cytokine 

receptor  

  Tumour necrosis 

factor  
  TNF -  α , TNF -  β     Nerve growth factor 

receptor family  

  Cysteine knot    NGF    Nerve growth factor 

receptor family  

  TGF -  β     Serine threonine 

kinase  

  Chemokines    IL - 8, MIP - 1 α , 

MIP - 1 β , I - 309, 

MCP - 1, MCP - 2, 

MCP - 3,  γ IP - 10  

  Rhodopsin family  



Po
stg

rad
u

ate H
aem

ato
lo

g
y

360

  Table 19.5    The main cytokines that have been described as having activity on cells of the immune system. 

   Cytokine     Molecular family 

(molecular mass)  

   Cytokine produced by     Family and size of receptors     Receptors expressed by     Immunological actions  

  IL - 1 α      β  - Trefoil 

(17.5   kDa)  

  Macrophage, epithelia    Immunoglobulin superfamily: 

type I (CD121a, 80   kDa), type 

I (CD121b, 60 – 68   kDa)  

  Very broad, including 

T, B and NK cells  

  Activates T, macrophage, is 

pyrogenic  

  IL - 1 β      β  - Trefoil 

(17.3   kDa)  

  Macrophage, epithelia    As IL - 1 α     As IL - 1 α     Activates T, macrophage, is 

pyrogenic  

  IL - 2 (TCGF)    Haematopoietin 

(15 – 20   kDa)  

  Th0 and Th1    CKR class I:  α  (CD25, 

55   kDa)   +    β  (CD122, 

70 – 75   kDa)   +    γ  c  (64   kDa)  

  Activated T, some B, 

NK, macrophage  

  Induces T growth and 

differentiation; also 

induces growth and 

differentiation of some B  

  IL - 3 (multi - CSF)    Haematopoietin 

(14 – 30   kDa)  

  T, thymic epithelium    CKR class I:  α  (CD123, 

70   kDa)   +    β  c  (KH97, 120   kDa)  

  Haemopoietic, B, 

macrophage  

  Apart from effect on 

haemopoiesis, induces 

growth and differentiation 

of some B  

  IL - 4    Haematopoietin 

(15 – 19   kDa)  

  Th2, mast, marrow 

stroma  
  CKR class I:  α  (CD124, 

140   kDa)   +    γ  c   

  Activated B and some T, 

others  

  B growth, switch to IgG4 

and IgE  

  IL - 5    Haematopoietin 

(45   kDa)  

  T, mast, eosinophil    CKR class I:  α  (CD125, 

60   kDa)   +    β  c   

  Eosinophil and basophil    Eosinophil growth and 

differentiation; growth 

and differentiation of 

mouse but not human B  

  IL - 6    Haematopoietin 

(26   kDa)  

  T, macrophage, some 

B, osteoclast, others  

  CKR class I: CD126 

(gp80)   +   CD130 (gp130)  

  Activated B, plasma, T, 

macrophage, others  

  Infl ammatory, cytokine 

induces acute - phase 

reaction, plasmacytoma 

growth factor, infl uences 

T and B activity  

  IL - 7    Haematopoietin 

(20 – 25   kDa)  

  Bone marrow and 

thymic stroma  
  CKR class I: CD127 (68   kDa)  +  γ  c     T and B progenitors, 

mature T  

  Pre - B and thymocyte 

growth, some action on 

mature T  
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   Cytokine     Molecular family 

(molecular mass)  

   Cytokine produced by     Family and size of receptors     Receptors expressed by     Immunological actions  

  IL - 8    Chemokine (7   kDa)    Lymphocyte, 

macrophage, 

granulocyte, 

endothelia, others  

  Rhodopsin family: CDw128 

(40   kDa)  

  Neutrophil, basophil, 

some lymphocyte  

  Chemoattractant neutrophil 

and basophil, 

infl ammatory and 

angiogenic  

  IL - 9    Haematopoietin 

(35   kDa)  

  Th2    CKR class I: IL - 9R (64   kDa), 

may associate with  γ  c   

  Th, macrophage    Growth T, erythroblast, 

mast and 

megakaryoblastic 

leukaemia lines  

  IL - 10    Haematopoietin 

(35 – 40   kDa)  
  Th0, Th2, m φ     CKR class II (90 – 110   kDa)    B, T    Suppresses macrophage 

activation by Th1 and 

NK, with TGF -  β  induces 

B switch to IgA  

  IL - 11    Haematopoietin? 

(23   kDa)  

  Fibroblasts    Unassigned: IL - 11R (151   kDa)    Plasmacytoma, 

haemopoietic  

  Plasmacytoma, 

megakaryocyte and 

macrophage precursor 

growth factor  

  IL - 12    Unassigned (35  +  

40   kDa)  

  B, macrophage    CKR class I? IL - 12R(180   kDa)    T, NK    Differentiation Th0 to Th1, 

promotes NK cytotoxic 

activity, induces IFN -  γ  

secretion  

  IL - 13    Haematopoietin 

(132   kDa)  

  T    CKR class I (IL - 13R may share 

components with IL - 4R)  

  ?    Growth and differentiation 

of B; like IL - 4, suppresses 

production of IL - 1 β , IL - 6, 

TNF -  α  by activated 

macrophage  

  IL - 14    Unassigned 

(60   kDa)  

  T, some B    Unassigned: IL - 14R    B    B growth factor, inhibits 

immunoglobulin synthesis  

  IL - 15    Probably 

haematopoietin 

(14   kDa)  

  Epithelial, 

macrophage  
  CKR class I: includes IL - 2R  β  

and  γ  c  but not CD25  

  ?    Actions like IL - 2  

  GM - CSF    Haematopoietin 

(22   kDa)  

  T cells, macrophage    CKR class I:  α  (CDw116)  +  β  c     GM series, Langerhans, 

others  

  GM precursor growth and 

differentiation, some 

plasmablasts  
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   Cytokine     Molecular family 

(molecular mass)  

   Cytokine produced by     Family and size of receptors     Receptors expressed by     Immunological actions  

  IFN -  γ     Haematopoietin 

(40 – 70   kDa)  

  T, NK    CKR class II: CDw119    Leucocyte, others    Macrophage and NK 

activation, expression 

MHC class I raised  

  IFN -  α     Haematopoietin, 

many isoforms 

(16 – 21   kDa)  

  Leucocytes    CKR class II: complex includes 

CD118  

  Most cells    Growth, differentiation of 

some B, expression MHC 

class I raised  

  NGF    Cysteine knot 

(26   kDa)  

  Nervous system, 

prostate  

  NGFR (70 – 75   kDa)    Neurones, B, 

macrophage  

  Apart from role in nervous 

system, growth and 

differentiation B  

  TNF -  α     TNF family 

(52   kDa)  
  Activated m φ , NK, T, 

B, fi broblast  

  NGF family: type I CD120a 

(gp55); type II CD120b 

(gp75)  

  Type I most cells, not 

resting T or red, type 

II haemopoietic  

  Induces apoptosis of some 

transformed cells 

synergizing with IFN -  γ , 

infl ammation, lymphocyte 

growth synergy with IL - 6  

  TNF -  β  

(lymphotoxin)  

  TNF family 

(soluble, 25   kDa)  

  Activated T and B    NGF family: as TNF -  α Rs        Induces apoptosis of some 

cells, infl ammation, 

fi broblast growth factor  

  TGF -  β     Cysteine knot 

(25   kDa    ×    2), 

there are three 

isoforms  

  Platelet, T, 

macrophage, others  

  Serine/threonine kinase: type I 

and II high affi nity and type 

III low affi nity (53, 65 and 

250 – 350   kDa) act in concert  

  Most    Inhibits cell growth, 

involved in wound repair 

and bone remodelling  

   This list is not comprehensive and some of the information about the function of these molecules is based on studies  in vitro  that will not necessarily be found to be relevant 

to activity  in vivo .  

   β  c  and  γ  c , common receptors shared by more than one of the class I cytokine receptor family; CKR, cytokine receptor family; CSF, colony - stimulating factor;  ‘ growth ’ , used 

to mean proliferation of cells; GM, granulocyte macrophage, IFN, interferon; IL, interleukin; NGF, nerve growth factor; R, receptor; TCGF, thymus cell growth factor; TGF, 

transforming growth factor; Th, helper T cell; TNF, tumour necrosis factor. 

 The word  ‘ cell ’  has been omitted, e.g. T for T cell.   

Table 19.5 Continued
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morning; accordingly, time of sampling should be taken into 
account. 

 Increased number of effector cells in the blood usually refl ects 
an active immune response. Analysis of the phenotype of these 
effector cells provides some information on the type of immune 
response, especially in differentiating between cytotoxic and 
infl ammatory CD4  +   T cells. Particularly in viral infections, this 
response may be of suffi cient magnitude to cause a lymphocy-
tosis. Some non - malignant causes of lymphocytosis are given 
in Table  19.8 .   

 Redistribution of lymphocytes is probably the cause of the 
lymphocytosis seen in  Bordetella pertussis  infection. Although 
lymphocytosis is uncommon in bacterial infections, in children 
over the age of 6 months the second and third weeks of infection 

is observed in calculating absolute numbers of subsets can be 
attributed to the method of measuring the total white cell count 
and the percentage of lymphocytes. A wide range of results is 
to be expected between different individuals. The most consist-
ent variation is seen in childhood, but from adolescence 
onwards age - related changes are small and there is also little 
difference in relation to ethnicity or gender.   

 Alteration of the lymphocyte count can result from an 
absolute change in the number of cells or alteration in the dis-
tribution of lymphocytes within tissues. Redistribution of lym-
phocytes accounts for much of the variation in lymphocyte 
subset numbers found in serial measurements within a healthy 
individual. Some of these changes in lymphocyte number follow 
a diurnal pattern, with peak levels at night and nadir in the 

  Table 19.6    The major chemokines within the  CXC  and  CC  subgroups. 

   Chemokine     Production     Receptors     Cells that are attracted     Effects  

   CXC subgroup   

  IL - 8    Monocytes 

 Macrophages 

 Fibroblasts  

  CXCR1 

 CXCR2  

  Neutrophils 

 T cells  

  Infl ammation 

 Angiogenesis  

   β  - TG    Platelets    CXCR2    Neutrophils    Infl ammation  

  GRO α , β , γ     Monocytes 

 Endothelium  

  CXCR2    Neutrophils 

 T cells 

 Fibroblasts  

  Infl ammation 

 Angiogenesis  

  IP - 10    Endothelium 

 Monocytes 

 T cells 

 Fibroblasts  

  CXCR3    T cells 

 NK cells 

 Monocytes  

  Promotes Th1 immunity 

 Immunostimulation  

  SDF - 1    Stromal cells    CXCR4    Stem cells 

 Lymphocytes  

  Stem cell homing 

 Haemopoiesis  

   CC subgroup   

  MIP - 1 α     Monocytes 

 T cells 

 Fibroblasts  

  CCR1, 3, 5    Monocytes 

 NK and T cells 

 Dendritic cells  

  Th1 immunity  

  MIP - 1 β     Monocytes 

 Macrophages 

 Neutrophils 

 Endothelium  

  CCR1, 3, 5    Monocytes 

 NK and T cells 

 Dendritic cells  

  Th immunity  

  MCP - 1    Monocytes 

 Macrophages 

 Fibroblasts 

 Keratinocytes  

  CCR2B    Monocytes 

 NK and T cells 

 Dendritic cells  

  Th2 immunity  

  RANTES    T cells 

 Endothelium 

 Platelets  

  CCR1, 3, 5    Monocytes 

 NK and T cells 

 Dendritic cells  

  Infl ammation 

 T - cell activation  

  Eotaxin    Endothelium 

 Monocytes 

 Epithelium  

  CCR3    Eosinophils 

 Monocytes 

 T cells  

  Allergy  
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  Table 19.7    Normal ranges for lymphocyte subsets in the blood.   *    

   Percentile     0 – 2 

months  

   2 – 3 

months  

   4 – 8 

months  

   1 – 2 years     2 – 5 years     5 – 12 years     Adults  

   5     95     5     95     5     95     5     95     5     95     5     95     5     95  

  Total lymphocytes    3.2    8.5    2.9    8.8    3.6    8.8    2.2    8.3    2.4    5.8    1.8    5.8    1.0    3.4  

  CD3  +   (all  α  β  and  γ  δ  T cells)            2.1    6.5    2.3    6.5    1.5    5.4    1.6    4.2    0.9    2.6    0.6    2.5  

  CD4  +   (class II MHC -

 restricted  α  β  T cells)  

  1.2    5.3    1.4    5.6    1.4    5.7    1.0    3.6    0.9    2.9    0.5    1.4    0.35    1.5  

  CD8  +   (class I MHC - restricted 

 α  β  T cells, some  γ  δ  T cells 

and NK cells)  

          0.7    2.5    0.7    2.5    0.6    2.2    0.6    1.9    0.4    1.2    0.23    1.1  

  CD4/CD8 ratio    1.1    4.5    1.1    4.4    1.1    4.2    1.0    3.0    0.9    2.7            0.66    3.5  

  CD3  −  CD57  +   or CD56  +   NK 

cells  

                  0.3    0.7            0.2    0.6            0.2    0.7  

  CD19  +   or s κ   +   or s λ   +   total B 

cells  

                  0.5    1.5            0.5    1.3            0.04    0.7  

   There is considerable variation in the normal ranges reported from different studies and this table is only intended to be illustrative.  

   * All values (except CD4/CD8 ratio) are  × 10 9 /L.   

  Table 19.8    Non - malignant causes of lymphocytosis. 

   Viral infections   

  Infectious lymphocytosis, infectious mononucleosis, 

cytomegalovirus infection; occasionally rubella, hepatitis, 

adenoviruses, varicella, HIV, human herpesvirus 6, mumps, 

chickenpox, dengue  

   Bacterial infections   

  Pertussis; occasionally healing tuberculosis, brucellosis, secondary 

and congenital syphilis, cat scratch fever, typhoid fever, 

diphtheria  

   Protozoal infections   

  Toxoplasmosis; occasionally malaria  

   Other conditions   

  Serum sickness, allergic drug reactions, splenectomy, dermatitis 

herpetiformis, metastatic melanoma, hyperthyroidism, congenital 

adrenal hyperplasia  

with pertussis are usually associated with a lymphocytosis in 
excess of 10    ×    10 9 /L (in some cases  >    50    ×    10 9 /L). The lymphocy-
tosis consists of small lymphocytes and is believed to be caused 
by a protein toxin from  B. pertussis  that prevents migration of 
lymphocytes across endothelium into tissue. 

  Acute infectious lymphocytosis  is a benign disease, usually of 
children. In most cases there are no symptoms, but in some 
there is fever and in a small proportion gastrointestinal symp-

toms. Increase in the size of secondary lymphoid organs, 
anaemia and thrombocytopenia are rare. There is an increased 
number of small lymphocytes, persisting for 3 – 7 weeks, with an 
average peak level of 30 – 40    ×    10 9 /L. This is usually associated 
with an eosinophilia (average 2    ×    10 9 /L), but the aetiology of 
the condition is unknown. 

  Lymphopenia  some lymphopenias predominantly refl ect 
redistribution rather than a depletion of total body lymphocyte 
numbers. A dramatic short - term lymphopenia is induced by 
corticosteroids. This causes the retention of lymphocytes in 
secondary lymphoid organs but these are released again after 
about 2 days and the blood lymphocyte count returns to near -
 normal levels. Endogenous secretion of corticosteroids during 
acute illnesses may be partly responsible for the lymphopenias 
often seen in conditions such as heart failure or pneumonia. In 
many other conditions, lymphopenia refl ects an increased rate 
of death of lymphocytes and/or a reduction in their rate of 
formation. Some of the causes of secondary lymphopenia are 
listed in Table  19.9 . A normal absolute lymphocyte count can 
belie an underlying defi cit of one or more lymphocyte subsets. 
This is often seen in HIV infection, when a severe defi cit of 
CD4  +   T cells may be disguised by expansion of CD8  +   T cells.    

  Infectious  m ononucleosis 

 Infectious mononucleosis (IM) is caused by Epstein – Barr virus 
(EBV), which infects B lymphocytes. EBV enters B cells via 
CD21, a surface receptor for the C3d component of comple-
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value. Positive throat swabs for  β  - haemolytic streptococci are 
frequently found. Bilateral non - infl ammatory cervical lym-
phadenopathy is almost invariable, and inguinal and axillary 
lymphadenopathy is usual. The spleen is palpable in more than 
half of cases, although only occasionally does it extend to the 
iliac crest. These secondary lymphoid organs increase in size in 
the fi rst week and subside slowly after the second week. Slight 
hepatomegaly and jaundice occurs in about 10% of cases. Fever 
is present in most cases but of no characteristic type and may 
be transient. A few patients develop a fi ne macular rash, but 
rashes are more usually found as temporary reactions to penicil-
lin and especially ampicillin.  

  Blood  p icture 

 In most patients, IM is associated with a leucocytosis; this peaks 
in the second and third weeks and usually persists for 1 – 2 
months (the fi rst week is occasionally associated with a leuco-
penia). In two - thirds of patients, the leucocytosis ranges from 
10 to 20    ×    10 9 /L but in some cases may substantially exceed 
these levels. The leucocytosis is attributable to an absolute 
increase in numbers of both normal small lymphocytes and of 
activated T cells (atypical lymphocytes). Most of the activated 
cells are CD8  +   T cells but they also include CD4  +   T cells and 
CD3  −   NK cells. Most of these activated lymphocytes are cyto-
toxic for virus - infected cells and target viral peptides presented 
on MHC class I molecules. Although infection of B cells by EBV 
stimulates their proliferation, this appears to be controlled by 
the T - cell response such that the proportion of blood mononu-
clear cells that is EBV infected rarely exceeds 0.1%. 

 A peripheral neutrophilia may be seen early in the disease, 
but a neutropenia is equally common and eosinophilia is not 
unusual. Thrombocytopenia may occur and is occasionally 
severe. Anaemia is rare and then usually associated with anti - i 
antibodies. EBV infection may trigger a haemophagocytic syn-
drome in rare cases.  

  Serological  c hanges 

 Three categories of antibody are produced as a result of EBV 
infection: virus specifi c, heterophile and autoimmune. The fi rst 
virus - specifi c antibodies to appear are directed against the EBV 
capsid antigen (VCA). IgM anti - VCA antibodies probably 
develop during the incubation period and peak in the second 
week of the illness followed by a rapid decline. IgG anti - VCA 
antibodies peak in the second to third weeks and persist for life. 
Most patients also have a transient response to EBV early 
antigen (EA), which peaks in weeks 2 – 3. Antibodies to EBV 
nuclear antigen (EBNA) do not develop until some weeks into 
the illness but are present lifelong in all patients by 6 months. 
Serological diagnosis of acute IM is most accurately made by 
the presence of IgM anti - VCA and anti - EA antibodies and the 
absence of anti - EBNA antibodies. 

ment. After the acute infection has been resolved, lifelong sub-
clinical infection is maintained, with a low frequency of infected 
B cells and detectable virus in the saliva  –  a main vehicle for 
contagion. 

 EBV infection of children usually results in immunity without 
development of the typical clinical manifestations of IM. This 
immunity can be detected serologically and is associated with 
lifelong protection. Usually only after the age of 10 years is 
infection by EBV associated with the clinical manifestations of 
IM. In developing countries, the rate of seroconversion before 
the age of 10 years can be so high that clinically evident IM 
is rare. IM has its highest prevalence in young adults and a 
study of medical students showed that the syndrome was seen 
in 25% of individuals who underwent seroconversion. It is 
uncommon after the age of 30 years and rare after the age of 40 
years. The determinants of clinical symptoms are unknown 
but may relate to host immunogenotype, viral load or viral 
polymorphisms. 

  Clinical  f eatures 

 The symptoms of IM usually develop abruptly, with fatigue, 
malaise and fever after an incubation period of up to 7 weeks. 
These symptoms last for about 3 weeks. Sore throat occurs in 
over 80% of cases and is usually accompanied by anorexia and 
nausea. The sore throat develops in the fi rst week and subsides 
in the second week, rarely generating severe symptoms or 
massive tonsillar/pharyngeal oedema. Sharply defi ned red spots 
at the junction of the soft and hard palates are of diagnostic 

  Table 19.9    Causes of secondary lymphopenia. 

   Infections   

  Infl uenza; occasionally other viral infections, colorado tick fever, 

miliary tuberculosis, pneumonia, septicaemia, malaria, HIV  

   Loss of lymphocytes   

  Intestinal lymphangiectasia, Whipple disease, severe right - sided 

heart failure, rarely infl ammatory bowel disease, lymphatic fi stula  

   Therapeutic procedures   

  Radiotherapy, anti - lymphocyte globulin, corticosteroids, 

cytotoxic drugs, purine analogues  

   Neoplastic conditions   

  Metastatic carcinoma, advanced Hodgkin disease  

   Nutritional/metabolic   

  B 12  or folate defi ciency, zinc defi ciency, uraemia  

   Other conditions   

  Systemic lupus erythematosus and other collagen vascular 

diseases, myasthenia gravis, aplastic anaemia, graft - versus - host 

disease, pancreatic necrosis, sarcoidosis, idiopathic  
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 X - linked lymphoproliferative syndrome (Duncan syndrome) 
is a rare inherited X - linked condition in which there is specifi c 
immunodefi ciency against EBV. These individuals may die as a 
result of primary infection or the subsequent development of 
an EBV - driven B - cell lymphoma. Patients receiving immuno-
suppressive therapy for allografts and who are carriers of EBV 
can develop proliferations of B lymphocytes that carry the EBV 
genome. These cases of  post - transplant lymphoproliferative 
disease  are heterogeneous, and B - cell proliferations vary from a 
polyclonal diffuse B - cell hyperplasia to monoclonal B - cell lym-
phomas. There is evidence for a causal role of EBV in the devel-
opment of Burkitt lymphoma, in association with both HIV 
infection and in the form endemic in African children. In less 
than 20% of sporadic cases of Burkitt lymphoma, EBV -
 associated DNA can be demonstrated in the lymphoma cells.  

  Secondary  a ssociations of  i nfectious 
 m ononucleosis 

 In the 1950s it was reported that there was an increased inci-
dence of Hodgkin lymphoma in individuals with a history of 
IM. Although the epidemiological challenges of confi rming this 
association are profound, several very large studies have revealed 

 Paul and Bunnell demonstrated that patients with IM have 
serum agglutinins directed against sheep erythrocytes (heter-
ophile antibodies) and that a serum titre in excess of 1   :   112 is 
highly suggestive of IM. Similar agglutinins are found in low 
titre in healthy individuals (directed against Forssman antigen) 
and in some leukaemias and lymphomas as well as serum sick-
ness. However, in these conditions the heterophile antibody can 
be absorbed onto guinea pig red cells. Formalin - treated horse 
erythrocytes appear to be agglutinated exclusively by heter-
ophile antibodies of IM, and this forms the basis of the  Monospot 
test . Heterophile antibodies provide the routine serological test 
for IM but are commonly negative, particularly in children and 
in patients over the age of 25 years. EBV - specifi c serodiagnostic 
tests should be applied in cases with strong clinical suspicion 
but negative heterophile antibodies. Total serum immunoglob-
ulin levels increase around 4 weeks following onset of symp-
toms, and raised levels may persist for many months. The 
greatest proportional increase is in IgM, but IgG may also be 
raised. The specifi city of most of these immunoglobulins is 
unknown but a variety of autoantibodies may be found, includ-
ing cold - reactive anti - i antibodies, Donath – Landsteiner cold 
haemolysins and, occasionally, antibodies against smooth 
muscle, thyroid, stomach, rheumatoid factors and antinuclear 
antibodies.  

  Differential  d iagnosis and  t reatment 

 The diagnosis and course of IM are usually uncomplicated. 
Signs of signifi cant respiratory, cardiovascular, intestinal, 
urinary or joint disease make consideration of other diseases 
mandatory; some of these other diseases are listed in Table  19.8 . 
Perhaps the commonest problem is when the patient is heter-
ophile antibody negative. In this situation, other viral infec-
tions, particularly cytomegalovirus (CMV), should be 
considered, with assay for CMV - specifi c IgM. Primary EBV 
infection is rare in older patients and there may not be con-
spicuous lymphadenopathy. Occasionally, the blood picture 
may raise the suspicion of a leukaemia, in which case immu-
nophenotyping of the blood mononuclear cells may be appro-
priate. Persistent lymphadenopathy beyond a few weeks suggests 
the need for diagnostic biopsy, particularly if heterophile anti-
bodies are negative, but the possibility of a false - positive 
Monospot test should also be considered. Virus - specifi c serol-
ogy may be helpful in both these situations. 

 There is no specifi c therapy for IM. In patients with severe 
fever or lymphadenopathy, corticosteroids produce prompt 
lysis of fever and reduction of lymph node hyperplasia. Steroids 
may be indicated in management of associated haemolytic 
anaemia, thrombocytopenia, progressive neurological compli-
cations and incipient airway obstruction. Patients should be 
advised of the small risk of splenic rupture from minor abdomi-
nal trauma and contact sports should be avoided for several 
months. 
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     Figure 19.15     Relative risk of Epstein – Barr virus (EBV) - positive 

and EBV - negative Hodgkin lymphoma after infectious 

mononucleosis. Solid lines represent the relative risks of 

EBV - positive (blue) and EBV - negative (red) Hodgkin lymphoma, 

given that EBV status was determined in an unbiased way and 

that the missing data on viral status in 11 tumours were 

uninformative with respect to their true EBV status. Short dashed 

lines represent the relative risks of EBV - positive and EBV -

 negative Hodgkin lymphoma given that all tumours whose EBV 

status was unknown were EBV - positive. Long dashed lines 

represent the relative risks given that all tumours whose EBV 

status was unknown were EBV - negative. The analyses were 

restricted to the period 2 years or more after infectious 

mononucleosis.  (From Hjalgrim  et al .  2003  with permission.)   
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a defi nite association. Hjalgrim and colleagues studied 38   555 
people with a confi rmed diagnosis of IM and identifi ed 29 cases 
of Hodgkin lymphoma, of which 16 had evidence of EBV. The 
study revealed a 4.1 - fold increased risk of EBV - associated 
Hodgkin lymphoma in patients with a history of IM, with a 
median incubation time of just over 4 years to development of 
lymphoma (Figure  19.15 ).   

 IM is also associated with an increased risk of multiple scle-
rosis later in life. Thacker and colleagues have estimated this 
relative risk at 2.3 and this is likely to refl ect the growing appre-
ciation that EBV infection is associated with the pathogenesis 
of multiple sclerosis, although the mechanisms involved are 
unclear. 

 It is not yet clear whether individuals who suffer from IM 
carry a genetic predisposition to a variety of immunopathologi-
cal disorders or if these secondary events are a direct conse-
quence of the IM syndrome. However, these observations do 
offer important clues as to the pathogenesis of these important 
disorders.   
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 The spleen has several important and diverse roles in homeos-
tasis. Its normal functions are affected in a number of primary 
blood diseases as well as in other clinical disorders when its 
dysfunction can give rise to haematological abnormalities. 
These haematological effects are usually a minor phenomenon 
but in some cases may come to dominate the clinical 
presentation.        

  Evolution of the  s pleen 

 The spleen evolved around 500 million years ago with the 
appearance of the adaptive immune system between the origin 
of vertebrates and the development of the jawed vertebrates. It 
has undergone more functional and structural diversifi cation 
than the thymus and this may refl ect its varied physiological 
roles. The spleen shares a capsule of fi bromuscular tissue in all 
animals and this extends inwards as a reticular network. The 
red pulp is present in all species but there have been marked 
changes in the anatomy of the white pulp and this is likely to 
refl ect increasing sophistication of cellular immunity. 

 The spleen is derived from a condensation of mesenchymal 
cells that arise in the mesentery close to the pancreatic rudi-
ment. The mesenchymal cells differentiate into reticulum cells, 
pluripotent stem cells and colony - forming units. Together 
with the liver, the spleen has a transient role in haemopoiesis 
from the third month, continuing until birth. From about 20 
weeks the bone marrow becomes a site of haemopoiesis and this 

increases rapidly during the last trimester of pregnancy, whereas 
haemopoietic activity in the spleen disappears (Figure  20.1 ). 
There is no evidence for a specifi c inhibitor of haemopoiesis 
and the spleen remains a potential site for blood production in 
the adult, particularly for the maintenance of erythropoiesis. 
This occurs during pathological states and the development of 
such extramedullary haemopoiesis after birth is described 
below.    

  Structure and  f unction 

 The major functions of the spleen are (i) fi ltration and  ‘ quality 
control ’  of red cells within the circulation; (ii) capture and 
destruction of blood - borne pathogens; and (iii) generation of 
adaptive immune responses. In order to achieve these aims the 
spleen has evolved a unique anatomical structure that is based 
on the fi ltering of blood through two main systems. These con-
stitute a white pulp, which is concerned mainly with immuno-
logical function, and a red pulp, which regulates the selection 
of red cells for re - entry into the circulation. A major feature is 
the presence of both  ‘ open ’  and  ‘ closed ’  circulatory systems and 
these are described in detail in the subsequent sections. 

 The spleen lies in the left hypochondrium with its long axis 
beneath the proximal half of the tenth rib. Its convex surface 
rests under the diaphragm whereas the visceral surface is in 
contact with the stomach and left kidney, with the tail of the 
pancreas reaching the hilum at the medial side. The normal 
spleen weighs about 150 – 250   g but there is considerable varia-
tion between normal individuals and at various ages in the same 
individual. At puberty it weighs about 200 – 300   g but after the 
age of 65 years this decreases to 100 – 150   g or less. In the adult 
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 lined vessels; and an  open circulation , in which arterioles termi-
nate in free endings on  splenic cords  (also known as the cords 
of Billroth) and from which cells must subsequently cross an 
endothelial layer to re - enter the circulation. The cords consist 
of a fi broblast - like reticular meshwork containing numerous 
macrophages and erythrocytes and they are critical to the fi ltra-
tion function of the spleen. Red cells in the cords need to gain 
entry to a venous sinus if they are to be allowed to re - enter the 
systemic circulation. The sinuses, 20 – 40   mm in diameter, are 
lined by endothelial and adventitial cells with a basement mem-
brane and possess narrow interendothelial spaces in the sinus 
wall through which fl exible red cells may pass. Red cells with 
infl exible membranes, mostly elderly, are not able to pass 
through these gaps and are ingested by macrophages in the 
cords. The great majority of blood fl ows in this unique open 
system and only a minority of arteries enter the sinuses and 
connect directly via the collecting vein to the trabecular vein in 
a typical vascular closed system. 

 There is thus both a rapid and a slow transit component in 
the splenic circulation. The rapid transit is of the order of 
1 – 2   min, whereas the open circulation has a circulation time of 
30 – 60   min or even longer. In normal subjects, the blood fl ows 
through the spleen as rapidly as through other organs, at a rate 
of about 5% of blood volume per minute, so that each day the 
blood has repeated passages through the spleen. During the 
fl ow, by a process called  plasma skimming , the plasma and 
the leucocytes pass preferentially to the white pulp, while the 
red cells remain in the axial stream of the central artery. The 
passage of cells into the sinuses is controlled by their ability to 
squeeze through the interendothelial spaces, assisted by con-
traction of the reticular cells.  

  Blood  p ooling 

 The normal red cell content of the spleen is 30 – 70   mL, which 
represents less than 5% of the total red cell mass. When the 

its length is 8 – 13   cm, width 4.5 – 7.0   cm, surface area 45 – 80   cm 2  
and volume less than 275   cm 3 . Interestingly, up to 10% of 
people have accessory spleens, normally as a single piece of 
tissue that can be found in a variety of sites either locally or 
more distantly in the abdomen. A spleen greater than 14   cm 
long is usually palpable (see later). It enlarges in a wide range 
of diseases and has been measured at up to a massive 2   kg or 
more in some blood disorders. 

 The spleen has a complicated structure and several different 
functions. Essentially, it is enclosed by a connective tissue 
framework that extends inwards to form a fi brous network. 
Blood enters at the pelvis and the majority of vessels open into 
these open networks (the  red pulp ) before re - entering the closed 
venous system. There is no afferent lymphatic to the spleen and 
the efferent lymphatic system leaves along the route of the 
splenic vein. The spleen contains a large amount of lymphatic 
tissue that is mostly concentrated in concentric rings around 
the arterioles ( white pulp ). Between the red pulp and white pulp 
is an  intermediate marginal zone , which lies at the periphery of 
the white pulp, blending into the red pulp. 

  Splenic  b lood  fl  ow and the  r ed  p ulp 

 The circulation within the spleen is illustrated in Figure  20.2 . 
Blood is brought to the spleen via the splenic artery, which 
branches into the trabecular arteries and then arborizes in a 
pattern that lacks interarterial connections and thus effectively 
generates end arteries. The central arteries acquire a coaxial 
sheath of lymphocytes containing lymphoid follicles and this 
together constitutes the white pulp (see below). These central 
arteries then split into many arterioles and capillaries, some of 
which terminate in the white pulp while others go on to enter 
the red pulp.   

 In the red pulp there are two major forms of blood circula-
tion: a  closed system , typical of the rest of the vascular system, 
in which arteries and veins communicate through endothelial -
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splenomegaly due to cellular infi ltration, the pool is less promi-
nent. Conversely, in the congestive splenomegaly of portal 
hypertension, spleen size with an increased red cell pool is a 
dominant feature. 

 The normal spleen contains a reservoir of granulocytes that 
is in dynamic equilibrium with the circulating granulocytes. It 
represents 30 – 50% of the total marginating pool, with a mean 
transit time through the spleen of about 10   min. Splenic seques-
tration of granulocytes is thought to be responsible for the 
neutropenia that often occurs in patients with splenomegaly. 
Platelets have also been shown to have a signifi cant reservoir in 
the spleen and are rapidly interchangeable with the circulation. 
In normal subjects 20 – 40% of the total platelet mass is pooled 
in the spleen and the platelets spend up to one - third of their 
lifespan there. The pool increases when the spleen is enlarged. 
This pooling and temporary sequestration must be distin-
guished from the destruction of platelets in the spleen that 
occurs in many cases of thrombocytopenia. 

 There is no evidence that the normal spleen is involved in the 
regulation of plasma volume but splenomegaly is frequently 
associated with an increased plasma volume that may lead to a 
dilutional pseudo - anaemia. The mechanism of this effect is 
uncertain but may include expansion to fi ll the additional intra-
vascular space, activation of neurohumoral regulation, or 
protein alterations resulting in an change in colloid cellular 
osmotic pressure. The clinical importance is that in splenom-
egaly the blood count may give an exaggerated impression of 
anaemia and measurement of red cell and plasma volumes can 
be valuable.  
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     Figure 20.2     The vascular and lymphatic organization of the 

spleen. (a) Schematic representation of blood fl ow in the spleen. 

Blood enters through the splenic artery and then breaks up into 

splenic arterioles. The white pulp is an aggregation of lymphoid 

tissue around these vessels. The arterioles then open into splenic 

cords lined with macrophages. Blood must then re - enter the 

circulation by passing into a venous sinus. (b) Cross - section of 

white pulp at section A – B in (a). The central arteriole is 

surrounded a periarteriolar lymphoid sheath of T lymphocytes 

and occasional follicles that are rich in B cells. The marginal zone 

is divided into an inner and outer zone around which there is a 

large perifollicular zone. (c) Schematic representation of the 

organization of the red pulp. Blood cells are released by a splenic 

arteriole into a reticulum - lined splenic cord. Red cells that have 

fl exible membranes are able to gain entry into the venous sinus 

by passing through gaps in the endothelial lining. Cells that are 

unable to achieve this are  ‘ fi ltered ’  from the blood through 

ingestion by macrophages.  (Adapted from Mebius  &  Kraal  2005  

with permission.)   

spleen is enlarged, expansion of the vascular bed occurs. This 
results in a considerable pool with a high haematocrit and only 
a slow exchange of red cells with the general circulation. In 
states of massive hypersplenism, such as myelofi brosis, as much 
as 40% of the red cell mass may be pooled in the spleen. This 
pooling will functionally exclude a relatively large volume of red 
cells from the main arteriovenous circulation, and thus be an 
important cause of anaemia. In such cases, it should be noted 
that the red cell mass, as measured by a radionuclide labelling 
technique, may give a misleadingly normal result, whereas the 
peripheral blood packed cell volume will give a more reliable 
measurement of the effectively circulating red cell mass. In 



The spleen

371

the spleen, with T cells typically staying in the spleen for a few 
hours whereas B cells stay in the follicle and marginal zone for 
prolonged periods. At present it is not certain how lymphocytes 
exit the white pulp. 

 One interesting feature of the immunological function of the 
spleen is that it is able to act as an important site for both innate 
and adaptive immune responses. The marginal zone acts as the 
site for both of these processes, whereas the white pulp is 
restricted to adaptive immunity. Blood is fi ltered directly into 
the marginal zone and here the predominant cell populations 
are macrophages and marginal - zone B cells. The macrophages 
express a range of pattern - recognition receptors that recognize 
bacterial molecules such as lipopolysaccharide, as well as pro-
teins such as SIGNR1 and MARCO that bind directly to both 
bacteria and viruses. These cells thus act as an important fi lter 
for the clearance of blood - borne pathogens. The marginal - zone 
B cells are a unique B - cell subset that bridges the innate and 
adaptive immune responses. They are able to recognize bacte-
rial pathogens without the help of T cells and this T - independent 
antibody response consists largely of low - affi nity IgM and can 
play an important role in limiting bacterial replication. In addi-
tion, these B cells can act as antigen - presenting cells and are able 
to migrate to the periarteriolar lymphatic sheath where they 
present antigen to T cells and facilitate the production of high -
 affi nity IgG antibody. B - cell maturation and clonal expansion 
occurs in the follicles and plasmablasts, and plasma cells subse-
quently migrate to the red pulp where they are retained through 
their expression of CXCR4, which binds to CXCL12 in red pulp 
tissue. 

 The T - cell - independent antibody response produces a spec-
trum of low - affi nity IgM antibody clones that provide a fi rst 
line of immune defence against bacterial sepsis, especially from 
 Streptococcus pneumoniae ,  Haemophilus infl uenzae  type b and 
 Neisseria meningitidis . The spleen also appears to act as a defence 
against viral infections and intraerythrocyte parasitic infections 
such as  Plasmodium  and  Babesia . The singular role of the spleen 
in this regard is shown in the immunization of splenectomized 
individuals with T - independent antigens and in this case anti-
body titres are typically only 10% of those seen in control 
subjects. 

 Given these unique features it is perhaps no surprise that 
splenectomy is associated with a degree of relative immunosup-
pression. This defi ciency is not profound but there is a small 
but defi nite increase in susceptibility to infection with encapsu-
lated bacterial species.  

  Extramedullary  h aemopoiesis 

 As indicated above, the spleen is an important site of haemo-
poiesis  in utero  and retains the ability to reactivate this process 
after birth. This can occur as a compensatory erythroblastic 
hyperplasia in severe anaemia, such as chronic haemolysis, 
megaloblastic anaemia and thalassaemia major, or as a more 

  Role of the  s pleen in  e nsuring  q uality  c ontrol 
of  r ed  c ells 

 The spleen is the body ’ s largest fi lter of blood and a major 
function of the spleen is the quality control of red cells. Red 
cells are normally fl exible, whereas cells with abnormal mem-
branes, or those with inclusions that render them relatively 
infl exible, remain in the cords where they either become con-
ditioned for later transit or are destroyed.  Sequestration  is a 
reversible process whereby cells are temporarily trapped by 
adhesion to the reticular meshwork of the cords on their passage 
through the spleen. Phagocytosis is the irreversible uptake by 
macrophages of particulate matter, non - viable cells and viable 
cells that have been damaged by prolonged sequestration or by 
antibody coating. 

 In the presence of metabolically active macrophages, the 
densely packed red cells are deprived of oxygen and glucose. 
This stress increases membrane rigidity and reduces the natural 
deformability of the biconcave cell. This effect is particularly 
marked if there is an underlying abnormality of the red cell 
metabolic system, if cells are coated with antibody or if they are 
fragmented or misshapen in other ways. In these situations they 
remain trapped in the cord space and undergo phagocytosis. 
Siderotic granules, Howell – Jolly (DNA) bodies, nuclear rem-
nants and Heinz bodies are removed by culling or pitting during 
temporary sequestration. After removal of the inclusions the 
red cells return to the circulation. Reticulocytes may be retained 
in the splenic cords for a considerable proportion of the 2 – 3 
days of their maturation period and during this time they lose 
their intracellular inclusions, alter the lipid composition of their 
surface and become smaller in size. It is not clear whether the 
spleen has any special role in the removal of normal aged red 
cells and it seems more likely that such cells are removed by the 
general reticuloendothelial system, which includes both the 
spleen and the bone marrow.  

  Immunological  f unction 

 The spleen is the largest single accumulation of lymphoid tissue 
in the body and is estimated to contain 25% of the T - lymphocyte 
pool and 10 – 15% of the B - lymphocyte pool. T cells, mainly of 
the CD4 +  subtype, are found predominantly in the periarteri-
olar lymphatic sheath, whereas B cells are located in the follicles 
and marginal zones of the white pulp. There is also an abun-
dance of macrophages and dendritic cells and the architecture 
is maintained through a complex anatomical organization that 
includes a tubular conduit system that transports a range of 
chemokines and other molecules. The spleen has a unique role 
in acting as an immunological fi lter for the bloodstream. 
Lymphocytes and dendritic cells enter the splenic tissue by 
initial entry into the marginal zone, and from there can pass 
into the periarteriolar lymphatic sheath by crossing a lining of 
sinus cells. There is a constant fl ow of both T and B cells through 
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  4     increased macrophage function;  
  5     proliferative cellular infi ltration;  
  6     extramedullary haemopoiesis;  
  7     storage disease;  
  8     cysts;  
  9     solid tumours.    
 As examples, the characteristic feature of autoimmune red cell 
haemolysis is intrasinusoidal red cell phagocytosis, whereas 
hereditary spherocytosis demonstrates red cell sequestration.  

  Causes of  s plenomegaly 

 Splenomegaly is a frequent and important clinical sign. The 
diseases in which it occurs are listed in Table  20.1 . The relative 
incidence of each cause of splenomegaly is subject to geographi-
cal variation. In Western countries, leukaemia and lymphomas, 
myeloproliferative disorders, haemolytic anaemias, glandular 
fever and portal hypertension account for most cases. In tropi-
cal countries, however, the incidence of these haematological 
causes of splenomegaly is overtaken by the preponderance of 
splenic enlargement caused by the parasitic tropical infections: 
malaria, leishmaniasis and schistosomiasis.   

  Specifi c  c auses of  s plenomegaly 

     Malaria 
 Malaria demonstrates how several pathogenetic mechanisms 
may be involved in splenomegaly. There are reactive lymphoid 
changes and the red pulp sinuses dilate with expanded phago-
cytic activity. The tropical splenomegaly syndrome, associated 
with recurrent malaria, is particularly common in New Guinea 
and Central Africa.  

  Haemoglobin  d isorders 
 Splenomegaly is associated with HbC disease in West Africa, 
with HbE disease in the Far East and with thalassaemia syn-
dromes, which have a wide distribution throughout the tropics. 
HbSS sickle cell disease is usually associated with splenic 
atrophy, but the spleen usually remains enlarged in adults with 
HbS/C and HbS/ β  - thalassaemia syndromes.  

  Malignant  h aematological  d isorders 
 In primary proliferative polycythaemia, the increase in spleen 
size is mainly due to vascularity, with expansion of the red pulp 
and an increased red cell pool. In myelofi brosis, the red cell pool 
is remarkably increased and the spleen size is further augmented 
by myeloid metaplasia and expansion of the reticular elements. 
In contrast, in chronic myeloid leukaemia and lymphoprolif-
erative disorders the increase in size is attributed mainly to 
cellular infi ltration, while vascularity and red cell pooling have 
only a minor infl uence.  

generalized haemopoiesis often seen in myelofi brosis or other 
malignant disorders in the bone marrow. The mechanisms 
involved in this extramedullary haemopoiesis are poorly under-
stood. It is not clear if pluripotent stem cells are present in the 
spleen or migrate from the bone marrow. It is even conceivable 
that changes in the stroma or primary haemopoietic cells that 
arise due to the underlying pathological process are involved in 
favouring initiation of the haemopoietic process.   

  Splenomegaly and  h ypersplenism 

  Spleen  s ize 

 An enlarged spleen is a frequent and important clinical sign. It 
is thus essential to have a reliable picture of the presence and 
extent of splenomegaly. In the adult, an enlarged spleen is 
usually palpable when its length exceeds 14   cm. However, the 
measurement of spleen size by means of a physical examination 
of the abdomen is unreliable, as minor enlargement is often 
undetected by palpation and even a grossly enlarged spleen may 
be missed in an obese person. Conversely, a lax phrenic – colic 
ligament or loss of tone of the abdominal wall may give rise to 
a  ‘ wandering spleen ’  which will be palpable, as will one that is 
pushed downwards by a fl attened diaphragm in obstructive 
airways disease. 

 Reliable information is obtained by radiology through ultra-
sonic imaging, magnetic resonance imaging (MRI) and com-
puted tomography (CT), all of which give an accurate 
representation of the anatomy of the spleen and its position in 
relation to adjacent organs (Figure  20.3 ). PET - CT may be used 
to detect tumours, e.g. lymphoma in the spleen (Figure  20.3 c). 
Another method of scanning the spleen is by means of a scintil-
lation camera following radiolabelling of red cells with  51 Cr, 
 111 In or  99m Tc (Figure  20.4 ). Although laborious, it does provide 
information on the functional size of the spleen, and functional 
asplenia or atrophy is well demonstrated by this procedure. 
It is also useful in identifying abnormally positioned and 
accessory splenic tissue. It is, however, not widely available.    

  Pathological  b asis of  s plenomegaly 

 Most of the clinical interest in splenomegaly is related to 
the secondary effects or the underlying aetiology. However, 
the pathological basis of enlargement can be of value to the 
histopathologist and may prove valuable in making a 
diagnosis: 
  1     reactive increase of white pulp in infl ammation and 
infection;  
  2     congestive expansion of the red pulp compartment;  
  3     increased blood pool;  
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(b)(a)

(c)(i) (ii) (iii)

        Figure 20.3     Imaging of the spleen by various methods. (a) CT: 

transverse section showing liver (left) and spleen (right). 

(b) MRI: coronal (longitudinal) section showing liver, spleen and 

kidneys. (c, i) Ultrasound of spleen showing splenomegaly 
(15.3   cm). (ii) Normal spleen (10   cm) on computed 

tomography (CT) scan. (iii) CT scan: the spleen is enlarged 
and shows multiple low density areas. A diagnosis of diffuse 
large cell B lymphoma was made histologically after 
splenectomy. (d) Ultrasound scan of enlarged spleen. (Figures 
(c, i) and (c, ii) courtesy of Dr T. Ogunremi).  
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  Table 20.1    Causes of splenomegaly. 

   Haematological   

  Acute leukaemia  

  Chronic myeloid leukaemia  *    

  Chronic lymphocytic leukaemia  

  Malignant lymphomas (some cases present as  ‘ non - tropical 

primary splenomegaly ’ )  *    

  Chronic (primary) myelofi brosis  *    

  Polycythaemia vera  

  Essential thrombocythaemia (some cases)  

  Hairy cell leukaemia  *    

  Gaucher disease  *  , Niemann – Pick disease, Langerhans cell 

histiocytosis X  *    

  Primary splenic hyperplasia  

      ‘ Non - tropical splenomegaly ’   

     Splenic anaemia/neutropenia  

  Thalassaemia  

  Sickle - cell disease, HbSC disease and other haemoglobinopathies  

  Haemolytic anaemias  

  Acute anaemia (rare)  

  Megaloblastic anaemia (rare)  

   Systemic   

  Acute infections: septicaemia, typhoid, infectious mononucleosis, 

cytomegalovirus  

  Subacute and chronic infections: tuberculosis, syphilis, 

brucellosis, subacute bacterial endocarditis, AIDS  

  Tropical parasitic infections (tropical splenomegaly  *  ): malaria  *  , 

leishmaniasis  *  , schistosomiasis  *  , trypanosomiasis  

  Collagen diseases: systemic lupus erythematosus, rheumatoid 

arthritis (Felty)  

  Sarcoidosis  

  Amyloidosis  

  Cysts  

  Haemangiomas  

  Carcinoma (rare)  

  Congestive splenomegaly  

     Portal hypertension  

     Cirrhosis  

     Splenic/portal/hepatic vein obstruction  

     Congestive cardiac failure  

    * Common causes of splenomegaly.   

Figure 20.3 Continued

  Primary  s plenic  t umours 
 Primary splenic tumours are rare. Metastatic carcinoma, such 
as from the breast or lung, is also a rare event.  

  Portal  h ypertension 
 This may be both a cause and a consequence of splenomegaly. 
In a spleen that is massively enlarged from any cause, the huge 
increase in blood fl ow can lead to an increased portal pressure 
that leads to back - pressure on the spleen and a spiral of com-
pression leading to widening and fi brosis of the red pulp cords. 
On the other hand, portal vein obstruction due to liver disease 
can also enlarge and damage the spleen.     

  Hypersplenism 

 Hypersplenism is a clinical syndrome and does not imply a 
specifi c causal mechanism. It has the following characteristic 
features: 
  1     enlargement of the spleen;  
  2     reduction in one or more of the cell lines in the peripheral 
blood;  
  3     normal or hyperplastic cellularity of the bone marrow;  
  4     premature release of cells into peripheral blood, resulting in 
reticulocytosis and/or large immature platelets;  
  5     increased splenic red cell pool, decreased red cell survival and 
increased splenic pooling of platelets with shortening of their 
lifespan.    
 It is not possible to determine all these criteria in each case and 
the diagnosis of hypersplenism is ultimately confi rmed by the 
response to splenectomy. Most of the diseases listed in Table 
 20.1  can give rise to secondary hypersplenism. In these condi-
tions, the haematological features of hypersplenism may be 
obscured or dominated by the primary disease, especially if it 

involves the marrow. Hypersplenism also occurs rarely as a 
primary event, due to an unknown pathogenetic stimulus, and 
is sometimes termed  primary splenic hyperplasia .  

  Splenectomy 

 Surgical excision of the spleen has been a standard treatment 
for the diagnosis and management of a number of disorders 
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maximum of usually 600 – 1000    ×    10 9 /L, with a peak at 7 – 12 
days. In a number of patients, the thrombocytosis persists 
indefi nitely after splenectomy. This usually appears to be a con-
sequence of continuing anaemia with a hyperplastic marrow; 
an inverse relationship exists between the severity of the anaemia 
and the height of the platelet count. Although a reactive throm-
bocytosis is not usually associated with thromboembolic prob-
lems, the high platelet count may have contributed to the 
serious and sometimes fatal episodes of pulmonary embolism 
that have occurred following splenectomy. Mesenteric infarc-
tion secondary to portal vein occlusion is more common in 
patients with myeloproliferative disorders who undergo 
splenectomy. Postoperative prophylaxis with heparin is usually 
needed. It is advisable to give antiplatelet therapy (e.g. aspirin 
75   mg daily) as long as thrombocytosis is present.  

  Overwhelming  p ostoperative  i nfection 
 This may occur in adults as well as in children but it is in chil-
dren, especially in the fi rst few years of life, that splenectomy is 
more frequently associated with overwhelming bacterial infec-
tions.  Streptococcus pneumoniae  is the most common cause of 
infection but while  H. infl uenzae  type B,  N. meningitidis ,  E. coli  
and  Pseudomonas  are much less common, they are also associ-
ated with serious infection. Death is usually due to septicaemia 
or meningitis and typically occurs within 5 days of the onset of 
infection. The vulnerability of young children and their depend-
ence on the spleen to deal with blood - borne infection can be 
explained by the general immaturity of their lymphoreticular 
systems. In the absence of the spleen, the defective reticuloen-
dothelial clearance of an encapsulated rapidly growing organ-
ism such as pneumococcus may lead to a dangerous bloodstream 
concentration in too short a time for immunological defence to 
be mounted. Splenectomy should therefore be postponed until 
after the age of 5 wherever possible. 

 When splenectomy is being planned, the patient should be 
immunized against pneumococcal pneumonia,  H. infl uenzae  
type B (HIB) and meningococcal infection. However, while 
pneumococcal vaccine contains antigens to a number of strains 
of  Streptococcus pneumoniae , it does not give complete protec-
tion because some strains are not covered and antibody response 
to the different antigens is variable. To obtain the maximum 
immune response, patients should, if possible, be immunized 
2 – 3 months before splenectomy, and a booster dose should 
be given 5 years later. Most children will have received HIB 
vaccine but this should be checked; booster doses are not 
necessary for those who received the full course of three injec-
tions. Meningococcal vaccines are effective against types A 
and C but not against type B, the most prevalent in the West. 
The patient should also receive meningococcal C conjugate 
vaccine at a 6 - month interval as this gives a higher and more 
lasting immunization against type C organism. Infl uenza 
vaccine is also recommended for asplenic or hyposplenic 
patients. 

associated with an enlarged or hyperactive spleen and also when 
an otherwise normal spleen mediates the clinical problems asso-
ciated with an extrasplenic defect such as hereditary spherocy-
tosis or autoimmune acquired haemolytic anaemia. Splenic 
rupture may also occur from trauma, glandular fever or, rarely, 
use of colony - stimulating factors such as G - CSF. Splenectomy 
may also be valuable in making the diagnosis of organomegaly 
and can bring about signifi cant disease control in some malig-
nant conditions, such as splenic marginal zone lymphoma, 
where the bulk of the tumour population is located in the 
spleen. Finally, the spleen is often removed incidentally as part 
of another surgical procedure. At a surgical level, laparoscopic 
splenectomy has become the treatment of choice in the absence 
of portal hypertension or signifi cant medical comorbidity. 

 Concern about the risks of sepsis after splenectomy in both 
children and adults has led to a search for alternative proce-
dures for controlling hypersplenism while preserving some 
degree of splenic function. These include (i) partial arterial 
embolization; (ii) partial surgical amputation in selected 
patients in whom some splenic function may be preserved; 
(iii) localized irradiation; and (iv) immunosuppressive and 
cytotoxic drugs. 

 The role of splenectomy in individual diseases is discussed in 
the relevant chapters but when splenectomy is contemplated for 
any reason, the preoperative evaluation of the patient requires 
close cooperation between the surgeon and the haematologist. 
Vaccinations should be performed and it is valuable to check 
liver function, obtain appropriate imaging and potentially eval-
uate the hepatic and portal blood fl ow by Doppler ultrasound 
examination. 

  Complications of  s plenectomy 

  Immediate  p ostoperative  c omplications 
 These are dominated by bleeding, particularly when there is 
thrombocytopenia and subphrenic abscess. Haemorrhage 
usually comes from the peritoneal and diaphragmatic surfaces 
rather than from identifi able blood vessels. Frequently, no 
specifi c bleeding source is found at reoperation. The incidence 
of subphrenic abscess is variable, and appears more likely to 
occur when adjacent organs are injured either by trauma or 
during surgery. Infection is also liable to occur following 
embolization.  

  Delayed  c omplications 
 These include overwhelming post - splenectomy infection and a 
tendency to develop thrombocytosis with a risk of thromboem-
bolic incidents. 

  Thrombocytosis 
 In the immediate postoperative period in uncomplicated 
splenectomy patients, the platelet count rises steeply to a 
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radionuclide scanning (Figure  20.4 ) will demonstrate the pres-
ence of a  ‘ splenunculus ’  and identify its location for subsequent 
surgical removal should this be required.        

  Hyposplenism 

 Hyposplenism (excluding that induced by medical or surgical 
intervention) occurs in a wide range of conditions. In some 
disorders such as sickle cell disease, gluten - induced enteropathy 
(coeliac syndrome) and dermatitis herpetiformis, hyposplenism 
occurs frequently; it is seen less frequently in Crohn ’ s disease, 
ulcerative colitis and essential thrombocythaemia, and it occurs 
only occasionally in the other conditions listed in Table  20.2 . 
Congenital absence of the spleen is rare and may be associated 
with organ transposition and with severe malformations of the 
heart and lungs.   

 After the age of 65 – 70 years there is evidence of a decrease in 
splenic function. In old age, there is a rapid decrease in the 
weight of the spleen, together with increasing atherosclerotic 
vascular obstruction and fi brosis. 

 Patients with functional hyposplenism have impaired immu-
nity to blood - borne bacterial and protozoal infections, and per-
sistent thrombocytosis. Management is similar to that required 
after splenectomy. It includes prophylactic antibiotics and vac-
cines (see above) and advice to the patient to seek medical 
attention immediately in the event of illness or fever. Antiplatelet 
therapy is advisable when the platelet count is high. 

 Postoperatively, lifelong prophylactic antibiotics should be 
advocated in all cases but if this is not possible, antibiotics 
should be administered at least for the fi rst 2 years after splenec-
tomy for all children up to 16 and when there is underlying 
impaired immune function. Oral penicillin 250   mg b.d. is 
usually recommended and patients who are allergic to penicillin 
should be offered erythromycin 250   mg b.d. When away from 
home, patients not allergic to penicillin should take a supply 
of amoxicillin to be used immediately if infective symptoms 
(pyrexia, malaise, shivering) develop; penicillin - sensitive 
patients should increase their dose of erythromycin or change 
to a broader - spectrum preparation. In all such cases, the patient 
should seek immediate medical help. When travelling to tropi-
cal areas, asplenic patients should be advised of the increased 
risk of severe  Plasmodium  infection and must adhere scrupu-
lously to antimalarial prophylaxis.  Neisseria meningitidis  and  H. 
infl uenzae  type B vaccines are also recommended for those trav-
elling abroad. Education of patients or parents is perhaps the 
most important aspect of management to ensure that they are 
alert to the possibility of infection and know how to react 
appropriately. A card indicating that a splenectomy has been 
carried out should be carried.  

  Recurrence of  s ymptoms 
 Accessory splenic tissue may be overlooked at operation; after 
splenectomy, it may enlarge and cause a recurrence of the 
symptoms for which the original operation was carried out. The 
haematological features of hyposplenism (see below) such as 
Howell – Jolly bodies and increased pitting may be absent; CT or 

(a) (b)

     Figure 20.4     Demonstration of residual 

splenunculus by a scan of heat -

 damaged isotope - labelled red cells: 

(a) anterior view; (b) posterior view. 

Uptake is predominantly in the liver.  



The spleen

377

thocytic forms are also a feature (Figure  20.5 ). There is usually 
an increase in the number of reticulocytes in the circulation and 
occasionally isolated erythroblasts are seen. However, there is 
no alteration in red cell survival.   

 Because the number of cells with siderotic granules that enter 
the circulation is related to the sideroblastic percentage in the 
bone marrow, the siderocyte count in the peripheral blood is 
increased in haemolytic anaemias, thalassaemia and sideroblas-
tic anaemia. The number of Howell – Jolly bodies is also variable 
and is most marked in conditions characterized by dyserythro-
poiesis. Other red cell inclusions may be prominent in the 
hyposplenic state: Heinz bodies are found following oxidative 
injury by drugs and in patients who have glucose - 6 - phosphate 
dehydrogenase defi ciency or an unstable haemoglobin; precipi-
tated  β  - chains are found in  α  - thalassaemia; and crystalline 
deposits of haemoglobin C in HbC disease.  

  Leucocyte  c hanges 
 After splenectomy, there is a rise in the total leucocyte count. A 
neutrophil leucocytosis in the immediate postoperative period 
is later replaced by a signifi cant and permanent increase in both 
lymphocytes and monocytes. Usually the total white cell count 
stabilizes at between 10 and 15    ×    10 9 /L but occasionally it may 
rise to twice this level. Minor increases in blood eosinophils and 
basophils have been noted after splenectomy but this is not a 
regular feature. 

 In response to infection, splenectomized subjects produce a 
much greater leucocytosis than persons with intact spleens. 
Often there is a marked left shift in the differential leucocyte 
count, with myelocytes and occasionally more primitive cells.  

  Platelet  c hanges 
 As indicated above, the thrombocytosis after splenectomy is 
usually transitory and falls to normal or near - normal values 
over the following 1 – 2 months. However, even if the platelet 

  Table 20.2    Causes of hyposplenism. 

  Congenital aplasia syndrome  

  Ageing  

  Haematological disorders  

     Sickle cell disease  

     Thrombocythaemia  

     Myelofi brosis  

     Malaria  

     Lymphomas  

  Circulatory  

     Splenic arterial/venous thrombosis  

  Autoimmune disease  

     Systemic lupus erythematosus  

     Rheumatoid arthritis  

     Hyperthroidism  

     Sarcoidosis  

     Chronic graft - versus - host disease  

     Combined immunodefi ciency  

  Gastrointestinal (? immune basis)  

     Gluten - induced enteropathy  

     Dermatitis herpetiformis  

     Crohn ’ s disease  

     Ulcerative colitis  

     Tropical sprue  

  Infi ltrations  

     Lymphomas  

     S é zary syndrome  

     Myelomatosis  

     Amyloidosis  

     Secondary carcinomas, especially breast  

     Cysts, e.g. hydatid  

  Nephrotic syndrome  

  Drugs  

     Methyldopa  

     Intravenous gammaglobulin  

     Corticosteroids  

  Irradiation  

  Splenectomy and splenic embolization  

     Figure 20.5     Blood fi lm showing features of hyposplenism: 

Howell – Jolly bodies, target cells and contracted cells.  

  Haematological  e ffects of  s plenectomy or 
 s plenic  a trophy 

 Characteristic blood changes occur following splenectomy. 
Similar changes are seen with atrophy of the spleen to less than 
20% of normal size and when there is functional asplenia, with 
or without reduction in the size of the organ. 

  Red  c ell  c hanges 
 The changes in red cell morphology include the presence of 
Howell – Jolly bodies, siderotic granules and target cells. In a 
proportion of subjects, irregularly contracted or crenated acan-
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count has returned to normal values, occasional large and 
bizarre platelets can be seen in the blood fi lms of many splenec-
tomized subjects. Their presence suggests that these particular 
platelets are normally removed by the spleen.   

  Immunological  e ffects 

 The spleen plays an important role in immunoglobin synthesis; 
a fall in the IgM fraction of the serum immunoglobulins is 
commonly found after splenectomy. IgG levels do not change 
while IgA and IgE increase. The removal of an organ with a 
unique ability to recognize and phagocytose circulating particu-
late antigens would be expected to have serious consequences. 
Despite this, splenectomy in adults without complicating 
disease is not usually associated with a substantially increased 
incidence of infection. It must be assumed therefore that an 
increase in activity of other lymphoreticular organs compen-
sates for any defects in the immunological defence mechanisms 
that result from this operation.   
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  Introduction 

 Cancer is proving to be more complex and molecularly diverse 
than we ever imagined, yet the present era is one of optimism 
that its conquest may be approaching. This apparent oxymoron 
has come about as a result of dramatic advances in our under-
standing of carcinogenesis, many derived from research into the 
pathogenesis of haematological malignancies. 

 The standard model of leukaemogenesis posits the stepwise 
acquisition of genetic mutations in a susceptible cell and its 
progeny, leading to the development of an autonomous clone 
that expands enough to cause a clinical syndrome. The pheno-
type of the resulting malignancy is dependent on the nature of 
the specifi c mutations and the ontogeny of the host cells. The 
crux of this model remains largely unchallenged, although the 
discovery of identical mutations in phenotypically diverse 
malignancies and the fl exibility of the leukaemic stem cell com-
partment have added new layers of complexity. 

 This chapter describes the basic concepts of leukaemogenesis 
and then discusses the types of oncogenic mutations encoun-
tered in leukaemia and lymphoma before reviewing selected 
groups of mutant genes and pathways.  

  Basic  c oncepts in  l eukaemogenesis 

  Genes and  e nvironment 

 Most haematological malignancies are sporadic and not attrib-
utable to identifi able genetic or environmental risk factors. 
Nevertheless, the risk of developing these neoplasms is higher 
in individuals with certain uncommon inherited syndromes, in 
those exposed to specifi c environmental agents and in people 
with acquired preleukaemic disorders (Table  21.1 ).   

 Genetic predisposition to cancer operates through inherited 
genetic variants that are either oncogenic themselves or which 
accelerate the rate of acquisition of somatic oncogenic muta-
tions. Although uncommon among haematological malignan-
cies, familial cases can offer important insights into the 
pathogenesis of these neoplasms. Familial acute myeloid leu-
kaemia (AML), albeit very rare, is one of the better understood 
forms of familial haematological malignancies. In particular, 
mutations in the haemopoietic transcription factor genes 
 RUNX1  and  CEBPA  have been identifi ed in rare families with 
incompletely penetrant autosomal dominant AML syndromes. 
 RUNX1  mutations are associated with familial platelet syn-
drome with predisposition to AML, and  CEBPA  mutations with 
isolated AML. Somatic mutations in  RUNX1  and  CEBPA  are 
well known to occur in sporadic AML, but their occurrence in 
familial cases offers strong additional evidence of their leu-
kaemogenic pedigree and argues that although not suffi cient to 
cause AML, they have a primary role in its pathogenesis. Recent 
dramatic advances in sequencing and genomic technologies are 
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terns of antigen receptor rearrangements, each with a different 
antigenic specifi city. This offers strong evidence for a clonal 
origin of lymphoid malignancies and suggests that clonal 
expansion occurs after antigen receptor rearrangement has 
been completed. 

 Second, acquired cytogenetic abnormalities that arise during 
the development of a malignancy are usually found in all cells 
of the clone. These microscopically visible clonal markers do 
not only offer further support to the concept of clonality but 
in most cases also harbour causative mutations. This is 
exemplifi ed by the original paradigm, the Philadelphia (Ph) 
chromosome. 

 Third, studies of X - chromosome inactivation patterns 
(XCIPs) in female patients offer a distinct type of evidence in 
support of clonality. X - inactivation is the physiological process 
of random inactivation of either the maternal or the paternal X 
chromosome in all cells of the early female embryo. Once this 
pattern is set in a cell, it remains fi xed in all its subsequent 
progeny. As a result, normal adult female tissues are mosaics 
composed, in approximately equal numbers, of cells with one 
or other X chromosome inactivated. In contrast, neoplastic 
cells, being derived from a single cell, all have the same X chro-
mosome inactivated and therefore exhibit clonal XCIP, a feature 
that can be determined by standard molecular tests. One caveat 
in interpreting apparently clonal XCIPs is that they can some-
times be due to a phenomenon known as skewing. Acquired 
skewing is thought to arise with advancing age in some normal 
females as a result of a proliferative difference between cells with 
one X chromosome inactivated over those with the other 
(Figure  21.1 ). This phenomenon can limit the utility of XCIPs 
as a clonality marker in clinical diagnosis.   

 Establishing that cancers are clones derived from a single cell 
sets the framework for understanding carcinogenesis. The next 
question that needs to be addressed is how a single cell is able 
to overcome physiological checks to produce a progeny of tril-
lions of cells and what factors dictate the nature of that progeny 
and by extension its clinical phenotype.  

  Clonal  e volution 

 Carcinogenesis starts with the acquisition of an advantageous 
mutation in a single cell through which the cell enters a prema-
lignant phase. Somatic mutations happen at a set frequency in 
adult cells and although most of them have no biological effects, 
some do. It is axiomatic that these mutations lead the host cell 
down the path of carcinogenesis, but it is also fi rmly established 
that entering this process does not inevitably lead to cancer. 

 The process that follows the acquisition of the fi rst precancer-
ous mutation has often been thought to represent a cellular 
equivalent of Darwinian evolution and recent scientifi c advances 
offer support to this dictum. Current evidence suggests that the 
founding cell establishes a small clonal progeny that remains 
fairly stable in size until one of its cells acquires an additional 

likely to identify the molecular lesions behind many other forms 
of familial haematological neoplasms and this is in turn likely 
to inform our understanding of the sporadic forms of these 
diseases.  

  Clonality 

 Studies of haematological malignancies have been instrumental 
in establishing the clonal nature of cancer. Three main lines of 
evidence serve to establish the fact that haematological malig-
nancies are clonally derived from a single ancestral cell. 

 First, in nearly all lymphoproliferative disorders the malig-
nant cells carry a unique rearrangement in their immunoglobu-
lin or T - cell receptor (TCR) genes. In contrast, proliferating 
normal lymphocytes show polyclonal and therefore diverse pat-

  Table 21.1    Risk factors for the development of leukaemia and 

lymphoma. 

   Congenital and inherited syndromes   

  Inherited bone marrow hypoplasia syndromes  

     Fanconi anaemia  

     Schwachman – Diamond syndrome  

     Dyskeratosis congenita  

  DNA repair defects  

     Bloom syndrome (DNA helicase mutations)  

     Ataxia telangiectasia  

  Inherited predisposition to haematological malignancies  

     Chronic lymphocytic leukaemia  

     Acute myeloid leukaemia  

     Lymphoma  

     Myeloma  

     Polycythaemia vera  

     Essential thrombocythaemia  

     Down syndrome  

   Environmental risk factors   

  Exposure to genotoxic mutagens  

     Atomic bombs  

     Chemotherapy  

     Radiotherapy  

     Benzene  

  Infections  

     HTLV - I  

     HIV  

     Epstein – Barr virus  

      Helicobacter pylori   

  Immunosuppressive drugs  

   Acquired preleukaemic disorders   

  Myelodysplastic syndromes  

  Myeloproliferative disorders  

  Acquired aplastic anaemia  
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  Leukaemia  s tem  c ells 

 Several lines of experimental data suggest that a variable pro-
portion of cells in a given cancer are more primitive compared 
with the bulk of tumour cells and demonstrate stem cell proper-
ties, i.e. self - renewal and differentiation, as well as tumour -
 initiating properties. 

  Myeloid  m aligancies 
 The similarities between normal and cancer stem cells led sci-
entists to propose that normal stem cells are the cellular targets 
of cancerous mutations. In this context, oncogenic mutations 
exploit the self - renewal properties of a normal stem cell to turn 
it into a cancer - initiating cell. Studies of myeloid malignancies 
were the fi rst to give credence to this theory beginning with the 
demonstration that the  BCR – ABL1  fusion gene could be 
detected in cells of several different lineages, suggesting that the 
transformed cell had stem cell properties. Subsequently, studies 

advantageous mutation and establishes a new subclone that 
expands more aggressively than the original. This  clonal evolu-
tion  continues with further subclones emerging harbouring 
mutations that accelerate their growth, often at the expense of 
their ability to function normally (Figure  21.2 ). Eventually, a 
 ‘ visible ’  clone emerges whose clinical manifestations are deter-
mined by its cellular phenotype, in turn dictated by the nature 
of the host cell, the type of somatic mutations, or both.   

 Recent scientifi c developments, particularly those pertaining 
to the systematic study of cancer genomes, are revealing that 
different types of cancer harbour mutations in characteristic 
combinations of cellular pathways. Mutations in genes within 
each of these pathways are thought to represent the steps taken 
during clonal evolution. However, two important aspects of the 
process remain incompletely understood: fi rst, which cell types 
within a tissue are susceptible to malignant transformation and, 
second, whether the mutations are acquired in a specifi c order 
or not.  

P

PP

P

MP P

P
P

P

M
P P

M

P

P

P

M P P

P
P

P

P

PP

P

P

P
P

P

P P

P M P M P M P M

M P

M
M

MM

M

M

M

M
MM

MM
M

MM
M

M

M

M
M

M

M
M

M

M

M
M M M

M

M
M

M

M
M

M M
M

M
M

M

M
M
MM

M
M

M

M

M
M

M
M

P
P

P P P

P

PP
P

P

P P

P
P P P

P P
P

PP

P

P
P P

P
PPP

P

P
P

P P
PPP

PP

P P

P
P

PP

P P
P

P P

P

P

P
P P

P

P

P
P

P

P

P

P

P

P
P

PP

P

P
P

P
P

P
P

P
P

P
P

P

P P P
P

P

P

M P

Random
X-inactivation

Symmetrical
divisions

Early
blastocyst

Late
blastocyst

Progressive
skewing

Clonal
expansion

Polyclonal
population

Skewed
population

Monoclonal
population

P

P P

M

M
M

M

M
M

M M
M
P

     Figure 21.1     X - inactivation and 

clonality. Both the paternal (Xp or P) 

and maternal (Xm or M) X 

chromosomes are active in cells of the 

early female embryo. However, during 

the early blastocyst phase, each cell 

inactivates one or other X chromosome 

at random. As a result approximately 

half the cells will have an active Xp 

(light blue) and half an active Xm 

(pink). Normally this is followed by 

symmetrical cell divisions such that 

this polyclonal population of cells is 

maintained during life. In some 

females, one of the two populations of 

cells slowly outgrows the other as a 

result of genetic differences between 

their active X chromosome leading to a 

skewed population. Alternatively, a 

single cell (dark blue) acquires an 

advantageous or cancerous mutation 

and produces a monoclonal population 

of cells that outgrows both types of 

normal cells.  
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of AML went on to show that blast cells with an immunophe-
notype similar to that of haemopoietic stem cells (HSCs) could 
act as leukaemia stem cells (LSCs), while slightly more mature 
cells could not. 

 However, the theory that HSCs are the unique hosts of leu-
kaemogenic mutations has recently been challenged with the 
demonstration that some mutations have the ability to trans-
form maturing haemopoietic progenitors into LSCs (Figure 
 21.3 ). It is also worth noting that the ability to impart  ‘ stemness ’  
is not unique to such oncogenes or to haemopoietic cells. In 
fact the most striking example of dedifferentiation is the recent 
demonstration that, after the transient ectopic expression of as 
few as three key normal genes, mature skin fi broblasts can be 
transformed into induced pluripotent stem cells capable of dif-
ferentiation to all normal lineages.    

  Lymphoid  m alignancies 
 Unlike many other cancers, mature lymphoid malignancies do 
not appear to result from transformation of normal stem cells. 
In contrast, it appears that these malignancies routinely arise in 
maturing lymphoid cells and that oncogenic mutations such as 
chromosomal translocations are often attributable to errors 
made during antigen receptor rearrangement. During normal 
B - cell development, the immunoglobulin heavy chain ( IGH ) 
locus undergoes sequential V(D)J recombination, somatic 
hypermutation and class switching. Therefore, in B - cell malig-
nancies, the timing of an associated translocation can be inferred 
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Clonal evolution

*

C
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n
al exp

an
sio

n

Overt
malignancy

     Figure 21.2     Clonal evolution in cancer. The process starts with 

the acquisition of an advantageous somatic mutation in a single 

cell ( * ). Subsequently, the progeny of this cell acquire additional 

mutations in a stepwise manner that increase their survival 

advantage leading to enlarging clone sizes until an overtly 

malignant clone emerges. It is worth noting that the majority of 

somatic mutations do not give cells any survival advantage and 

only those that do so are depicted here.  
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e.g. BCR-ABL,
MOZ-TIF2,
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e.g. MOZ-TIF2,
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Differentiated cells

LSC Bulk leukaemia

Normal haempoiesis
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     Figure 21.3     Leukaemia stem cells and oncogenes. Oncogenes 

such as the  BCR – ABL  fusion gene are able to transform normal 

haemopoietic stem cells (HSC) to leukaemia stem cells (LSC). 

Strikingly, some other fusion oncogenes, such as the acute 

leukaemia oncogenes  MOZ – TIF2  and fusions involving the  MLL  

gene, are not only able to transform HSCs to LSCs, but are also 

able to transform committed progenitors to LSCs.  
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     Figure 21.4     The cellular origin of B - cell malignancies. Normal 

B - cell maturation involves rearrangement and class switching of 

the immunoglobulin genes. Mistakes occurring during these 

DNA recombination events can result in chromosomal 

translocations. Analysis of sequences adjacent to the translocation 

breakpoints identifi es the cell of origin of the translocation.  

from analysis of the immunoglobulin locus adjacent to the 
breakpoint. 

 The cell of origin for mantle cell lymphomas and follicular 
lymphomas may well be a pre - germinal or germinal centre B 
cell undergoing immunoglobulin gene rearrangement. The 
breakpoints of the t(11;14) and t(14;18) translocations tend to 
occur between the D and J segments of the  IGH  locus, suggest-
ing that they arise from mistakes in DJ recombination. In 
Burkitt lymphoma, the c -  MYC  gene is frequently juxtaposed 
with a fully V(D)J rearranged and hypermutated  IGH  variable 
region in the t(8;14) translocation. Breakpoints are found clus-
tered in the VJ sequences that are particular targets for somatic 
hypermutation, suggesting that the double - stranded DNA 
breaks that occur during hypermutation may cause the trans-
locations. Class switch recombination appears to be responsible 
for many of the translocations that occur in multiple myeloma, 
because the breakpoints are found in immunoglobulin heavy -
 chain switch regions (Figure  21.4 ).   

 These observations provide evidence that the translocations 
associated with different B - cell malignancies occur at distinct 
times within B - cell ontogeny. However, two caveats should be 
emphasized. First,  IGH  translocations may not represent initiat-
ing events. It remains formally possible that an unknown earlier 
lesion precedes the translocation and occurs in a more primitive 
cell. Second, transformed cells undergo partial differentiation 
even after acquiring an  IGH  translocation. For example, follicu-
lar lymphoma cells have both the histological appearances and 
gene expression signatures of germinal centre cells. For this 
continued differentiation to occur, the pre - germinal centre cell 
with the t(14;18) translocation must have been able to partici-
pate in an antigen - driven germinal centre response. Consistent 
with this idea, there is evidence that somatic hypermutation can 
occur within the tumour clone. 

 Finally, despite their likely origin in maturing cells, at least 
some of these lymphoid malignancies also appear to harbour 
cancer stem cell compartments. This has been very clearly dem-

onstrated for multiple myeloma but may also be true of other 
lymphoid disorders. 

 The existence of leukaemic stem cells has signifi cant implica-
tions for the treatment of malignant haematological disorders. 
A curative strategy must eliminate all malignant cells with the 
ability to self - renew and hence the capacity to re - establish the 
malignancy. Moreover, like their normal counterparts, a frac-
tion of leukaemic stem cells reside within the G 0 /G 1  phase of the 
cell cycle so that many conventional cell treatments are not able 
to eliminate them.   

  Phenotype –  g enotype  c orrelations 

 A conspicuous feature of haematological malignancies is the 
close relationship between certain cytogenetic or molecular 
abnormalities and unique morphological and clinical features. 
For example, the cells of Burkitt lymphoma are characterized 
by a very distinctive morphological appearance and are almost 
universally associated with translocations involving the  MYC  
gene. Similarly, acute myelomonocytic leukaemia with abnor-
mal eosinophil precursors (AML M4Eo) is strongly associated 
with the inv(16) abnormality and acute promyelocytic leukae-
mia (APL) with the  PML – RARA  fusion gene. Furthermore, 
many myeloproliferative disorders are specifi cally connected to 
particular tyrosine kinase mutations, as is the case for systemic 
mastocytosis and KIT Asp816Val ( KIT  D816V), eosinophilic 
leukaemia and  FIP1L1 – PDGFRA , and others (discussed later in 
this chapter). 

 There are two potential mechanisms for such associations: 
fi rst, that the nature of the mutation may determine the phe-
notype of the resultant leukaemia/lymphoma or, second, that a 
specifi c chromosome rearrangement may only provide a selec-
tive advantage for progenitor cells committed to a particular 
lineage. In fact it appears that the former model is operative 
in many myeloid disorders where targeting of the same or 
similar stem/progenitor cell leads to different disorders depend-
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the fusion protein, thus resulting in constitutive activation of 
the kinase moiety (discussed later in this chapter). 

 The second category of translocations results in a structurally 
intact gene being placed next to regulatory elements from a 
gene on the partner chromosome. This scenario is frequently 
observed in lymphoid malignancies in which a malfunction in 
the normal process of antigen receptor rearrangement results 
in translocations involving immunoglobulin or TCR loci. For 
example, in some B - cell tumours, genes such as  MYC  and  BCL2  
are aberrantly expressed in B - cell precursors because they have 
been placed under the control of the strong enhancers of one 
of the immunoglobulin loci. Similarly, in some cases of T - cell 
ALL (T - ALL), the  SCL  ( TAL1 ) and  HOX11  ( TLX1 ) genes are 
ectopically expressed in T - cell precursors as a result of translo-
cating next to enhancers from the TCR loci. Transcriptional 
dysregulation can also occur as a consequence of deletions, such 
as chromosome 1 deletions resulting in dysregulation of the 
 SCL  gene in T - ALL. 

 Balanced translocations give rise to two abnormal derivative 
chromosomes, one of which usually harbours the main patho-
genetic event, although the other may also have a role. For 
example, in chronic myeloid leukaemia (CML) associated with 
t(9;22), it is clear that the Ph (derivative 22) chromosome 
carries the  BCR – ABL1  fusion gene, which is central to the devel-
opment of this leukaemia. However, in a subset of patients, the 

ing on the nature of the mutation. It is interesting to note, for 
example, that in systemic mastocytosis the KIT Asp816Val 
can be detected in cells other than mast cells (e.g. neutrophils), 
yet it is mast cells that are dramatically increased in number 
and that generate the clinical features. In contrast, several trans-
locations involving the  IGH  or TCR loci are restricted to lym-
phoid tumours because sequences adjacent to the oncogenes 
mimic sequences involved in  IGH  rearrangement and are thus 
subjected to erroneous DNA recombination events. The trans-
locations may therefore only occur in cells at particular stages 
of lymphoid differentiation. Another fact relevant to the ontog-
eny of lymphoid tumours is that lymphoid cells uniquely 
harbour very potent regulatory elements driving the expression 
of immunoglobulin loci, which can be recruited by oncogenes 
as a result of chromosomal rearrangements. This limits the 
type of oncogenes that can exploit this mechanism to those 
genes that can transform cells by overexpression, rather than 
those that need to be activated by other types of mutation 
such as point mutation or formation of a fusion gene (see 
later).   

  Types of  s omatic  m utations 

 Cancer is a product of somatic mutations, which can be 
large - scale (e.g. chromosomal translocations, inversions and 
numerical aberrations) or small - scale (e.g. point mutations, 
microdeletions and epigenetic changes). 

  Chromosomal  t ranslocations 

 Chromosomal translocations are probably the most extensively 
studied genetic abnormalities in haematological malignancies. 
Balanced translocations involve a reciprocal exchange of genetic 
material between two chromosomes and may result in aberrant 
function of genes adjacent to the breakpoint. Two common 
mechanisms have been described (Figure  21.5 ).   

 First, a fusion gene may be generated encoding a fusion 
protein with oncogenic properties. This mechanism is seen in 
many of the translocations associated with myeloid malignan-
cies and some associated with acute lymphoblastic leukaemia 
(ALL). Fusion genes can also result from interstitial deletions 
(such as deletion of chromosome 4 giving rise to the  FIP1L1 –
 PDGFRA  fusion gene in chronic eosinophilic leukaemia) or 
intrachromosomal inversions (such as inversion 16 in AML 
M4Eo). Fusion proteins contain a combination of functional 
modules donated by the two partner proteins. As a conse-
quence, the fusion protein is endowed with novel functions. For 
example, in fusion proteins that involve a tyrosine kinase, the 
partner protein contributes a homotypic interaction domain 
that leads to spontaneous dimerization or oligomerization of 

Fusion gene Overexpression

Fusion protein Overexpression
of normal protein

Enhancer

     Figure 21.5     Common mechanisms of gene activation by 

chromosomal translocations: (i) formation of a chimeric gene by 

fusion of the two genes spanning the chromosomal breakpoints; 

and (ii) overexpression of an intact gene through the action of a 

potent enhancer translocated upstream.  
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 Consensus sites for topoisomerase II binding may play a role 
in some translocations, particularly those involving the  MLL  
locus. Topoisomerase inhibitors, such as etoposide and anthra-
cyclines, are well - recognized causes of therapy - related leukae-
mia, often associated with translocations involving the  MLL  
gene on chromosome 11q23. Topoisomerase II creates double -
 strand breaks during execution of its function of relaxing over-
wound DNA, and it appears that topoisomerase II inhibitors 
may stabilize complexes that are formed between the enzyme 
and free DNA ends, thus increasing the likelihood that those 
ends might participate in a translocation. It remains controver-
sial whether naturally occurring topoisomerase II inhibitors 
have any role in infant or childhood leukaemia.  

  Large  d eletions and  a neuploidy 

 Chromosome deletions and disorders of chromosome number 
(aneuploidy) are frequently seen in haematological malignan-
cies. It is thought that quantitative chromosomal changes of this 
sort contribute to tumorigenesis by altering the expression 
levels of key oncogenes or tumour - suppressor genes. However, 
it is likely that in many cases such chromosomal changes may 
not be directly pathogenic in themselves, but simply a conse-
quence of genomic instability. 

 Hyperdiploidy is the most frequent cytogenetic abnormality 
in childhood ALL and can involve any chromosome; thus it may 
not have a specifi c pathogenetic function in this disease. Trisomy 
8 is the most common numerical abnormality of clonal myeloid 
disorders and can be seen in AML, myelodysplasia and myelo-
proliferative disorders. It has been shown that trisomy 8 is asso-
ciated with increased expression of chromosome 8 genes, but it 
is not known which, if any, of these genes may have a pathoge-
netic role. 

 Cytogenetically visible chromosomal deletions are large and 
frequently involve several megabases encompassing numerous 
genes. Identifying the relevant molecular consequences of a 
deletion is therefore diffi cult. Classic studies of retinoblastoma 
demonstrated that deletions act to remove the second copy of 
the tumour - suppressor gene  RB1 , the other allele of which was 
inactivated by mutation. This  two - hit model  operates for differ-
ent tumour - suppressor genes in several solid tumours and may 
also apply to a subgroup of mantle cell lymphoma, in which 11q 
deletions remove one copy of the  ATM  gene in up to 50% of 
cases. The remaining  ATM  allele carries inactivating mutations 
in virtually all such cases, revealing the key role of inactivating 
both copies of the gene in this disease. 

 However, the two - hit model does not apply to many of the 
deletions associated with haematological malignancies. An 
alternative model was recently shown to operate in the myelo-
dysplastic 5q –  syndrome, where previous studies had failed to 
identify biallelic inactivation of any of the 40 or so genes within 
the common deleted region (CDR, the minimal region that is 
deleted in all cases). Recent advances show that loss of just one 

derivative 9 chromosome also carries a deletion adjacent to the 
translocation breakpoints. These deletions arise at the time of 
the Ph translocation and are associated with a poor prognosis, 
perhaps refl ecting the loss of one or more tumour - suppressor 
genes. 

 Similarly, in APL, t(15;17) results in the production of a 
 PML – RARA  fusion transcript from the derivative 15 chromo-
some and considerable evidence supports a pivotal role for this 
transcript in leukaemogenesis. However, in 70 – 80% of patients, 
the derivative 17 chromosome also expresses a  RARA – PML  
transcript, which encodes a fusion protein with p53 - binding 
domains that infl uences the development of leukaemia in a 
mouse model. 

 What causes translocations to occur in the fi rst instance? In 
the case of lymphoid tumours, genomic rearrangements and 
(hyper)mutation are features of normal lymphocyte develop-
ment. Normal rearrangements of the immunoglobulin and 
TCR genes require a series of double - strand DNA breaks, with 
loss of intervening sequences and religation. Oncogenic trans-
locations are likely to represent rare mistakes that arise during 
this process and there may be several reasons why certain genes 
are preferentially involved in these translocations. First, motifs 
similar to those recognized by the immunoglobulin or TCR 
recombinase have been found adjacent to the  BCL2  and  SCL  
genes, which are involved respectively in the t(14;18) transloca-
tion of follicular lymphoma and the t(1;14) translocation asso-
ciated with T - ALL. Second, it is probable that there are only a 
limited number of genes that, when dysregulated, can trans-
form lymphoid progenitors. Third, physical proximity may play 
a role, as genes such as  MYC ,  BCL1  and immunoglobulin loci, 
which are recurrently involved in B - lymphoid translocations, 
are preferentially positioned in close physical proximity relative 
to each other in normal B - cell interphase nuclei. 

 For most myeloid malignancies, the mechanism of transloca-
tion is poorly understood. However, double - strand breaks in 
genomic DNA are thought to be essential and although these 
can occur spontaneously, their frequency is increased by expo-
sure to ionizing radiation and other DNA - damaging agents 
known to increase the risk of leukaemia. Normal repair mecha-
nisms, such as homologous recombination or non - homologous 
end joining, are then recruited to join the broken ends of DNA. 
However, these mechanisms are not infallible, and it is conceiv-
able that they could misrepair two simultaneous breaks on dif-
ferent chromosomes to generate a translocation. Germline 
mutations in DNA repair genes (such as Bloom syndrome, 
Fanconi anaemia and ataxia telangiectasia genes) increase the 
frequency of chromosome rearrangements as well as the inci-
dence of many cancers, including haemopoietic ones. It may 
also be relevant that Alu repeat sequences appear to cluster at 
or near translocation breakpoints in CML and other malignan-
cies, as it has been suggested that the Alu core sequence acts as 
a binding site for proteins mediating homologous recombina-
tion and DNA repair. 
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nent  ‘ on ’  state and generates a constitutive growth signal. 
Several related genes such as  BRAF , as well as genes belonging 
to related signalling pathways such as  NF1 , are also targets of 
carcinogenic mutations. As a result the pathway is being tar-
geted by rationally designed drugs, albeit with limited success 
so far. 

 Inactivating point mutations are less commonly seen than is 
the case for solid tumours. Nevertheless, important cell cycle 
regulators such as the p53 and retinoblastoma genes are not 
infrequently inactivated by mutation in lymphomas. However, 
these are thought to be secondary events, occurring during 
clinical progression and their presence usually correlates with 
poor prognosis, transformation to higher - grade disease and/or 
drug resistance. While such tumour - suppressor genes generally 
require biallelic inactivation to promote tumorigenesis, hetero-
zygous inactivating point mutations of the  CEBPA  gene encod-
ing the transcription factor C/EBP α  are found in 20% of cases 
of M2 AML. Within the haemopoietic system, this gene is 
expressed exclusively in, and is critical to, the differentiation of 
myelomonocytic cells. The mutation leads to truncation of the 
normal protein, but allows the translation of a smaller protein 
initiated downstream of the mutation. The smaller protein then 
acts in a  dominant - negative  manner to block the function of the 
wild - type protein translated from the intact allele, leading to a 
differentiation block in myelomonocytic cells. Hence, although 
heterozygous, mutations of this sort can be functionally equiva-
lent to homozygous loss - of - function mutations. 

 Finally, some mutations appear to alter the function of their 
target gene/protein in a way which cannot be described as acti-
vating or inactivating. Perhaps the best examples of this are 
mutations in the gene for nucleophosmin ( NPM1 ), which are 
usually in the form of a 4 - nucleotide duplication/insertion 
within its last exon. This leads to a frameshift in the mRNA code 
and the creation of a novel 13 - amino - acid sequence at the 
C - terminal of the protein. This novel sequence behaves as a 
nuclear export signal and transforms nucleophosmin from a 
mainly nucleolar protein to a principally cytoplasmic protein. 
It is not clear how this leads to leukaemogenesis, but it may be 
partly due to novel actions of the displaced protein within the 
cytoplasm or codisplacement of other proteins bound to nucle-
ophosmin out of the nucleus.  

  Epigenetic  e ffects 

 In a normal cell, epigenetic mechanisms control several impor-
tant functions including gene transcription, DNA replication, 
imprinting and X - inactivation. Somatically acquired epigenetic 
changes affecting these processes can, without altering nucle-
otide sequence, alter gene expression and thus have a role in 
tumorigenesis just as genetic mutations can. 

 Methylation of DNA sequences within regions involved in 
the regulation of gene expression is generally associated with 
transcriptional silencing of the associated genes. Disordered 

copy of the CDR gene  RPS14  may be responsible for many of 
the features of his disease, while other features may be second-
ary to the loss of two non - coding microRNAs also within the 
CDR. The fi nding that loss of one copy of a gene can be suffi -
cient to affect cellular behaviour is termed  haploinsuffi ciency . 
Additionally, this example suggests that it may be necessary for 
a deletion to remove more than one critical target gene in order 
to exert its full tumorigenic effect. Indeed, different combina-
tions of critical genes may be removed by overlapping deletions 
of varying sizes that affect a similar genomic region.  

  Submicroscopic  m utations 

 Much of our initial understanding of the molecular pathogen-
esis of haematological malignancies came from studies of 
cytogenetically visible chromosomal abnormalities. However, it 
has since become clear that submicroscopic mutations also play 
a similarly critical role in many malignancies. Small - scale muta-
tions such as small deletions can disrupt two or more genes; 
however, most mutations in this group affect single genes by 
disrupting their coding sequence, which in turn enhances, 
attenuates or entirely alters the function of the coded protein. 
Many of these mutations have been described, but it is widely 
agreed that many examples are yet to be identifi ed. 

 Activating mutations commonly involve oncogenes encod-
ing tyrosine kinases and members of the RAS pathway and 
are usually missense mutations or tandem duplications. For 
example, around 90% of cases of systemic mastocytosis, par-
ticularly those with bone marrow involvement, have an activat-
ing point mutation in the  KIT  (c -  KIT ) gene, most frequently 
Asp816Val. This mutation replaces aspartate with the hydro-
phobic residue valine in the activation loop of the kinase 
domain of KIT, leading to activation of its kinase activity.  FLT3 , 
which encodes another receptor tyrosine kinase, is activated by 
internal tandem duplications, which are seen in 20% of cases of 
AML. Although the length of DNA duplicated varies, it is always 
transcribed in - frame and leads to constitutive activation of the 
kinase, conferring a growth advantage to the cells and translat-
ing into a poor prognosis for the patient. In a further 7% of 
AMLs, constitutive activation of  FLT3  occurs through a single 
amino acid substitution of Asp835 for a hydrophobic residue, 
analogous to the  KIT  mutations in systemic mastocytosis. 

 Activating mutations in genes of the RAS family, comprising 
the highly homologous proto - oncogenes  HRAS ,  KRAS  and 
 NRAS , are among the commonest somatic aberrations in 
human cancers of all cell types. Up to 20% of all cancers, includ-
ing haemopoietic malignancies, have mutations in a RAS 
family member, most commonly  KRAS  or  NRAS . The RAS 
family members are critical components of multiple signal 
transduction networks, especially those that transmit extracel-
lular growth signals to the nucleus. Oncogenic mutations, such 
as Gly12Val, render the GTPase domain of RAS insensitive 
to inactivation signals and thus the protein is stuck in a perma-
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pathways. Many cytoplasmic tyrosine kinases are also thought 
to be activated by phosphorylation and dimerization. 

 Individual myeloproliferative disorders are specifi cally asso-
ciated with activation of different tyrosine kinases (Figure  21.6 ). 
In some of these diseases, activation of the tyrosine kinase stems 
from formation of a fusion protein, which undergoes spontane-
ous dimerization (Figure  21.7 a). However, kinase activity can 
also be increased by more subtle mutations (e.g.  JAK2  Val617Phe 
in polycythaemia vera and  KIT  Asp816Val in systemic masto-
cytosis). As a consequence of these changes, the corresponding 
signalling pathway is activated and this provides the trans-
formed cell with a proliferative or survival advantage.   

 In CML, the  BCR  gene becomes fused in - frame with the 
 ABL1  tyrosine kinase gene as a consequence of the Ph transloca-
tion (Figure  21.7 b). This usually results in the formation of a 
fusion protein of 210   kDa (hence p210 BCR – ABL ). The fusion 
protein affects multiple different cellular processes, including 
intracellular signalling, apoptosis, transcriptional regulation 
and cellular adhesion. Transgenic mouse models have demon-
strated that  BCR – ABL  is capable of inducing dramatic expan-
sion of myeloid precursors  in vivo  and can produce a phenotype 
that resembles the human form of the disease. 

 Several critical domains in the fusion protein have been 
mapped, and have provided important insights into its biologi-
cal activity (Figure  21.7 b). The coiled - coil domain of the BCR 
protein provides a dimerization motif, which promotes spon-
taneous BCR – ABL1 dimerization leading to constitutive ABL 
kinase activity. Other domains implicated in oncogenicity are 
the SH2 domain and the C - terminal actin - binding domain, 
both in the ABL1 portion; these domains appear to be impor-
tant for interaction with regulatory molecules and subcellular 
localization of the fusion protein. Numerous downstream path-
ways are activated by the BCR – ABL1 protein, including the 
RAS, phosphatidylinositol 3 - kinase, STAT and MAP kinase 
signalling cascades. The breadth of the pathways perturbed 
explains the protean effects of the fusion protein. For example, 
activation of the RAS pathway is thought to contribute to the 
increased cell division and proliferation seen in CML cells; 
altered interaction with the actin cytoskeleton and adhesion 
complexes may underlie the diminished adhesion to inhibitory 
bone marrow stromal cells; and STAT5 - dependent upregula-
tion of BCL - XL is implicated in the reduced apoptosis of CML 
progenitors. 

 As shown in Figure  21.7 b, two other versions of the BCR –
 ABL1 protein exist in which the breakpoint occurs in different 
introns of the  BCR  gene than that usually seen in CML. The 
smaller protein, p190 BCR – ABL , is found in Ph - positive ALL and 
has a higher level of constitutive tyrosine kinase activity than 
the p210 BCR – ABL  protein. This is thought to contribute to the 
more aggressive behaviour of the ALL. A p230 BCR – ABL  isoform is 
also found rarely in patients with CML. In some cases, it is 
associated with a morphological picture resembling chronic 
neutrophilic leukaemia and possibly a lower rate of blast trans-

patterns of DNA methylation have been found in a wide variety 
of haematological malignancies. For example, there is global 
genomic hypomethylation in chronic lymphocytic leukaemia 
(CLL) lymphocytes and AML blasts compared with normal 
haemopoietic cells. In addition, certain candidate genes impli-
cated in neoplasia can be either hypermethylated or hypometh-
ylated compared with their status in normal cells. DNA 
hypomethylation has been identifi ed at a number of loci impli-
cated in haematological malignancies, including  BCL2  in CLL, 
 LTA  (the gene encoding tumour necrosis factor  β ) in CML and 
AML, and others. Given that hypomethylation generally pro-
motes transcriptional activity, it can cause overexpression of 
these oncogenes, as has been shown for  BCL2 . Conversely, DNA 
hypermethylation of several tumour - suppressor genes, such as 
 p16INK4A  (also called  CDKN2A ), E - cadherin ( CDH1 ) and 
 HIC1 , has been described in CLL and AML, as has hypermeth-
ylation of  SOCS1 , an inhibitor of cytokine signalling in many 
malignancies including AML, CML, myelodysplastic syndrome, 
lymphoma and myeloma. 

 It is therefore clear that, as in other cancers, epigenetic 
modifi cations are widespread in haematological malignancies. 
However, most are unlikely to represent initiating lesions and 
probably refl ect downstream consequences of genetic changes. 
Nonetheless, they still represent pertinent targets for therapeu-
tic intervention, as refl ected in the effectiveness of the DNA 
methyltransferase inhibitor 5 - azacytidine and its analogue 
decitabine in myelodysplastic syndromes.   

  Molecular  b asis of  m alignant 
 t ransformation 

 This section illustrates the mechanisms by which acquired 
genetic changes may result in malignancy. Four specifi c 
examples have been chosen to illustrate how distinct cellular 
processes may be corrupted: tyrosine kinase signalling (the 
myeloproliferative disorders); intracellular signal transduction 
(juvenile myelomonocytic leukaemia); regulation of gene tran-
scription (AML); cell cycle control and apoptosis (mantle cell 
and follicular lymphomas). 

  Tyrosine  k inases and  m yeloproliferative 
 d isorders 

 Tyrosine kinases are critical for the response of haemopoietic 
progenitor cells to external growth stimuli. The binding of a 
ligand to the extracellular surface of a receptor tyrosine kinase 
(RTK) promotes receptor dimerization, which in turn stimu-
lates autophosphorylation of specifi c tyrosine residues within 
the intracellular aspect of the protein. The dimerization and the 
associated increase in kinase activity result in recruitment of 
effector molecules and activation of downstream signalling 
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proliferative syndrome, are usually associated with a coexisting 
non - Hodgkin lymphoma. Notably, cases associated with rear-
rangements of the  PDGFR  genes respond well to imatinib, while 
those associated with  FGFR1  fusions do not.  

  RAS  f amily  s ignalling and  j uvenile 
 m yelomonocytic  l eukaemia 

 Juvenile myelomonocytic leukaemia (JMML) is a rare disorder 
of childhood characterized by a marked expansion of both 
myeloid and monocytic lineages, with varying degrees of dys-
plasia and exquisite sensitivity to granulocyte/macrophage 
colony - stimulating factor (GM - CSF) in colony assays. These 
features refl ect the fact that components of the GM - CSF 
receptor signalling pathway are frequently mutated in JMML 
(Figure  21.8 ).   

formation. These variants illustrate how small structural differ-
ences in a fusion protein can cause signifi cant differences in 
disease phenotype. 

 A group of related tyrosine kinase fusion genes ( PDGFRA , 
 PDGFRB  and  FGFR1 ) are associated with eosinophilic myelo-
proliferative disorders. A striking feature of these syndromes is 
the large number of fusion partners for these kinases, with eight 
partners currently known for  FGFR1 , six for  PDGFRA  and 17 
for  PDGFRB . As with  BCR  in  BCR – ABL , most of these partners 
harbour dimerization domains that facilitate constitutive 
activation of the tyrosine kinase. However, refl ecting their 
molecular heterogeneity, these disorders exhibit signifi cant 
clinical diversity. For example, cases associated with the 
 FIP1L1 – PDGFRA  fusion exhibit marked eosinophilia, while 
those associated with  ETV6 – PDGFRB  often show dysplastic 
features and a lesser degree of eosinophilia. Additionally, 
cases involving  FGFR1 , collectively known as the 8p11 myelo-

Disease Tyrosine kinase

CML

HSC

BCR-ABL1

CMML TEL-PDGFRβ

CEL FIP1L1-PDGFRα

SM c-KIT

PV and ET JAK2

     Figure 21.6     Tyrosine kinase mutations in the myeloproliferative 

disorders. Each disease is associated with a specifi c activating 

mutation in a tyrosine kinase gene and this leads to preferential 

expansion of specifi c haemopoietic cell progeny. CEL, chronic 

eosinophilic leukaemia; CML, chronic myeloid leukaemia; 

CMML, chronic myelomonocytic leukaemia; ET, essential 

thrombocythaemia HSC, haemopoietic stem cell; PV, 

polycythaemia vera; SM, systemic mastocytosis.  
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     Figure 21.7     Fusion tyrosine kinases. 
(a) In normal cells, receptor tyrosine 
kinases (RTK) exist as inactive 
monomers which, upon ligand 
binding, become activated by 
dimerization and autophosphorylation. 
In contrast fusion tyrosine kinases 
dimerize spontaneously and are 
constitutively active. (b) Different 
forms of  BCR – ABL1  fusion genes 
containing varying lengths of  BCR  as a 
result of different breakpoints 
(arrowheads). These are associated 
with different molecular effects (see 
text).  
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     Figure 21.8     The RAS pathway and 

juvenile myelomonocytic leukaemia 

(JMML). The Ras pathway mediates 

many of the downstream effects of 

cytokine receptor activation. In most 

cases of JMML, the pathway is activated 

by mutations in one of three genes 

depicted in black text:  PTPN11 , the gene 

coding for the protein SHP - 2 (35% of 

cases),  RAS  (25% of cases) or  NF1  (15% 

of cases). As a result JMML cells are 

extremely sensitive to GM - CSF.  
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genes have been found to play important roles in regulating the 
behaviour of normal haemopoietic stem or progenitor cells, 
implying that perturbation of normal transcription programmes 
can be leukaemogenic. Individual transcription factors usually 
function as part of a multiprotein complex and it has become 
clear that different components of a given complex may be 
involved in distinct forms of acute leukaemia. 

 These principles are exemplifi ed by the core - binding factor 
(CBF) complex, comprising RUNX1 (also known as AML1 or 
CBF α ) and CBF β . The normal CBF dimer recognizes and binds 
specifi c DNA sequences through the RUNX1 subunit and regu-
lates the expression of many genes important for the differentia-
tion of haemopoietic cells, such as interleukin (IL) - 3, GM - CSF 
and the enhancer for immunoglobulin heavy chain (Figure 
 21.9 a). Adjacent binding sequences in the DNA are important 
for other transcription factors, and it seems that the CBF dimer 
acts as a transcriptional organizer by recruiting other transcrip-
tion factors into a large multimeric complex that regulates 
expression of target genes. Mice lacking RUNX1 have a com-
plete failure of blood formation, confi rming its critical impor-
tance for normal haemopoiesis.   

 The genes for the two CBF subunits represent the most com-
monly involved genes in acute leukaemia translocations, with 
t(12;21) ( ETV6 – RUNX1 ) found in 25% of childhood ALL, 
t(8;21) ( RUNX1 – ETO ) in 15% of AML, and inv(16) ( MYH11 –
 CBFB ) in 10% of AML. It appears that the leukaemogenic 
effects of these fusion genes are mediated in large part through 
dominant - negative inhibition of CBF function. For example,  in 
vitro  experiments confi rm that binding of wild - type  RUNX1  to 
gene enhancers is inhibited in the presence of  RUNX1 – ETO . 
Moreover, mice carrying the  RUNX1 – ETO  fusion gene and a 
wild - type  RUNX1  allele have exactly the same embryonic lethal 
phenotype as mice completely lacking  RUNX1 . 

 The mechanisms by which the fusion genes exert their domi-
nant inhibitory effects are beginning to be understood. The 
fusion partners of the  CBF  genes appear to recruit nuclear core-
pressor complexes, leading to transcriptional inhibition of 
target genes. In fact, in the case of the  RUNX1 – ETO  fusion, the 
 ETO  moiety recruits a complex comprising three proteins, 
NcoR, SIN3 and a histone deacetylase, resulting in histone 
deacetylation, a change in chromatin structure and target gene 
repression (Figure  21.9 b). Similarly, the CBF β  – MYH11 fusion 
protein of inv(16) forms a complex with the normal RUNX1 
subunit through the CBF β  moiety, and recruits several tran-
scriptional repressors via the MYH11 component (Figure 
 21.9 c). The end result is similar for both fusion genes, namely 
transcriptional silencing of genes required for normal differen-
tiation and a consequent maturation arrest. 

 However, in keeping with the multistep theory of tumorigen-
esis discussed above, rearrangement of an individual transcrip-
tion factor gene is not suffi cient to give rise to acute leukaemia. 
Instead, there is mounting evidence for a model in which devel-
opment of AML requires both a block of differentiation, fre-

 Mutations in the  NRAS  or  KRAS  genes are seen in many 
haematological  malignancies,  including AML,  myelodys -
plastic syndrome and chronic myelomonocytic leukaemia, 
especially in subtypes with a monocytic component. Analyses 
of samples from patients with JMML show point mutations 
in  NRAS  and  KRAS  in approximately 25% of cases. The 
point mutations cause single amino acid substitutions, which 
result in constitutively active forms of the protein and thus 
mimic markedly amplifi ed signalling from the GM - CSF 
receptor. 

 The neurofi bromin ( NF1 ) gene is also a target for mutations 
in JMML, but in this case the result is loss of NF1 activity. The 
incidence of JMML is increased in neurofi bromatosis type 1, an 
autosomal dominant disorder caused by inactivating mutations 
in the  NF1  gene. This gene encodes a protein that directly inter-
acts with, and inhibits the activity of, RAS proteins. Patients 
who have both neurofi bromatosis type 1 and JMML have a high 
frequency (60%) of inactivating mutations of the second  NF1  
allele in the leukaemic cells. Furthermore, inactivating  NF1  
mutations are found in 15% of sporadic cases of JMML without 
the clinical syndrome of neurofi bromatosis. It appears therefore 
that  NF1  acts as a tumour - suppressor gene, and that inactiva-
tion of both alleles allows unchecked signalling through the RAS 
pathway. 

 A similar story holds true for  PTPN11 , the gene that encodes 
the tyrosine phosphatase SHP2. Germline mutations of this 
gene can cause a developmental disorder, Noonan syndrome, 
which is associated with an increased incidence of JMML. Up 
to 35% of non - syndromic patients with JMML have somatic 
mutations of  PTPN11  in the leukaemic cells. The mutations all 
cause amino acid substitutions clustering in the N - terminal 
SH2 domain of the protein, which are thought to result in 
enhanced phosphatase activity and activation of the down-
stream RAS pathway that give the host cells a growth advantage 
over their normal counterparts. 

 Thus, within the GM - CSF receptor signalling pathway, acti-
vation of an activating component (such as  RAS ) has the same 
pathological consequences as inactivation of an inhibitory com-
ponent ( NF1 ). Moreover, the mutations in  RAS ,  NF1  and 
 PTPN11  are mutually exclusive. In other words, individual 
patients carry mutations in only one of these genes, suggesting 
that mutation of just one component is suffi cient to activate the 
signalling pathway and that additional mutations in the pathway 
offer no further advantage. This phenomenon, of mutations in 
the same pathway being mutually exclusive in any one tumour, 
is increasingly recognized for various different pathways in 
other haematological and solid tumours.  

  The  c ore -  b inding  f actor  c omplex and  a cute 
 m yeloid  l eukaemia 

 Genes encoding transcription factors are common targets for 
rearrangements or mutations in acute leukaemia. Many of these 
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quently provided by subversion of a transcription factor gene 
(type II mutation), and a proliferative signal, frequently 
provided by an altered tyrosine kinase (type I mutation). For 
example, the  FLT3  gene, coding for a receptor tyrosine kinase, 
is activated in 25% of AML and has been shown to cooperate 
with  PML – RARA  in a mouse model of APL. In fact most cases 
of AML harbour both a type I and a type II mutation, and there 
are several well - characterized examples of both mutation types 
(Figure  21.10 ).    

  Cell  c ycle  c ontrol,  a poptosis and  l ymphoma 

 There is an intimate relationship between the cell cycle and 
apoptosis. Each phase of the cell cycle is tightly controlled by 
specifi c molecular checkpoints, which monitor for DNA damage 
and mitotic spindle formation before permitting cell cycle pro-
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     Figure 21.10     Cooperating mutations in acute myeloid leukaemia 

(AML). The majority of cases of AML harbour at least two types 

of mutations, a type I mutation which increases proliferation and 

a type II mutation that blocks haemopoietic differentiation. Some 

of the most common mutations in each group are listed.  

     Figure 21.9     Core - binding factor gene fusions, transcriptional 

repression and acute leukaemia. (a) The normal CBF dimer 

(composed of RUNX1 and CBF β ) binds specifi c DNA sequences 

through the RUNX1 subunit and recruits transcriptional 

activators (TA) that upregulate the expression of many genes 

important for haemopoietic cell differentiation. (b) In leukaemic 

cells carrying the  RUNX1 – ETO  fusion gene, the ETO moiety 

recruits a corepressor complex comprising NcoR, SIN3 and a 

histone deacetylase (HDAC). This leads to histone deacetylation 

and inhibition of the expression of haemopoietic differentiation 

genes. (c) Similarly, the CBF β  – MYH11 fusion binds to normal 

RUNX1 through its CBF β  moiety and recruits different 

transcriptional repressors (TR) via MYH11 with analogous 

effects.  
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 p16INK4A  ( CDKN2A ), which codes for an inhibitor of the 
cyclin D1 – CDK4 complex, were seen in 40% of mantle cell 
lymphomas, and deletions of Rb were present in a further 40% 
of cases. These additional mutations in genes of the cyclin D1 
pathway correlated with markers of active cell proliferation and 
more aggressive clinical behaviour. Furthermore, epigenetic 
modifi cations have been found, such as hypermethylation of 
 p16INK4A , which may also refl ect gene inactivation. This 
pattern of several coexisting and synergistic mutations in the 
same pathway contrasts with the situation in JMML, in which 
mutations in different components of the RAS – MAP kinase 
pathway tend to be mutually exclusive. A possible explanation 
for this discrepancy is that several genes need to be disrupted 
to overcome the multiple cell cycle checkpoints. 

 Up to half of all mantle cell lymphomas also exhibit deletions 
of 11q and the deleted region includes the locus of the  ATM  
gene. The  ATM  gene is essential for checkpoint controls at the 
G 2  – M transition in particular, and is activated by double - strand 
breaks in DNA (Figure  21.11 ). The remaining  ATM  allele in 
patients with 11q deletions is almost invariably affected by inac-
tivating mutations, associated with aberrant splicing, trunca-
tion or abnormal structure of the protein. Similarly, in the 
absence of 11q deletions, biallelic point mutations in  ATM  have 

gression. If a checkpoint recognizes damage to the DNA or the 
mitotic apparatus, this triggers programmed cell death (apop-
tosis). The enzymes involved in cell cycle control and apoptosis 
are among the commonest targets of mutation in all cancers, 
including haematological ones. 

 Figure  21.11  summarizes some of the main components con-
trolling cell cycle progression and apoptosis, many of which are 
known to be corrupted in different types of lymphoma. The 
characteristic chromosomal abnormality associated with mantle 
cell lymphoma is the t(11;14) translocation, leading to juxtapo-
sition of the cyclin D1 gene (also known as  BCL1 ) to an  IGHJ  
segment. Cyclin D1 functions in G 1  phase, binding and activat-
ing two kinases, CDK4 and CDK6. The cyclin – CDK complex 
then phosphorylates and inactivates the retinoblastoma (Rb) 
protein, which is then unable to repress transcription of genes 
(e.g. E2F) important for the transition to S - phase. Experimental 
evidence confi rms that forced overexpression of cyclin D1 
similar to that seen in mantle cell lymphoma leads to a short-
ened G 1  phase, although overexpression in itself is not suffi cient 
to induce lymphoma in transgenic mice.   

 Cooperating mutations and epigenetic changes have been 
found in other genes in the cyclin D1 – CDK4 – Rb pathway in 
patients with mantle cell lymphoma. In one study, deletions of 
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     Figure 21.11     Apoptosis and cell cycle control in 

lymphomagenesis. Proliferative signals activate cyclin D1 (cD1 or 

BCL1), which complexes with and activates the kinases CDK4 

and CDK6. The complex then phosphorylates (P) the 

retinoblastoma protein (pRb), which is then unable to repress 

cell cycle progression proteins such as E2F. The proteins p16 and 

p15 antagonize this process by inhibiting CDK4 and CDK6. 

Another important cell cycle checkpoint involves activation of 

ATM signalling secondary to DNA damage. This activates p53, 

which in turn inhibits cell cycle progression and promotes 

apoptosis. BCL2 can inhibit the actions of p53 and other 

apoptotic signals. These genes are frequently mutated in different 

types of lymphoma (see text). Genes that promote growth are 

depicted in green and those that inhibit growth or promote 

apoptosis in red.  
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eases and molecular targets. Over the next few years we can 
expect to witness a revolution in the practice of malignant hae-
matology and hope to harvest the benefi ts of decades of progress 
in leukaemia research.  
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been found in mantle cell lymphoma, and patients with a germ-
line mutation in the  ATM  gene (heterozygote carriers for ataxia 
telangiectasia) have a marked increase in incidence of lym-
phoma. Taken together, these observations support the hypoth-
esis that  ATM  functions as a tumour - suppressor gene in mantle 
cell lymphoma. 

 Follicular lymphoma is characterized by overexpression of 
the anti - apoptotic protein BCL2 (Figure  21.11 ), as a result of 
translocation t(14;18) in which the  BCL2  gene is placed under 
control of an  IGH  enhancer. Increased levels of BCL2 protein 
protect the lymphoma cells from a range of apoptotic signals, 
suggesting a model whereby cells do not have a proliferative 
advantage as such but accumulate through lack of cell death. 
BCL2 overexpression also reduces the ability of chemothera-
peutic agents to induce apoptosis, and this may explain why it 
is diffi cult to cure patients with follicular lymphoma. Transgenic 
mice in which  BCL2  is placed under the control of an  IGH  
enhancer show an accumulation of mature B cells, a propensity 
to autoimmune diseases and follicular hyperplasia. Malignant 
lymphomas only develop in these mice after a long latency, and 
tend to be associated with disruption of other key genes, such 
as the proto - oncogene  MYC . 

 Follicular lymphoma may transform into an aggressive, 
chemotherapy - resistant, diffuse large B - cell lymphoma. 
Numerous second hits have been associated with this transfor-
mation, and these mutations preferentially involve cell cycle 
regulators such as those involved in mantle cell and other lym-
phomas. In particular, deletions involving  p16INK4a  (also 
called  CDKN2A ) and  p15INK4b  ( CDKN2B ) are found in 70% 
and mutations in  TP53  (coding for the transcription factor p53) 
in up to 30% of transformed follicular lymphomas. Presumably 
these additional mutations confer a proliferation advantage on 
the cells, resulting in the more aggressive growth.   

  Summary 

 Our understanding of the molecular foundations of haemato-
logical malignancies has advanced spectacularly in the last two 
decades. Having established many fundamental principles 
underpinning leukaemogenesis, we are systematically exposing 
the key molecular events involved in the process and identifying 
targets for therapeutic intervention. This progress is steadily 
transforming the practice of clinical haematology at all levels 
from diagnosis to treatment and most importantly it is benefi t-
ing patients. The introduction of the fi rst molecularly targeted 
treatments in the form of imatinib for CML and all -  trans  retin-
oic acid for APL is being followed by the development of an 
increasing number of therapeutic agents against different dis-
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  Introduction 

 The diagnosis of a haematological neoplasm usually starts from 
a clinical suspicion, although for chronic leukaemias the diag-
nosis is sometimes an incidental one. A blood count and blood 
fi lm is an essential fi rst step whenever leukaemia, lymphoma or 
other haematological neoplasm is suspected. The next step in 
the diagnostic process depends on the clinical features and the 
specifi c condition that is suspected. In this chapter we discuss 
the laboratory techniques that are available and how they are 
integrated into an effi cient diagnostic pathway (Figure  22.1 ). It 
is of crucial importance that all laboratory investigations are 
done with an awareness of the medical history and physical 
fi ndings. It is also essential that a conclusion as to diagnosis is 
based on integrating the results of all laboratory investigations 
and imaging in the context of the clinical features. Achieving 
this can be a challenge if investigations are done in different 
laboratories on different sites. One possible solution, if all pro-
cedures are not performed in a single laboratory, is that a hae-
matologist/haematopathologist should take the lead in making 
a fi nal diagnosis when the diagnosis depends primarily on the 
blood and bone marrow and that a haematopathologist/his-
topathologist should take the lead when the diagnosis depends 
primarily on a biopsy of another tissue. Three important factors 
contribute to accurate diagnosis: 

  1     the provision of very detailed clinical information to 
laboratories;  
  2     the correct sample, e.g. blood or bone marrow aspirate speci-
men (anticoagulated with EDTA or heparin), blood and bone 
marrow fi lms, trephine or fi ne - needle biopsy specimen, should 
all be sent to the laboratory in the shortest possible time;  
  3     the integration of information technology across different 
sites dealing with diagnostic samples from a single patient.      
 Consideration should also be given to the need for centralized 
diagnosis by a panel of experts when experience has shown that 
misdiagnosis is common, as for example in lymphoma. It is also 
necessary to ensure that a diagnosis is achieved in a timely 
manner, particularly when treatment may be urgent, as in acute 
leukaemias and aggressive lymphomas.  

  Blood  c ount and  b lood  fi  lm 

 The most important information that must be extracted from 
the blood count is the white cell count, the haemoglobin con-
centration and the platelet count. The red cell indices should 
also be noted since macrocytosis and, less often, microcytosis 
can occur in haematological neoplasms. The automated instru-
ment will generally provide a differential count and  ‘ fl ags ’  indi-
cating the likely presence of blast cells, abnormal lymphocytes 
or granulocyte precursors. An abnormal total or differential 
count should always be verifi ed on a blood fi lm and a blood 
fi lm should also be examined when there are relevant  ‘ fl ags ’ . 
Even if the blood count is normal, a blood fi lm should be exam-
ined for the presence of abnormal cells in any patient with 



Postgraduate Haematology

396

lymphadenopathy, splenomegaly, skin infi ltration or any other 
reason to suspect a haematological neoplasm. 

 The blood fi lm has two major roles. In some circumstances 
it provides strong evidence of a specifi c diagnosis that can be 
confi rmed on further testing. In others it suggests a differential 
diagnosis and indicates the appropriate direction of further 
tests. A blood fi lm also has the advantage that a rapid provi-
sional diagnosis can be made, something that is important when 
treatment is urgent. For example, when there are circulating 
neoplastic cells, a rapid provisional diagnosis of Burkitt lym-
phoma (Figure  22.2 ) and acute hypergranular promyelocytic 
leukaemia (Figure  22.3 ) can be made from the blood fi lm. Acute 
microgranular/hypogranular promyelocytic leukaemia (Figure 
 22.4 ) should also be suspected from the blood fi lm. Even very 
infrequent neoplastic cells can suggest the correct diagnosis, for 
example in hairy cell leukaemia. Other diagnoses that may be 
strongly suggested by the blood fi lm include most subtypes of 
acute myeloid leukaemia (AML), chronic lymphocytic leukae-
mia (CLL) (Figure  22.5 ), chronic myelogenous leukaemia 
(CML) (Figure  22.6 ), follicular lymphoma, splenic marginal 
zone lymphoma (when the cytological features of splenic lym-
phoma with villous lymphocytes are present), large granular 
lymphocyte leukaemia and plasma cell leukaemia.   

 Sometimes the blood fi lm suggests only a differential diagno-
sis. Although the cytological features of the previously used FAB 

Morphology Cytogenetics Immunophenotyping

Cytochemistry FISH Molecular biology

     Figure 22.1     The principal methods employed in hematological diagnosis.  

     Figure 22.2     Burkitt lymphoma showing blast - like cells with 

strongly basophilic, heavily vacuolated cytoplasm. The cytological 

features were once designated  ‘ FAB L3 ALL ’  but the 

immunophenotype is that of a mature B cell. Bone marrow fi lm, 

May – Gr ü nwald – Giemsa (MGG).  

(French – American – British) L1 category of acute lymphoblastic 
leukaemia (ALL) (Figure  22.7 ) are very likely to indicate that 
the diagnosis is ALL, this is not so of FAB L2 type (Figure  22.8 ), 
which can be cytologically very similar to AML of FAB M0 or 
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  Bone  m arrow  a spirate 

 A bone marrow aspirate is indicated in virtually all patients with 
suspected ALL, AML (Figure  22.13 ), CML, myelodysplastic 
syndrome (MDS) (Figure  22.14 ) or multiple myeloma (Figure 
 22.15 ). However, a bone marrow aspirate is not necessary for 
the diagnosis of CLL. The diagnosis of promyelocytic leukaemia 
may be more readily made on an aspirate than on the peripheral 
blood since, particularly in the hypergranular form, there may 
be few leukaemic cells in the blood and in the microgranular/

M1 types (Figures  22.9  and  22.10 ). Similarly, acute monoblastic 
leukaemia (Figure  22.11 ) can be cytologically indistinguishable 
from large - cell lymphoma or even plasma cell leukaemia.   

 In suspected myeloid malignancy the blood fi lm is important 
for the detection of myelodysplastic features, particularly 
hypogranular and pseudo - Pelger – Hu ë t neutrophils (Figure 
 22.12 ). Sometimes the blood fi lm shows only non - specifi c but 
nevertheless useful features, for example eosinophilia, rouleaux 
formation, red cell agglutinates or cryoglobulin deposition.   

 Whatever the fi ndings on the blood count and fi lm, con-
fi rmatory tests are needed. The nature of these will vary accord-
ing to circumstances but several useful algorithms are guided 
by information that can be gained from the peripheral blood.  

(a)

(b)

     Figure 22.3     Two patients with acute promyelocytic 

leukaemia: (a) acute hypergranular promyelocytic leukaemia; 

(b) hypogranular/microgranular variant of promyelocytic 

leukaemia showing typical bilobed nuclei. These two subtypes 

of AML fall into the single category  ‘ AML with recurrent genetic 

abnormalities ’  in the 2008 WHO classifi cation. Peripheral blood 

fi lms, MGG.  

     Figure 22.4     Acute hypogranular/microgranular variant of 

promyelocytic leukaemia showing a range of nuclear forms but 

note the typical bilobed nucleus in which the two lobes are joined 

by an isthmus. Bone marrow fi lm, MGG.  

     Figure 22.5     Chronic lymphocytic leukaemia showing mature 

small lymphocytes and a smear cell. Peripheral blood fi lm, MGG.  
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the white cell count is at least 10    ×    10 9 /L, as mature cells will 
not enter metaphase.   

 Bone marrow aspiration may also be indicated in patients 
with unexplained cytopenia or a leucoerythroblastic blood fi lm. 
An aspirate can be useful in lymphoma diagnosis, particularly 
if accompanied by a trephine biopsy, and can provide suitable 
material for immunophenotyping and for fl uorescence  in situ  
hybridization (FISH).  

hypogranular form there may be more hypergranular cells in 
the bone marrow, thus facilitating the diagnosis. The character-
istic cytological features of AML with inv(16) or t(16;16) are 
apparent in the bone marrow (Figures  22.16  and  22.17 ) but not 
usually in the peripheral blood. In the acute leukaemias and in 
CML and other myeloproliferative neoplasms, a bone marrow 
aspirate provides material for cytogenetic analysis as well as for 
morphological assessment (Figure  22.18 ). Successful cytoge-
netic investigations from peripheral blood are only worth con-
sidering if immature leukaemic cells are present or, particularly 
when investigating suspected myeloproliferative neoplasms, if 

     Figure 22.6     Chronic myelogenous leukaemia showing the typical 

spectrum of granulocytic cells from immature to mature, and 

including a basophil and some eosinophils.  

     Figure 22.7     Acute lymphoblastic leukaemia FAB L1 subtype 

showing blast cells that vary in size but which otherwise have 

fairly uniform cellular characteristics; the nucleocytoplasmic ratio 

is high and there are small inconspicuous nucleoli. Bone marrow 

fi lm, MGG.  

     Figure 22.8     Acute lymphoblastic leukaemia FAB L2 subtype 

showing medium - sized and large pleomorphic blast cells with 

one or two prominent nucleoli; there are no characteristics that 

identify the lineage. Bone marrow fi lm, MGG.  

     Figure 22.9     Acute myeloid leukaemia FAB M0 subtype showing 

large blast cells with large prominent nucleoli; there are no 

cytological features that identify the lineage and Sudan black B 

and myeloperoxidase cytochemical stains were negative. On 

immunophenotyping, all B and T lineage markers were negative 

but there was expression of CD13 and CD33. Without 

immunophenotyping such a case could not be distinguished from 

acute lymphoblastic leukaemia L2 subtype. Bone marrow fi lm, 

MGG.  
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cytopenia or a leucoerythroblastic blood fi lm. If the bone 
marrow is being examined for suspected non - Hodgkin lym-
phoma (NHL), a trephine biopsy is always indicated since an 
aspirate may be normal cytologically and immunophenotypi-
cally despite there being focal infi ltration readily detectable on 
a core biopsy. Hodgkin lymphoma is very rarely detected in an 
aspirate whereas a trephine biopsy specimen may provide the 
primary diagnostic material, particularly in patients with HIV 
infection who often present with widespread disease. A trephine 
biopsy should be part of the initial investigation of suspected 
multiple myeloma; sometimes this confi rms the diagnosis when 
the aspirate fi ndings are equivocal and, even when this is not 
so, it is useful to have a baseline biopsy to compare with 

  Bone  m arrow  t rephine  b iopsy 

 A bone marrow trephine biopsy is indicated whenever there is 
a  ‘ dry tap ’  or the aspirate obtained is aparticulate or dilute. A 
core biopsy is often necessary in hairy cell leukaemia, acute 
panmyelosis with myelofi brosis, acute megakaryoblastic leukae-
mia (Figure  22.19 ) and in patients being investigated for pan-

     Figure 22.10     Acute myeloid leukaemia FAB M1 subtype showing 

small to medium - sized blast cells with a high nucleocytoplasmic 

ratio; one contains an Auer rod. Sudan black B and 

myeloperoxidase were positive. In the absence of Auer rods and 

granules, M1 acute myeloid leukaemia may be indistinguishable 

from acute lymphoblastic leukaemia without the aid of 

cytochemistry. Peripheral blood fi lm, MGG.  

     Figure 22.11     Acute monoblastic leukaemia FAB M5a subtype 

associated with t(9;11)(p22;q23) showing large cells with plentiful 

cytoplasm; one cell shows nuclear lobulation (defi ning it as a 

promonocyte in the WHO classifi cation). In the WHO 

classifi cation this type of acute myeloid leukaemia is a specifi c 

entity within the group  ‘ AML with recurrent genetic 

abnormalities ’ . Bone marrow fi lm, MGG.  

     Figure. 22.12     A pseudo - Pelger – Hu ë t anomaly in a neutrophil of 

a patient with myelodysplastic syndrome. Peripheral blood fi lm, 

MGG.  

     Figure 22.13     Acute myeloid leukaemia showing leukaemic blast 

cells, several with Auer rods. Bone marrow fi lm, MGG.  
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     Figure 22.14     Composite image of myelodysplastic syndrome 

showing the hypolobulated megakaryocytes characteristic of the 

5q –  syndrome; myelodysplastic syndrome with isolated del(5q) is 

a specifi c category in the WHO classifi cation. Bone marrow fi lm, 

MGG.  

     Figure 22.15     Multiple myeloma (plasma cell myeloma) showing 

virtual effacement of the marrow by myeloma cells. Bone marrow 

fi lm, MGG.  

     Figure 22.16     Acute myeloid leukaemia (AML) associated with 

inv(16)(p13.1q22) showing myelomonocytic leukaemia with an 

abnormal eosinophil precursor that has pro - eosinophilic 

(purple - staining) granules. This subtype of AML is often referred 

to, using an adaptation of FAB terminology, as M4Eo. In the 

WHO classifi cation this subtype of AML, together with similar 

cases with t(16;16), constitutes a specifi c entity within the 

category  ‘ AML with recurrent genetic abnormalities ’ . Bone 

marrow fi lm, MGG.  

     Figure 22.17     Acute myeloid leukaemia (AML) associated with 

t(16;16)(p13.1;q22) showing blast cells and an abnormal 

eosinophil precursor with pro - eosinophilic granules. In the WHO 

classifi cation this subtype of AML, together with similar cases 

with inv(16), constitutes a specifi c entity within the category 

 ‘ AML with recurrent genetic abnormalities ’ . Bone marrow fi lm, 

MGG.  
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if no aspirate or a poor aspirate is obtained. However, if there 
are numerous circulating neoplastic cells and if a cellular aspi-
rate is obtained, it does not yield any important extra informa-
tion. In suspected MDS useful extra information that may 
contribute to the diagnosis is more likely since marrow archi-
tecture is often abnormal and immature (CD34 + ) cells may be 
detected only on histology or immunohistochemistry.  

  Cytochemistry 

 With advances in immunophenotyping and other techniques 
the role of cytochemistry in haematological diagnosis has 
declined considerably. A limited role remains. In acute leukae-
mia, cytochemistry is indicated if there is limited access to 
immunophenotyping or if delay in obtaining results is expected. 
For example, FAB M1 AML (and the 2008 WHO category of 
AML without maturation) can be distinguished from ALL by 
means of a Sudan black B or myeloperoxidase stain (Figure 
 22.20 ) and acute monoblastic/monocytic leukaemia can be 
distinguished from large - cell lymphoma by means of a non -
 specifi c esterase stain (Figure  22.21 ). Careful attention to cyto-
logical detail usually permits the distinction between FAB M3 
variant and M5b AML but if there is any doubt the former 
diagnosis is supported by strong reactions for Sudan black B, 
myeloperoxidase and chloroacetate esterase and the latter by a 
positive non - specifi c esterase reaction. Rarely, a specifi c diag-
nosis of a subtype of AML is aided by demonstration of blast 
cells of basophil lineage showing metachromatic staining 
with a toluidine blue stain (Figure.  22.22 ). Perls stain for iron 
remains a very important cytochemical stain in suspected MDS 
(Figure  22.23 ).   

post - treatment investigations. A trephine biopsy is not gener-
ally necessary in CML or CLL whereas it is diagnostically impor-
tant in suspected essential thrombocythaemia and polycythaemia 
vera and is essential in primary myelofi brosis and systemic 
mastocytosis.   

 There are other indications for trephine biopsy that are more 
controversial. This procedure may be necessary in ALL or AML 

     Figure 22.18     Polycythaemia vera with a  JAK2  V617F mutation 

showing panmyelosis; the large hyperlobulated megakaryocyte 

(top right) shows emperipolesis. Bone marrow fi lm, MGG.  

     Figure 22.19     Acute megakaryoblastic leukaemia FAB M7 

subtype. Bone marrow trephine biopsy shows blast cells (left) and 

increased reticulin deposition (right).  

     Figure 22.20     Acute myeloid leukaemia (AML) FAB M1 subtype 

showing Auer rods. This patient had the translocation t(8;21)

(q22;q22), identifying a specifi c entity within the WHO category 

 ‘ AML with recurrent genetic abnormalities ’ . Peripheral blood 

fi lm, myeloperoxidase reaction.  



Postgraduate Haematology

402

     Figure 22.21     Acute monoblastic leukaemia FAB M5a subtype 

showing strong reaction for non - specifi c esterase, which confi rms 

the monocytic differentiation. Cytospin preparation,  α  - naphthyl -

 acetate esterase.  

(a)

(b)

     Figure 22.22     Acute myeloid leukaemia (AML) associated with 

t(6;9)(p23;q34): (a) MGG - stained bone marrow fi lm shows blast 

cells and two degranulated basophil precursors; (b) toluidine 

blue - stained bone marrow fi lm demonstrates metachromatic 

granules and confi rms basophilic differentiation. In the 2008 

WHO classifi cation, this subtype of AML constitutes a specifi c 

entity within the category  ‘ AML with recurrent genetic 

abnormalities ’ .  

 Periodic acid – Schiff and acid phosphatase reactions can help 
in the diagnosis of ALL (Figures  22.24  and  22.25 ) but reactions 
are not specifi c and we do not recommend their continued use 
in a routine diagnostic setting if there is any possibility of car-
rying out immunophenotyping. A neutrophil alkaline phos-
phatase score is likewise redundant in the diagnosis of CML, 
which now depends on cytogenetic and molecular genetic anal-
ysis. A tartrate - resistant acid phosphatase reaction can confi rm 
a diagnosis of hairy cell leukaemia but is no longer necessary as 
long as the immunophenotyping laboratory has an appropriate 
range of antibodies for this purpose or if immunohistochemis-
try can be performed in the case of a  ‘ dry tap ’ .    

  Histology 

 Microscopic examination of sections of tissues other than bone 
marrow remains an essential technique for the diagnosis of 
many lymphomas. It may also be necessary for the diagnosis of 
myeloid sarcoma. Immunohistochemistry (see below) is an 
essential part of histological assessment for haematological 
neoplasms.  

  Flow  c ytometric  i mmunophenotyping 

 Immunophenotyping can be based on fl ow cytometry, immu-
nohistochemistry (on tissue sections) or immunocytochemistry 
(on cytospin preparations or fi lms). The fi rst two of these tech-
niques are of major importance in haematological diagnosis. 
Flow cytometry is now carried out using multichannel instru-
ments that permit the simultaneous assessment of forward light 
scatter (indicative of cell size), sideways light scatter (indicative 

of granularity and cell complexity) and the expression of up to 
10 surface membrane antigens, all simultaneously in one vial 
(Figure  22.26 ). With the addition of techniques to  ‘ permeabi-
lize ’  the cells, cytoplasmic and nuclear antigens can also be 
studied. When there are numerous circulating neoplastic cells, 
immunophenotyping is conveniently done on a peripheral 
blood sample. Otherwise it can be done on a bone marrow 
aspirate or on a cell suspension from any infi ltrated tissue. The 
main indications for immunophenotyping are as follows. 

  1     Confi rmation of a diagnosis of ALL and its subclassifi cation 
and identifi cation of an aberrant immunophenotype (leukae-
mia - associated immunophenotype) that can be used to monitor 
minimal residual disease (MRD).  
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  5     Confi rmation of a diagnosis of CLL, assessment of progno-
sis by quantifi cation of CD38 and ZAP70 expression (both 
prognostically adverse) and monitoring of MRD.  

  6     Confi rmation of a diagnosis of NHL rather than CLL, and 
support for specifi c diagnoses such as follicular lymphoma 
(CD10 often positive) or mantle cell lymphoma (CD5 and 
nuclear cyclin D1 positive) (see also Chapter  33 ).  

  7     Confi rmation of a diagnosis of hairy cell leukaemia by dem-
onstration of expression of all or most of CD11c, CD25, CD103 
and CD123 (see also Chapter  29 ).  

  8     Confi rmation of a diagnosis of multiple myeloma or mono-
clonal gammopathy of undetermined signifi cance (MGUS) by 
demonstration that plasma cells (identifi ed by expression of 
CD138 and strong CD38) have light chain - restricted cytoplas-
mic immunoglobulin and often aberrant expression of CD56 
together with failure to express CD19 and CD45 (see also 
Chapter  31 ).  

  9     Support for monoclonality of a T - lymphocyte population by 
demonstration of a uniform aberrant immunophenotype and 
restricted expression of CD158 (KIR) epitopes and support for 
specifi c diagnoses such as T - prolymphocytic leukaemia (CD7 
often positive), adult T - cell leukaemia lymphoma (CD25 posi-
tive), large granular lymphocyte leukaemia (usually CD8 + CD4  −  ), 
and hepatosplenic T - cell lymphoma, which is usually T - cell 
receptor (TCR) -  γ  δ  positive and TCR -  α  β  negative.  
  10     Confi rmation of a diagnosis of blastic plasmacytoid den-
dritic cell neoplasm by demonstration of expression of CD4, 
CD56, CD123 and possibly CD7 in the absence of expression 
of other lineage - specifi c markers.  
  11     Demonstration of an antigen that is a potential target of 
monoclonal antibody therapy, such as CD20, CD33 or CD52.  
  12     Diagnosis of paroxysmal nocturnal haemoglobinuria by 
demonstrating that a subpopulation of neutrophils, monocytes 

  2     Confi rmation of a diagnosis of FAB M0 and M7 AML 
(WHO 2008 classifi cation: AML with minimal differentiation 
and acute megakaryoblastic leukaemia) and, if not already con-
fi rmed by cytochemistry, confi rmation of a diagnosis of FAB 
M5a AML (acute monoblastic leukaemia); support for a diag-
nosis of acute promyelocytic leukaemia (either hypergranular 
or hypogranular) by demonstration of lack of expression of 
CD34 and especially HLA - DR and by non - specifi c background 
autofl uorescence observed in the isotype controls; identifi cation 
of leukaemia - associated immunophenotype that can be used to 
monitor MRD.  

  3     Identifi cation of mixed - lineage acute leukaemia.  
  4     Demonstration of light chain restriction, providing pre-

sumptive evidence of monoclonality, in B - lineage disorders.  

     Figure 22.23     Ring sideroblasts and Pappenheimer bodies in 

erythrocytes in myelodysplastic syndrome. Bone marrow aspirate, 

Perls stain.  

     Figure 22.24     Acute lymphoblastic leukaemia showing block 

positivity to periodic acid – Schiff (PAS) stain. Cytospin 

preparation of cerebrospinal fl uid, PAS stain.  

     Figure 22.25     T - lineage acute lymphoblastic leukaemia showing 

focal (Golgi zone) positivity to acid phosphatase in lymphoblasts. 

Cytospin preparation, acid phosphatase reaction.  
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nodular lymphocyte - predominant Hodgkin lymphoma (CD15 
and CD30 negative and more likely to express B cell - associated 
antigens such as CD20 and CD79a).  
  4     Confi rmation of Burkitt lymphoma by demonstration of 
BCL2 - negative BCL6 - positive B cells with a very high prolifera-
tive fraction (approaching 100%) shown using Ki - 67 or an 
equivalent monoclonal antibody.  
  5     Division of diffuse large B - cell lymphoma (DLBCL) into 
prognostic groups (see below).  
  6     Confi rmation of hairy cell leukaemia by showing that B cells 
express CD25, CD72 (DBA44) and annexin A1.  
  7     Confi rmation of clonality in suspected MGUS or multiple 
myeloma by demonstration of light chain restriction of cyto-
plasmic immunoglobulin.  
  8     Confi rmation of infi ltration in a trephine biopsy specimen in 
non - Hodgkin and Hodgkin lymphoma (particularly important 
in patients in whom no neoplastic cells are detected in the bone 
marrow aspirate and for detection of subtle interstitial or intra-
vascular infi ltration in NHL).    

 DLBCL has been demonstrated by microarray analysis (see 
below) to be divisible into three major groups with different 
patterns of gene expression: (i) germinal centre cell; (ii) acti-
vated B - cell - like; and (iii) other or indeterminate (see also 
Chapter  33 ). Lymphomas showing the gene expression pattern 
of germinal centre B cells were found to have a better prognosis 
than activated B - cell - like DLBCL. It is now possible to assign 
DLBCL to these two major groups on the basis on immunohis-

or erythrocytes fails to express antigens, such as CD55 and 
CD59, that are bound to glycosylphosphatidylinositol.  
  13     Detection and quantifi cation of fetomaternal 
haemorrhage.  
  14     Quantifi cation of lymphocyte subpopulations.  
  15     Support for a diagnosis of MDS based on quantifi cation of 
blasts and detection of aberrant antigen expression.  
  16     Assessment of infi ltration of body fl uids (cerebrospinal 
fl uid, pleural effusion) by leukaemia and/or lymphoma.       

  Immunohistochemistry 

 Immunohistochemistry for haematological diagnosis is carried 
out on tissue sections, particularly from lymph nodes or tre-
phine biopsy specimens. It is an essential part of the diagnostic 
procedure in haematological neoplasms, particularly lym-
phoma but also myeloid neoplasms. Examples that illustrate its 
value in lymphoma diagnosis include the following. 
  1     Confi rmation of follicular lymphoma by demonstration that 
cells forming neoplastic follicles express CD10 and BCL2 
(whereas follicles of reactive follicular hyperplasia are BCL2 
negative).  
  2     Confi rmation of mantle cell lymphoma by demonstration of 
CD5 - positive B cells with nuclear expression of cyclin D1.  
  3     Confi rmation of a diagnosis of classical Hodgkin lymphoma 
(CD15 usually positive, CD30 positive) and its distinction from 
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     Figure 22.26     Flow cytometry 

immunophenotyping showing 

improvement of separation of 

populations by CD45 and sideways 

light scatter (SSC) gating. Forward light 

scatter (FSC) is also shown. (a) Normal 

bone marrow (left, SSC – FSC plot; 

right, SSC – CD45 plot); (b) acute 

myeloid leukaemia bone marrow (left, 

SSC – FSC plot; right, SSC – CD45 plot). 

G, granulocytes; M, monocytes; L, 

lymphocytes; E, erythrocytes; B, blasts. 

SSC – CD45 gating permits isolation of 

bone marrow blasts from all other 

populations, which is not possible by 

SSC – FSC gating.  
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 Immunohistochemistry for mast cell tryptase is important in 
confi rming a diagnosis of systemic mastocytosis. Aberrant 
expression of CD2 and CD25 by the mast cells is also useful 
(although this pattern of reactivity is not specifi c for systemic 
mastocytosis). Immunohistochemistry is much less often 
needed in other myeloproliferative neoplasms.  

  Cytogenetic  a nalysis 

 Cytogenetic analysis refers to study of chromosomes by recog-
nition of their morphology and their characteristic banding 
pattern, demonstrated by staining with a Giemsa stain (for 
viewing by light microscopy) (Figure  22.27 ) or a quinacrine 
stain (for viewing as fl uorescent bands under UV illumination). 
Chromosomes or specifi c genes of interest in either interphase 
or metaphase can also be studied by FISH analysis; this tech-
nique is both a cytogenetic and molecular genetic technique 
since the morphology of the chromosomes can be recognized 
to some extent, at least in metaphase cells, but the probes used 
are dependent on hybridization to specifi c DNA sequences. 
Cytogenetic, FISH and molecular techniques are complemen-
tary and which of these is most useful in an individual patient 
depends on the suspected diagnosis and the aberrations likely 
to be present. Classical cytogenetic analysis (chromosome 
banding analysis) requires cells in metaphase so that for condi-
tions with a low mitotic rate, such as CLL and low - grade NHL, 
FISH or molecular analysis may be preferred. However, with 
the newer techniques it is possible to achieve metaphases in 
more than 90% of cases of CLL. Cytogenetic analysis can (i) 
provide evidence of clonality and thus confi rm that a condition 
is neoplastic when other evidence is absent or equivocal (e.g. in 
chronic eosinophilic leukaemia, myeloproliferative neoplasms 
or NK cell leukaemia/lymphoma); (ii) confi rm a specifi c diag-
nosis (e.g. CML, AML with recurrent translocations or Burkitt 
lymphoma); and (iii) give prognostic information (e.g. in CLL, 

tochemistry. The germinal centre group express CD10 or, if 
they do not, they express BCL6 in the absence of MUM1 expres-
sion. DLBCL of the activated B - cell - like group are either nega-
tive for both CD10 and BCL6 or are CD10 negative but express 
both BCL6 and MUM1. The prognostic signifi cance is seen 
clearly in patients treated with CHOP (cyclophosphamide, 
doxorubicin, vincristine and prednisolone) but may no longer 
reach statistical signifi cance in those treated with R - CHOP 
(CHOP plus rituximab). In R - CHOP - treated patients, prog-
nostic signifi cance is shown by the demonstration of BCL2 
expression, the best prognosis being in those with a germinal 
centre phenotype but without BCL2 expression, whose survival 
curves separate from the other three groups. However, it must 
be noted that scoring of these immunohistochemical markers 
is inconsistent between laboratories unless many technical 
factors are standardized; use of the assignment to germinal 
centre or non - germinal centre phenotypes to aid treatment 
decisions would be premature. 

 In ALL, it is usually possible to perform immunophenotyp-
ing on either peripheral blood or a bone marrow aspirate; 
immunohistochemistry is therefore usually redundant. In 
AML, immunohistochemistry should be viewed as supplemen-
tary to fl ow cytometric immunophenotyping. It is often unnec-
essary. However, in the absence of peripheral blood blast 
cells and if a bone marrow aspirate cannot be obtained, it 
becomes essential for diagnosis. It can thus be important for the 
diagnosis of acute megakaryoblastic leukaemias, acute panmy-
elosis with myelofi brosis and some cases of acute erythroleu-
kaemia, when bone marrow fi brosis may prevent an adequate 
aspirate being obtained. It is needed for the diagnosis of 
myeloid sarcoma and blastic plasmacytoid dendritic cell neo-
plasm (which shows expression of CD4, CD56 and CD123). 
Immunohistochemistry can be a useful way to demonstrate the 
presence of an  NPM1  mutation in AML, cytoplasmic rather 
than nuclear expression being a surrogate marker for these 
mutations. 

     Figure 22.27     A karyogram of Giemsa -

 stained chromosomes showing t(9;22)

(q34;q11.2). The derivative 

chromosome 22 is the Philadelphia 

chromosome.  
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 Cytogenetic analysis can be considered appropriate whenever 
it contributes to diagnosis, indicates the prognosis or guides the 
selection of treatment. It can therefore be considered indicated 
in the following. 
  1     All cases of AML: essential for application of the WHO clas-
sifi cation, indicates prognosis and is thus relevant to treatment 
choice (Table  22.1 ).  
  2     All cases of ALL: essential for application of the WHO clas-
sifi cation, indicates prognosis and is thus relevant to treatment 
choice; necessary for detection of  BCR – ABL1  - positive cases, 
although for this purpose FISH and molecular analyses are 
alternatives (Table  22.2 ).  
  3     All cases of mixed - phenotype acute leukaemia: essential for 
detecting  BCR – ABL1  - positive cases.  
  4     All cases of suspected CML: essential to confi rm  BCR – ABL1 , 
although FISH or molecular analyses are alternatives.  
  5     All cases of suspected MDS: necessary for application of 
the WHO classifi cation including identifi cation of the 5q –  
syndrome (Figure  22.28 ) and essential for application of the 
International Prognostic Scoring System (IPSS) and WHO 
classifi cation - based Prognostic Scoring System (WPSS).  
  6     All cases of suspected chronic eosinophilic leukaemia: neces-
sary for detection of translocations that lead to  PDGFRB  rear-
rangement (imatinib sensitive) and  FGFR1  rearrangement.  
  7     All cases of suspected NK leukaemia/lymphoma: can demon-
strate clonality and thus confi rm the diagnosis.        

 If resources permit, cytogenetic analysis can also be useful in 
other myeloproliferative and myelodysplastic/myeloprolifera-
tive neoplasms. Cytogenetic analysis can be used for the confi r-

  Table 22.1    The 2008 WHO classifi cation of acute myeloid 

leukaemia (AML), with categories where genetic analysis is, or 

may be, essential for categorization shown in blue. 

   Therapy - related myeloid neoplasms   

   De novo   myeloid neoplasms   

  AML with recurrent genetic abnormalities  *    

     AML with t(8;21)(q22;q22);  RUNX1 – RUNX1T1   

     AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 

 CBFB – MYH11   

     AML with t(15;17)(q22;q12);  PML – RARA   

     AML with t(9;11)(p22;q23);  MLLT3 – MLL   

     AML with t(6;9)(p23;q34);  DEK – NUP214   

     AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2);  RPN1 – EVI1   

     AML with t(1;22)(p13;q13);  RBM15 – MKL1   

     Provisional entity: AML with mutated  NPM1   

     Provisional entity: AML with mutated  CEBPA   

  AML with myelodysplasia - related changes   †     

  AML not otherwise categorized  

  Myeloid sarcoma  

  Myeloid proliferation related to Down syndrome   ‡     

     Transient abnormal myelopoiesis  

     Myeloid leukaemia associated with Down syndrome  

  Blastic plasmacytoid dendritic cell neoplasm  

    * Either cytogenetic or molecular genetic analysis essential for 

classifi cation.  

    †  Meeting cytogenetic criteria for myelodysplastic syndrome 

(MDS) - associated cytogenetic abnormalities permits assignment 

of a case to this category (assignment can also be on the basis of 

multilineage dysplasia or a previous diagnosis of MDS).  

    ‡  Cytogenetic analysis may be necessary to confi rm the diagnosis 

of Down syndrome, particularly in mosaic Down syndrome; an 

acquired  GATA1  mutation is also present.   

AML, ALL, MDS and multiple myeloma) or indicate that a 
neoplasm is therapy - induced (t - AML and t - MDS).   

 It is particularly important that cytogenetic or molecular 
genetic analysis is performed whenever there is a specifi c treat-
ment available for patients with a particular genetic abnormal-
ity. This includes the following. 
  1     Conditions sensitive to tyrosine kinase inhibitors (with either 
 BCR – ABL1  or rearrangement of  PDGFRA  or  PDGFRB ).  
  2     Acute promyelocytic leukaemia with  PML – RARA  (sensitive 
to all -  trans  retinoic acid and As 2 O 3 ).  
  3     MDS with 5q –  (sensitive to lenalidomide).  
  4     MDS with monosomy 7 (sensitive to azacytidine).  
  5     Burkitt lymphoma with juxtaposition of  MYC  to the immu-
noglobulin heavy chain,  κ  or  λ  locus (responsive to intensive 
chemotherapy incorporating certain specifi c agents plus mono-
clonal antibody treatment).    

  Table 22.2    The WHO classifi cation of acute lymphoblastic 

leukaemia, with categories where genetic analysis is essential for 

categorization shown in blue  (see also Chapter  25 ) . 

    B lymphoblastic leukaemia/lymphoma   

  B lymphoblastic leukaemia/lymphoma, not otherwise specifi ed  

  B lymphoblastic leukaemia/lymphoma with recurrent genetic 

abnormalities  

     With t(9;22)(q34;q11.2) and  BCR – ABL1   

     With t(4;11)(q21;q23) and  MLL – MLLT2  or other 11q23 and 

 MLL  rearrangement  

     With t(12;21)(p13;q22) and  ETV6 – RUNX1   *    

     With hyperdiploidy ( > 50 chromosomes)  

     With hypodiploidy ( < 46 chromosomes)  

     With t(5;14)(q31;q32) and  IL3 – IGH   

     With t(1;19)(q23;p13.3) and  TCF3 – PBX1   

   T lymphoblastic leukaemia/lymphoma   

    * Molecular genetic analysis is needed since the translocation is 

cryptic.   
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useful when a single gene, such as  MLL , is involved in 
rearrangements with a large number of other genes. FISH is 
applicable to both metaphase cells and interphase cells 
(Figure  22.29 ).   

 FISH is particularly useful in the following circumstances. 
  1     Screening for  BCR – ABL1  fusion (peripheral blood cells are 
suitable whereas cytogenetic analysis is better done on bone 
marrow) (Figure  22.30 ).  
  2     Confi rming a specifi c lymphoma diagnosis by demonstration 
of  BCL2 – IGH  in follicular lymphoma,  CCND1 – IGHG1  in 
mantle cell lymphoma or  MYC – IGHG1  in Burkitt lymphoma 
(Table  22.3 ).  
  3     Detection of translocations or inversions or aneuploidy that 
was not detected on metaphase cytogenetic analyses because the 
leukaemic cells did not enter mitosis or the metaphases were of 
too poor quality, e.g. detection of t(8;21)(q22;q22), t(15;17)
(q22;q12), inv(16)(p13.1q22) or  MLL  rearrangement in AML 
(Figure  22.31 ) or detection of high hyperdiploidy in ALL (by 
using centromeric probes for the chromosomes that are most 
often triplicated).  
  4     Screening for a cryptic  FIP1L1 – PDGFRA  fusion (by detection 
of loss of  CHIC2 ) in chronic eosinophilic leukaemia.  
  5     Producing prognostically relevant information in CLL by 
investigation for trisomy 12, del(6)(q21), del(11)(q22 – 23), 
del(13)(q14.3) (Figure  22.32 ) and del(17)(p13).        

 Spectral karyotyping, also known as 24 - colour FISH, is a 
modifi cation of FISH that permits visualization of each pair of 
chromosomes in a unique colour. It can be used as a supple-
ment to metaphase cytogenetics to clarify the nature of complex 
rearrangements (Figure  22.33 ). Inversions are not detected.    

mation of a diagnosis of Burkitt lymphoma, follicular lymphoma 
or mantle cell lymphoma but FISH may be preferred. Use of 
the two techniques may give complementary information. 
Prognostically relevant information is also obtained in multiple 
myeloma. However, this is best done with preliminary magnetic 
activation cell sorting using CD138 - positive antibodies, as 
plasma cells may be low and FISH performed on direct bone 
marrow fi lms may result in insuffi cient cells for analysis and 
give misleading results.  

  Fluorescence  in  s itu   h ybridization 

 FISH uses labelled oligonucleotide probes that bind to specifi c 
DNA sequences. These may be locus - specifi c probes (including 
those detecting oncogenes and tumour - suppressor genes), 
centromeric probes, telomeric probes and whole chromosome 
paints. Centromeric probes can be used for the detection of 
monosomies and trisomies. Otherwise, locus - specifi c probes 
are those most widely used. By labelling two probes with differ-
ent fl uorochromes it is possible to study two genes that are 
involved in a specifi c translocation or other rearrangement. If 
the probes span the breakpoint, both will be disrupted by the 
translocation and signals will be adjacent or optically fused on 
the derivative chromosomes, a double - colour double - fusion 
technique. Often one probe gives a green signal and the other 
a red signal so that the fusion signal is yellow. Alternatively, two 
probes that span the 5 ′  locus and 3 ′  locus and overlap can be 
used in a double - colour break - apart technique; this can be 

nuc ish 5p15 (D5S315 × 2), 5q30 (EGR1 × 1)

1 2 3 4 5 nar

6 7 8 9 10 11 12

19 20 21 22 X Y

13 14 15 16 17 18

5q13

5q31

     Figure 22.28     An explanatory diagram 

(top), karyogram of Giemsa - stained 

chromosomes showing del(5)(q13q31) 

(bottom left), and FISH showing 

retention of signal for 5p15 and loss of 

signal for 5q31 (bottom right) in a 

patient with 5q –  syndrome.  
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ABL1-BCR

BCR
ABL1

BCR-ABL1

Metaphase

     Figure 22.29     Locus - specifi c probes for 

 BCR  (green) and  ABL1  (red) applied 

to an interphase cell and to a 

metaphase of a patient with chronic 

myelogenous leukaemia after 

hybridization with probes for  ABL1  

(red) and  BCR  (green) showing 

 BCR – ABL1  colocalization signals 

(yellow) on the Philadelphia 

chromosome and  ABL1 – BCR  

colocalization signals on derivative 

chromosome 9.  

Chromosome 9

BCR-ABL1–

BCR-ABL1+

Chromosome 22

Chromosome 9 Chromosome 22

Translocation

9q+ 22q–

Chromosome 9 Chromosome 22

     Figure 22.30     Diagram showing the principle of fl uorescence  in 

situ  hybridization for detection of  BCR – ABL1 . Locus - specifi c 

probes for  BCR  (green) and  ABL1  (red) have been applied to 

interphase cells. The normal cell (top) shows two red signals and 

two green signals, whereas the cell with  BCR – ABL1  shows two 

normal signals and two fusion signals ( BCR – ABL1  and 

 ABL1 – BCR ).  



  Table 22.3    Cytogenetic/molecular genetic abnormalities that are incorporated into the 2008 WHO classifi cation of neoplasms of mature 

T and B cells. 

   Genetic abnormality     Gene dysregulated     Diagnosis  *    

  t(14;18)(q32;q21) or t(2;18)(p12;q21) or t(18;22)

(q21;q11.2)  

   BCL2     Follicular lymphoma  

  t(11;14)(q13;q32) or, rarely, t(11;22)(q13;q11)     CCND1     Mantle cell lymphoma  

  t(8;14)(q24;q32) or t(2;8)(p12;q24) or t(8;22)

(q24;q11.2)  

   MYC     Burkitt lymphoma  

  inv(14)(q11q32) or t(14;14)(q11;q32) or, less 

often, t(X;14)(q28;q11)  

   TCL1     T - prolymphocytic leukaemia  

  t(2;5)(p23;q35) or one of at least fi ve variant 

translocations with a 2p23 breakpoint  

   NPM1 – ALK  fusion or other fusion 

gene incorporating part of  ALK   

  Anaplastic large - cell lymphoma, 

ALK positive  

    * The genetic abnormality confi rms the diagnosis only in an appropriate cytological/histological and immunophenotypic setting.   

CBFB Rearrangement MLL Rearrangement

RUNX1-RUNX1T1 PML-RARA

     Figure 22.31     Fluorescence  in situ  

hybridization in four different patients 

with acute myeloid leukaemia showing 

four major cytogenetic/genetic 

categories of AML:  RUNX1 – RUNX1T1  

fusion indicative of t(8;21) (top left); 

 PML – RARA  fusion indicative of 

t(15;17) (top right);  CBFB  

rearrangement, which is likely to 

indicate  CBFB – MYH11  (bottom left); 

 MLL  rearrangement (bottom right).  

     Figure 22.32     Explanatory diagram and fl uorescence  in situ  

hybridization showing interstitial deletion of 13q14.3 in a patient 

with chronic lymphocytic leukaemia.  

     Figure 22.33     Metaphase of a patient with acute myeloid 

leukaemia and a complex aberrant karyotype after 24 - colour 

fl uorescence  in situ  hybridization.  
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ysis in several subgroups of leukaemia and lymphoma. However, 
unlike metaphase cytogenetic analysis but similar to FISH, this 
is a targeted investigation so that only the abnormality that is 
specifi cally sought will be detected. Thus, in some diseases addi-
tional diagnostic or prognostic information will be found only 
by using metaphase cytogenetics. On the other hand, PCR has 
the advantage that only a small amount of DNA is needed and 
there is no need for dividing cells. Molecular analysis permits 
the detection of prognostically and therapeutically relevant 
cryptic rearrangements, such as the  ETV6 – RUNX1  rearrange-

  Molecular  g enetic  a nalysis 

 Molecular genetic analysis includes Southern blotting (now 
little used in routine diagnosis), the polymerase chain reaction 
(PCR) to study genomic DNA (Figures  22.34  and  22.35 ), and 
reverse transcriptase polymerase chain reaction (RT - PCR) to 
study RNA after its reverse transcription. A PCR reaction can 
also be made quantitative, as in real - time quantitative PCR, an 
important technique for monitoring MRD (Figure  22.36 ). PCR 
and RT - PCR can be alternatives to metaphase cytogenetic anal-

BCR ABL 1

b2a2

b3a2

b2a3

a2

b3a3

b2a2

b3a2

b2a3

b3a3

e1a2P190 m-bcr

P210 M-BCR
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     Figure 22.34     An explanatory diagram 

and a PCR gel showing the various 

 BCR – ABL1  transcripts that can be 

identifi ed by PCR.  

b2a2

-C
H2O

+C
p210

+C
p190

P1 P2 P3 P4 P5 P6 P7 P8 P9 MW

b3a2

e1a2

BCR

     Figure 22.35      BCR – ABL1  multiplex PCR containing different 

oligonucleotide ( ‘ oligo ’ ) combinations.  – C, negative control 

sample containing water instead of a nucleic acid template; +C, 

positive controls for p210 and p190 fusion types. P, patient 

samples: P1 and P4 are positive for b3a2 fusion types, P3 and P7 

are positive for b2a2 fusion types, P2, P5, P6, P8 and P9 are 

 BCR – ABL1  negative patient samples. MW, molecular weight 

standard; BCR, amplifi cation of the non - rearrangend  BCR  gene 

as internal quality control reaction.  
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cythaemia or primary myelofi brosis but its detection in a patient 
with a high haemoglobin concentration confi rms the diagnosis 
of polycythaemia vera and since it is present in the great 
majority of patients with this diagnosis, measurement of the 
total red cell mass and plasma volume is generally rendered 
unnecessary).  
  4     Prognostic stratifi cation, for example in ALL detection of 
 ETV6 – RUNX1  associated with cryptic t(12;21)(p13;q22) (good 
prognosis),  TCF3 – PBX1  associated with t(1;19)(q23;p13.3) 
(good prognosis),  MLL – MLLT2  associated with t(4;11)
(q21;q23) (poor prognosis) and  BCR – ABL1  associated with 
t(9;22)(q34;q11.2) (poor prognosis); multiplex PCR, combin-
ing a number of primer pairs in a single reaction, is useful for 
screening simultaneously for more than one rearrangement.  
  5     Prognostic stratifi cation in AML with normal karyotype, for 
example  FLT3  internal tandem duplication (ITD) (poor prog-
nosis),  MLL  partial tandem duplication (PTD) (poor progno-
sis),  NPM1  mutation (good prognosis if not associated with 
 FLT3  ITD),  CEBPA  mutation (good prognosis if not associated 
with  FLT3  ITD).  
  6     Prognostic stratifi cation in CLL: somatic hypermutation, 
defi ned as  IGHV  showing less than 98% homology with germ-
line, is found in 50 – 60% of all cases and correlates with a better 
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     Figure 22.36     Real - time quantitative 

PCR. Fluorescence is plotted against 

PCR cycle number. (a) A 10 - fold 

limited dilution series of a  BCR – ABL1  -

 containing plasmid showing high 

sensitivity of the PCR. It also serves as 

a calibration curve for subsequent 

 BCR – ABL1  calculations. (b) Run with 

chronic myeloid leukaemia follow - up 

samples: the large arrow shows a 

sample with high  BCR – ABL1  load, the 

small arrow low  BCR – ABL1  load.  

ment associated with a cryptic t(12;21)(p13;q22) in ALL. 
Genomic PCR can be applied to stored samples.   

 The roles of genomic PCR and RT - PCR include the 
following. 
  1     Detection of rearrangement of immunoglobulin heavy and 
light chain loci and TCR loci, providing evidence of a clonal 
disorder if a monoclonal rather than an oligoclonal or polyclo-
nal pattern is detected.  
  2     Detection of leukaemia - related and lymphoma - related chro-
mosomal rearrangements by demonstration of gene juxtaposi-
tion or fusion in order to confi rm a diagnosis, for example 
detection of  CCND1 – IGHG1  indicative of t(11;14)(q13;q32) to 
confi rm suspected mantle cell lymphoma or detection of  BCL2 –
 IGH  indicative of t(14;18)(q32;q21) to confi rm suspected fol-
licular lymphoma. Note that neither of these rearrangements is 
absolutely specifi c for the disease in question since  CCND1 –
 IGHG1  also occurs in multiple myeloma and  BCL2 – IGH  also 
occurs in DLBCL, but in the context of appropriate cytology or 
histology they do permit confi rmation of a diagnosis.  
  3     Detection of gene mutations relevant to diagnosis, for 
example  KIT  D816V in systemic mastocytosis or either  JAK2  
V617F or  JAK2  exon 12 mutation in polycythaemia vera ( JAK2  
V617F also occurs in many patients with essential thrombo-
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prognosis than is found in patients with unmutated  IGHV  
genes.  
  7     MRD detection using  RUNX1 – RUNX1T1 ,  CBFB – MYH11 , 
 PML – RARA ,  MLL  rearrangement,  MLL  PTD,  FLT3  ITD,  NPM1  
mutation or  CEBPA  mutation.    

  Whole -  g enome  s canning 

 There are a number of molecular techniques available for 
whole - genome scanning. Thus far, these have mainly been used 
to address research topics, but it is likely that they will soon fi nd 
a place in routine diagnostic work. These techniques include 
comparative genomic hybridization (CGH), in which labelled 
test DNA is hybridized to normal metaphase preparations, and 
microarray analysis, in which there is hybridization of the 
labelled test DNA of interest to probes positioned in high 
density on a microarray surface. Microarray analysis includes 
CGH arrays and, more frequently used, genome - wide single -
 nucleotide polymorphism (SNP) arrays. CGH is labour - 
intensive, less sensitive for the detection of small regions 
harbouring copy number alterations and likely to remain a 
research technique. Microarray analysis has a greater potential 
for diagnostic application since it has a much higher resolution 
for the detection of genomic aberrations, requires a low amount 
of starting material and has the potential to be developed as a 
fully automated molecular laboratory assay. 

 In CGH assays, test and reference DNAs are labelled with 
different fl uorochromes before being hybridized to microarrays 
of either oligonucleotides or bacterial artifi cial chromosome 
(BAC) probes. CGH microarray analysis is used for the detec-
tion of under - representation or over - representation of specifi c 
genomic regions in the test DNA. Deletions and amplifi cations 
can thus be detected, for example deletion of 13q14 and 11q22 
in CLL or intrachromosomal amplifi cation of 21q in ALL. 

 In SNP array analysis, genomic DNA of a sample of interest 
is digested by restriction enzymes, amplifi ed, labelled and 
hybridized to oligonucleotide probes. Probes are either bound 
to microbeads or are synthesized  in situ  in high density on a 
microarray surface (Figure  22.37 ). SNP analysis can be applied 
to genotyping and is able to distinguish heterozygosity from 
homozygosity. It can thus be used to detect both loss of hetero-
zygosity and alterations of copy numbers of a genomic region, 
i.e. gains and losses (Figure  22.38 ). Acquired somatic uniparen-
tal disomy can be detected by comparison of tumour DNA with 
constitutional DNA. Sensitivity for the detection of a clonal 
population is similar to that of metaphase cytogenetics. With 
SNP array technology it is possible to identify uniparental 
disomy for chromosomal regions that include mutated genes 
such as  JAK2 ,  CEBPA ,  FLT3  and  RUNX1 .    

  Microarray  a nalysis of  g ene  e xpression 

 Microarray analysis was initially applied to the study of cellular 
gene expression by hybridization of test and control RNA speci-

     Figure 22.37     High - density single - nucleotide polymorphism 

(SNP) microarray scan showing the surface of a high - density SNP 

microarray (Affymetrix SNP 6.0). This chip was designed as 

hybrid genotyping array to simultaneously measure 906   600 SNPs 

and copy number alterations at approximately 1.8 million 

genomic locations.  

mens, processed and labelled with different fl uorochromes, to 
single - stranded DNA. The DNA probes were either comple-
mentary (c)DNA or synthetic oligonucleotides, arrayed in mul-
tiple rows of dots on a microarray surface with each dot 
interrogating a fragment of a single gene. High - density gene 
expression profi ling (GEP) is a well - established molecular 
method and has been demonstrated to yield information of 
both diagnostic and prognostic value. 

 Primary mediastinal B - cell lymphoma can be distinguished 
from both DLBCL and Hodgkin lymphoma by its molecular 
signature. Burkitt lymphoma has a distinctive pattern of gene 
expression, which can help in making a distinction with DLBCL 
with  MYC  overexpression. Similarly, small lymphocytic lym-
phoma, marginal zone B - cell lymphoma and mantle cell lym-
phoma can be characterized by their differential gene expression 
signatures. 

 Prognostic information is provided in DLBCL. Microarray 
studies have shown that this diagnostic category encompasses 
at least two molecularly distinct diseases, differing in differen-
tiation stage (i.e. cell of origin), oncogenic mechanisms and 
clinical outcome. Microarray analysis can also divide mantle 
cell lymphoma into groups with very different prognosis. 

 From a diagnostic perspective, GEP has been demonstrated 
to offer a robust technology platform. For multiple categories 
of acute leukaemias, for example based on immunophenotype 
(B - cell and T - cell lineages), chromosomal aberrations (translo-
cations and inversions) or molecular mutations ( NPM1 , 
 CEBPA ), characteristic gene expression signatures have been 
identifi ed (Figure  22.39 ). Moreover, international multicentre 
studies have demonstrated high intra -  and inter - laboratory pre-
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cision in the performance of gene expression analyses, under-
lining that array - based GEP is a promising molecular assay 
that could be applied in the diagnosis of haematological 
malignancies.     

  Laboratory  t echniques and the WHO 
 c lassifi cation of  t umours of  h aemopoietic 
and  l ymphoid  t issues 

 The 2008 WHO classifi cation is based on the integration of 
clinical and pathological features. Among the pathological fea-
tures, morphology (cytology and histology) is fundamental but 
there is an increasing use of immunophenotyping for classifi ca-
tion of lymphoid, mixed lineage and some myeloid neoplasms 
and of cytogenetic and molecular genetic information for clas-
sifi cation of both lymphoid and myeloid neoplasms. Tables  22.1  
and  22.2  illustrate how cytogenetic and molecular genetic infor-
mation is integrated into the classifi cations of AML and 
B - lineage ALL respectively. Two categories of acute leukaemia 
of ambiguous lineage are also defi ned by the presence, in addi-
tion to the required immunophenotypic characteristics, of 
t(9;22)(q34;q11.2)/ BCR – ABL1  and 11q23/ MLL  rearrangement 
respectively. The 2008 WHO classifi cation has also introduced 
a new genetically defi ned categorization for lymphoid and 
myeloid neoplasms associated with rearrangement of  PDGFRA , 
 PDGFRB  or  FGFR1 ; these categories encompass cases of  BCR –
 ABL1  - negative chronic myeloid leukaemia (often with eosi-
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nophilic differentiation), AML, ALL and lymphoid or myeloid 
transformation of a myeloproliferative neoplasm. 

 Otherwise, among the myeloproliferative neoplasms, only 
the demonstration of t(9;22)(q34;q11.2)/ BCR – ABL1  to confi rm 
or exclude a diagnosis of CML is essential for classifi cation. 
However, the demonstration of the  JAK2  V617F mutation or a 
somatic  MPL  mutation is important for making a diagnosis of 
a myeloproliferative neoplasm rather than a secondary or famil-
ial disorder. A  JAK2  exon 12 mutation similarly confi rms that 
polycythaemia is polycythaemia vera rather than a familial or 
secondary condition. 

 Cytogenetic and molecular genetic abnormalities are critical 
in the diagnosis of certain neoplasms of mature lymphocytes 
(Table  22.3 ). However, for the majority of cases of CLL and 
NHL, such analysis is not needed for diagnosis and classifi ca-
tion, although it may provide information of prognostic value.  

  Conclusions 

 Modern diagnosis, classifi cation and monitoring of haemato-
logical neoplasms require integration of multiple diagnostic 
tools in a systematic manner in order to provide all the informa-
tion necessary for optimal management of the patient. In addi-
tion, application of new diagnostic tools is constantly increasing 
our understanding of these disorders. New research tools not 
only give new information but are often rapidly integrated into 
diagnostic practice. Classifi cations of lymphoid and myeloid 
neoplasms increasingly incorporate, and depend on, immu-
nophenotypic and genetic analysis.  
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  Epidemiology of  d isease 

 Acute myeloid leukaemia (AML) has an incidence of 2 – 3 per 
100   000 per annum in children, rising to 15 per 100   000 in older 
adults. It can occur at all ages but has its peak incidence in the 
seventh decade (Figure  23.1 ). The incidence does not appear to 
be increasing beyond that expected in an ageing population, 
which in itself will considerably increase the burden of the 
disease to healthcare systems in future years. The fact that most 
cases occur in older patients has important implications for 
treatment strategies, in that biological variation associated with 
chemoresistance and comorbidity, which limits treatment 
options, increases with age.    

  Pathophysiology 

 The more carefully AML is studied, the clearer it becomes that 
there is considerable heterogeneity between cases with respect 
to morphology, immunological phenotype, associated cytoge-
netic and molecular abnormalities and, more recently, patterns 
of gene expression. This is refl ected in the substantially different 
responses to treatment. Some entities are becoming so distinct 
that they are regarded as different diseases with specifi c 
approaches to treatment. 

 AML is a malignant clonal disorder of immature cells in the 
haemopoietic hierarchical system. Leukaemic transformation is 
assumed to occur in many cases at, or near, the level of the 
haemopoietic stem cell before it has embarked on any lineage 
commitment. Some cases may originate at a slightly later stage 
in cells that are committed to lineage differentiation. These cells 

have abnormal function characterized by failure to progress 
through the expected differentiation programme and/or to die 
by the process of apoptosis. Associated with this may be reten-
tion of the stem cell characteristic of self - renewal. This leads to 
the accumulation of a clone of cells, which dominates bone 
marrow activity and leads to marrow failure. The potential 
for arrest of haemopoiesis at different time points partially 
explains why there can be such variation in the leukaemic 
or  ‘ blast ’  population characterizing the individual case. 
Adenopathy or organomegaly can occur but are not usual fea-
tures. Extramedullary disease can occur, including cerebrospi-
nal infi ltration, but this is not usual, unlike in lymphoblastic 
leukaemias. Similarly, most patients present with low peripheral 
blood counts. While in the majority of cases no direct cause is 
found, there is an association with irradiation, smoking, some 
rare congenital abnormalities, chemical exposure and obesity. 
Perhaps the most frequently identifi ed cause is progression 
from other myeloproliferative disorders, e.g. myelodysplasia, 
or as a consequence of prior chemotherapy for another 
malignancy. 

 Non - random chromosome abnormalities are found in the 
majority of cases. These may be structural (gain or loss of mate-
rial) or reciprocal balanced translocations. The signifi cance of 
these changes is developing at a steady pace and is discussed 
below as far as the clinical implications are concerned. 

 Several molecular changes have also been discovered, either 
by association with the known cytogenetic abnormalities or 
somewhat by chance (Table  23.1 ). There is a variable level of 
proof at this stage as to whether the recognized molecular 
abnormalities are suffi cient in themselves to cause leukaemia. 
The most common molecular mutation associated with AML 
has been found in the FLT receptor.   

 FMS - like tyrosine (FLT) - 3 is a member of the platelet - derived 
growth factor receptor (PDGFR) subfamily of receptor kinases 
and is most similar to FMS, KIT and the PDGF receptors. The 
receptor is expressed in haemopoietic cells restricted to the 
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  Disease  c lassifi cation 

 The disease is confi rmed by an excess of primitive  ‘ blast ’  
cells in the bone marrow, originally in the FAB classifi cation 
required to be at least 30%. The French – American – British 
(FAB) morphological classifi cation has been useful in develop-
ing a common vocabulary, but has little predictive value with 
the widespread use of genetic markers. Quality cytochemistry 
can provide valuable additional diagnostic information. Further 
precision can be added by immunophenotyping. Although 
widely used, in many cases where high - quality morphology 
and cytochemistry is available it is not strictly required to 
confi rm the diagnosis as AML. A revised classifi cation devised 
under the auspices of the World Health Organization (WHO) 
recognizes accumulating knowledge of the cytogenetic and 
molecular characteristics. As discussed later, the leukaemic 
blasts may demonstrate an  ‘ aberrant ’  immunophenotype, 
which together with molecular characterization of cloned 
breakpoints or mutations has potential use in monitoring 
response to treatment.  

  Cytogenetics 

 The recognition of non - random chromosome abnormalities 
associated with the various types of AML has had a major 
impact on understanding of the disease, opening the way for 
the molecular genetic defects to be unravelled and aiding in the 
appropriate choice of treatment. A typical range of the more 
common abnormalities is shown in Figure  23.2 . Some of the 
consequential molecular changes have been carefully investi-
gated and, in the case of some of the reciprocal translocations, 

CD34 - positive fraction and a CD34 - negative subfraction of 
dendritic cell precursors. It is also expressed on neural tissues. 
Normal FLT - 3 receptor is expressed on AML blasts in most 
cases and can be overexpressed or asynchronously expressed in 
that it can be expressed not strictly in association with CD34 
expression. Most mutations are present in the juxtamembrane 
domain of the receptor and comprise internal tandem duplica-
tions (ITDs) of variable size that are always in - frame and there-
fore expressed. Such mutations are found in approximately 
25% of younger AML cases. Additional point mutations have 
been found on the activation loop of the interrupted kinase 
domain, usually at aspartate 835. The consequence of these 
mutations are activation of the receptor by phosphorylation, 
which promotes proliferation and resistance to apoptosis. Not 
only is the mutation the commonest mutation in AML but a 
large clinical experience confi rms that it is strongly predictive 
of relapse, although it has no implications for the achievement 
of remission. Mutations are associated with high white cell 
counts and blast percentage at diagnosis. They are not uni-
formly distributed across the FAB or cytogenetic subgroups, 
being rare in FAB M0, M6 and M7 and most common in M3. 
The incidence is highest in patients with t(15;17), trisomy 8 and 
normal karyotype and uncommon in other favourable groups 
and in virtually all poor - risk cytogenetic groups. 

 There is an increasing belief that most tumours are a result 
of multiple  ‘ hits ’  or molecular changes and that a single change 
may be insuffi cient to cause the full leukaemic phenotype. In 
AML, the phenotype is a consequence of both a proliferative 
lesion and a failure of differentiation, and it seems probable 
that molecular abnormalities which affect both functions are 
required. This understanding is now leading to the testing of 
therapeutic agents which inhibit the molecular consequences of 
these abnormalities.  
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  Table 23.1    Examples of genes involved in the cytogenetic abnormalities found in AML. 

   Cytogenetic abnormality     Genes involved (gene activation)     Protein     FAB type  

  inv(3)(q21;q26)    Ribophorin 1 ( RPN1 ) (3q21)    RER transmembrane glycoprotein    MDS, M0, M1, M2, M4, 

M5, M6, M7     EVI1  (3q26)    Multiple zinc fi ngers  

  t(3;3)(q21;q26)    Ribophorin 1 ( RPN1 ) (3q21)    RER transmembrane glycoprotein    MDS, M1, M2, M4, M6  

   EVI1  (3q26)    Multiple zinc fi ngers      

  t(1;11)(p32;q23)     AF1P  (1p32)    Murine eps 15 homologue    M0, M5  

   ALL1  (11q23)     Drosophilia  trithorax homologue      

  t(1;11)(q21;q23)     AF1Q  (1q21)    No homology to any known protein    M4  

   ALL1  (11q23)     Drosophilia  trithorax homologue      

  t(3;21)(q26;q22)     EVI1  (3q26)    Multiple zinc fi ngers    MDS  

   AML1  (21q22)    CBF -  α  Drosophilia  runt homologue      

  t(3;21)(q26;q22)     EAP  (3q26)    Ribosomal protein L22    MDS  

   AML1  (21q22)     Drosophila  runt homologue      

  t(6;9)(p23;q34)     DEK  (6p23)    Nuclear protein    MDS, M1, M2, M4  

   CAN  (9q34)    Nucleoporin      

  t(6;11)(q27;q23)     AF6  (6q27)    GLGF motif    M4, M5  

   ALL1  (11q23)     Drosophilia  trithorax homologue      

  t(7;11)(p15;p15)     HOXA9  (7p15)    Class I homeobox    MDS, M2, M4  

   NUP98  (11p15)    Nucleoporin      

  t(8;21)(q22;q22)     ETO  (8q22)    Zinc fi nger    MDS, M2  

   AML1  (21q22)    CBF -  α  Drosophilia  runt homologue      

  t(9;11)(p22;q23)     AF9  (9p22)    Nuclear protein, ENL homology    M4, M5  

   ALL1  (11q23)     Drosophilia  trithorax homologue      

  t(10;11)(p12;q23)     AF10  (p12)    Leucine zipper; zinc fi nger    M4, M5  

   ALL1  (11q23)     Drosophila  trithorax homologue      

  +11     ALL1  (11q23)     Drosophila  trithorax homologue    M1, M2  

  t(11;17)(q23;q21)     ALL1  (11q23)     Drosophila  trithorax homologue    M5  

   AF17  (17q21)    Leucine zipper; zinc fi nger      

  t(11;19)(q23;p13.1)     ALL1  (11q23)     Drosophila  trithorax homologue    M4, M5  

   ELL  (19p13.1)    Transcription enhancer      

  t(11;19)(q23;p13.3)     ALL1  (11q23)     Drosophila  trithorax homologue    M4, M5  

   ENL  (19p13.3)    Transcription factor      

  t(12;22)(p13;q11)     TEL  (12p13)    ETS - related transcription factor    MDS, M1, M4, M7  

   MN1  (22q11)    Nuclear protein      

  t(15;17)(q22;q11 – 12)     PML  (15q21)    Zinc fi nger    M3  

   RARA  (17q21)    Retinoic acid receptor -  α       

  inv(16)(p13;q22)     MYH11  (16p13)    Smooth muscle myosin heavy chain    M4Eo  

   CBFB  (16q22)    Heterodimerizes with AML1      

  t(16;16)(p13;q22)     MYH11  (16p13)    Smooth muscle myosin heavy chain    M4Eo  

   CBFB  (16q22)    Heterodimerizes with AML1      

  t(16;21)(p11;q22)     FUS  (16p11)    RNA - binding protein    M1, M2, M4, M5  

   ERG  (21q22)    ETS - related transcription factor      

    Source :   adapted from Caligiuri  et al.  (1997) with permission.   
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  Treatment 

  Aspirations for  t reatment 

 Given the age distribution of patients who will present with the 
disease, it must fi rst be decided what the goals of treatment are 
in an individual patient. In young people, there is little doubt 
that there is the prospect of signifi cant benefi t to be gained from 
an intensive approach. With increasing age, which is often asso-
ciated with comorbidity and less responsive disease, the balance 
of benefi t changes to a more palliative approach. Much of what 
is known about the prospects of successful treatment is derived 

the molecular breakpoints have been cloned. Some of these are 
illustrated in Table  23.1 .   

 The morphological, cytogenetic, immunological and molec-
ular abnormalities are frequently associated as illustrated in 
Table  23.2  and Figure  23.3 . This, together with clinical response 
data, has led to a recognition that a predominantly morphologi-
cal classifi cation is no longer adequate to defi ne some subsets 
which are better recognized as distinct clinically relevant entities 
based on cytogenetics and molecular characteristics. The previ-
ous WHO classifi cation introduced a lower marrow blast 
threshold of 20% to defi ne the disease, but this is relatively 
arbitrary and many patients enter treatment with 10% marrow 
blasts, i.e. high - risk myelodysplastic syndrome.      

Other
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     Figure 23.2     Distribution of common 

cytogenetic abnormalities in patients 

aged less than or more than 60 years. 

 (Data derived from UK Medical 

Research Council Database, after 

Grimwade  et al.  1998, 2001 with 

permision.)   

  Table 23.2    The association of morphology (FAB group) with cytogenetics and immunophenotype in AML. 

   MIC group     FAB     Immunological markers     Karyotype  

   CD7     CD19     CD13     CD33     GPA     CD41  

  M2/t(8;21)    M2     −      −     +    +     −      −     t(8;21)(q22;q22)  

  M3/t(15;17)    M3, M3v     −      −     +    +     −      −     t(15;17)(q22;q12)  

  M5a/del(11q23)    M5a (M5b, M4)     −      −     +    +     −      −     t/del(11)(q23)  

  M4Eo/inv(16)    M4Eo     −      −     +    +     −      −     del/inv(16)(q23)  

  M1/t(9;22)    M1 (M2)     −      −     +    +     −      −     t(9;22)(q34;q11)  

  M2/t(6;9)    M2 or M4 with basophilia     −      −     +    +     −      −     t(6;9)(p21 − 22;q34)  

  M1/inv(3)    M1 (M2, M4, M7) with 

thrombocytosis  
   −      −     +    +     −      −     inv(3)(q21;q26)  

  M5b/t(8;16)    M5b with phagocytosis     −      −     +    +     −      −     t(8;16)(p11;p13)  

  M2Baso/t(12p)    M2 with basophilia     −      −     +    +     −      −     t/del(12)(p11 − 13)  

  M4/+4    M4 (M2)     −      −     +    +            +4  

   +, Positive;  − , negative; no symbol, not specifi ed by MIC Workshop.  

  FAB, French – American – British classifi cation; GPA, glycophorin A.   
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     Figure 23.3     Cytogenetics and 

molecular characteristics of AML. 

 (After Grimwade  &  Hills 2009 with 

permission.)   
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     Figure 23.4     Survival of AML in 

relation to patient age. Data from a 

Welsh population database.  

from large clinical trials. In young patients, these results are 
usually representative of what can be expected for any age -
 matched patients. However, only a selected minority of older 
patients ( > 60 years) will enter trials, so trial - derived informa-
tion may be less transferable to the whole population in this age 
group. A substantial majority of older patients are not consid-
ered fi t for the usual intensive approach and the priority for 
such patients is palliative care, optimization of quality of life 
and minimal hospitalization. Examination of survival in popu-
lation studies illustrates the dominant effect of age (Figure 
 23.4 ); indeed, a substantial proportion of patients over the age 
of 60 years do not receive more than a palliative treatment 
approach.    

  Treatment  s trategy 

 The initial clinical priority is to apply chemotherapy to improve 
marrow function by inducing complete remission (CR). 
Conceptually, this means an approximate 2 - log reduction in 
tumour burden. This becomes compatible with a bone marrow 
that appears normal morphologically and is functionally able to 
produce normal numbers of circulating cells. The traditional 
consensus defi nition of CR is based on these premises: less 
than   5% blast cells in a cellular marrow durable for at least 28 
days with a peripheral neutrophil count of 1.5    ×    10 9 /L and 
platelet count above 100    ×    10 9 /L, and absence of extramedullary 
disease. In some cases, these criteria may be met but the 
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     Figure 23.5     Diagnostic presentation of 

treatment strategy.  

morphology is dysplastic. It is not clear whether this is associ-
ated with a greater risk of relapse. Similarly, some patients 
meet the marrow criteria but do not achieve full peripheral 
count regeneration, now called CRi, i.e. either the neutrophil 
or platelet count has failed to reach the level required for the 
defi nition of CR. This subgroup tends to have a poorer overall 
survival. In some circumstances, these features may represent 
a pre - existing dysplastic state; in others it may represent 
the effects of over - treatment of that particular individual. In the 
former case, this may have adverse connotations while in the 
latter it represents optimum treatment. As more sophisticated 
molecular techniques have become available, it is clear that it is 
still possible to detect residual disease when all morphological 
and functional criteria are met. Techniques such as real - time 
quantitative polymerase chain reaction (RQ - PCR) are capable 
of detection at a level of 1 in 10 4  or 1 in 10 5  residual cells, but 
such markers are available for only a minority of cases in 
which the molecular lesion has been characterized. When it is 
possible (i.e. in an individual who is heterogeneous for an 
X - linked marker) to use molecular markers of clonality, it has 
been noted that in some cases marrow remissions are clonal 
when they would be expected to represent both alleles of the 
clonal marker. Sometimes the molecular signature is that of 
the same clone as the leukaemic cells, suggesting that what the 
remission represents is a precursor or differentiated state of the 

malignant clone. It has also been noted that clonal remissions 
may be derived from the uninvolved allele. As discussed below, 
there is now intense interest in using validated molecular 
markers and leukaemia - associated immunophenotypes to 
predict imminent relapse before this becomes apparent 
clinically. 

 Clinical experience has demonstrated that further intensive 
post - remission treatment is required to  ‘ consolidate ’  CR. This 
is delivered at the same intensity as induction in order to achieve 
further cytoreduction. Under these circumstances, it is possible 
to achieve disease levels that are beyond the level of molecular 
detection. It is not clear how many intensive consolidation 
courses are required, but two or three are generally used in 
younger patients, and stem cell transplantation may be included. 
Where intensive induction and consolidation can be given, 
for example in younger patients, maintenance chemotherapy is 
not required. A pictorial description of treatment is shown in 
Figure  23.5 .    

  Treatment  d etails 

  Induction of  r emission 
 The backbone of treatment for 30 years has been the combina-
tion of daunorubicin and cytarabine. Usually daunorubicin is 
given for 3 days in a dose of 45 – 50   mg/m 2 . Cytarabine is given 



Acute myeloid leukaemia

421

a continuous variable; 80% of patients under 60 years will 
achieve CR, but this prospect diminishes with age (Table  23.3 ). 
Clinical performance score at diagnosis is also highly predictive. 
In younger patients, fewer tend to present with poorer perform-
ance scores so this prognostic factor does not move the overall 
remission rate to any great extent. A larger proportion of older 
patients will have a poorer risk score and therefore the score has 
more predictive impact. The distribution of cytogenetic sub-
types is related to age, with more - responsive subtypes frequently 
seen in younger patients and less - responsive subtypes aggregat-
ing in older patients. Tumour burden at diagnosis, as repre-
sented by white blood count, serum albumin or lactate 
dehydrogenase levels, will adversely impact on response to 
induction treatment. It is now possible to measure a number of 
proteins involved in drug effl ux in leukaemic blasts. These 
 ‘ resistance ’  proteins, for example P - glycoprotein (see below), 
tend to be more frequent in older patients and to correlate with 
a lower remission rate. If patients have had an antecedent hae-
matological disorder, e.g. myelodysplasia, the remission rate 
will be about 20% lower than in age - matched groups. About 
10 – 25% of older patients embarking on intensive induction 
chemotherapy will die during the aplastic phase from non -
 leukaemic causes, which is essentially a failure of supportive 
care. Induction deaths tend to be associated with the adverse 
features already mentioned.    

  Supportive  c are 
 It is unusual for induction chemotherapy not to clear most of 
the leukaemic blasts, however, this is at a cost of 3 – 4 weeks of 
severe pancytopenia. Supporting patients through the period of 
marrow suppression is crucial to treatment outcome; indeed 
many hold the view that the main reason that treatment has 
improved is due to improvements in supportive care. It is there-
fore important that patients are treated in an environment 
where all necessary supportive facilities are available. Several 
components of supportive care have to be in place during this 
period. Careful monitoring of biochemical parameters of renal 
and hepatic function and coagulation is required. Central 
venous access is now considered essential, together with high -
 quality and readily available blood product support. 

 A priority is the prevention and management of infection. 
Most patients will receive prophylactic oral antibiotics and anti-
fungals to minimize the risk of infection during the neutropenic 
period, although routine use of the latter can still be debated. 
Since hospital - acquired infections are becoming an increasing 

for 7 – 10 days as a continuous infusion or by bolus doses of 
100 – 200   mg/m 2  daily. Many clinical trials have been conducted 
that have tested variations of this standard of care. Alternatives 
to daunorubicin (doxorubicin, mitoxantrone, idarubicin, acla-
rubicin) or different doses have not yet been shown to be supe-
rior overall, although recent studies that have explored higher 
anthracycline doses may improve the remission rate in older 
patients. Idarubicin may achieve a better quality of remission, 
as refl ected in a reduced relapse risk in younger patients, but it 
is more myelosuppressive and limits the intensity of consolida-
tion treatment. In general, on a dose - equivalent basis, dauno-
rubicin remains the anthracycline of choice. Higher doses of 
cytarabine (3   g/m 2 ) in induction have been tested in recent 
years, with mixed results and no convincing evidence of overall 
benefi t. Intermediate doses (400   mg/m 2  daily vs. 200   mg/m 2  
daily) have been tested in younger patients without demonstrat-
ing a difference. 

 Comparison of induction treatment is not simply measured 
by the rate of remission. By achieving a greater degree of cytore-
duction, without necessarily getting more patients into CR, one 
treatment may be superior because it results in less subsequent 
relapses. The benefi cial effect of the addition of a third drug to 
the induction combination has some evidence to support it. 
This will usually be etoposide or thioguanine. A large compara-
tive study did not show any difference between these two drugs 
when used as the third drug in combination with daunorubicin 
and cytarabine. The majority of patients who are going to enter 
remission will do so after one course of treatment. If an incom-
plete response is obtained, then a second course of the same 
combination is indicated. A further group will enter remission 
but these patients have thus shown themselves to have less 
sensitive disease, and this is refl ected in a modestly increased 
risk of relapse later. If patients fail to achieve a substantial 
reduction in marrow blasts in the fi rst course or fail to enter CR 
with a second course, they should be considered refractory to 
the drugs used up to that point and transferred to an alternative 
treatment schedule where they can still have a prospect of 
achieving CR, even though they tend to have a higher risk of 
rapid relapse.  

  Results of  i nduction  t reatment 
 With this approach to treatment, 50 – 85% of patients will 
achieve remission. Of those who do, about 70% will require one 
course. A number of factors infl uence the prospects of achieving 
remission. Age is a dominant and independent risk factor and 

  Table 23.3    Relationship between 

complete remission rate and patient 

age. Patients were all given intensive 

chemotherapy. 

   Age (years)      < 35     35 – 55     55 – 60     61 – 65     66 – 70     71 – 75     75+  

  Complete remission (%)    88    82    77    62    63    48    59  

    Source :   data derived from the UK Medical Research Council AML Trial database.   
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in recent years can largely be attributed to better supportive care 
and nursing skills, which have enabled more intensive treat-
ment to be given safely.   

 Recombinant growth factors such as granulocyte colony -
 stimulating factor (G - CSF) or granulocyte/macrophage colony -
 stimulating factor (GM - CSF) have potential use in two respects. 
First, if they could curtail the duration of neutropenia, there 
would be less risk of death during the aplastic phase following 
induction chemotherapy; this may increase the rate of remis-
sion. Second, as many leukaemia cells exhibit receptors for these 
growth factors, it may be possible to pretreat the patient with 
growth factor to bring the leukaemic cells into cycle and thereby 
make them more susceptible to chemotherapy. Extensive 
studies using G - CSF or GM - CSF to curtail neutropenia have 
been carried out and some general conclusions can be made. 
The duration of neutropenia can be reduced by a few days, but 
it is less easy to demonstrate a reduction in episodes of febrile 
neutropenia. There is generally no improvement in remission 
rate. Growth factor use has not increased leukaemic growth or 
involved relapse. 

problem, it can be safer for the patient to be at home provided 
that close monitoring can be undertaken in the day hospital and 
that rapid readmission to specialist care is available. 

 Despite prophylactic measures, most patients will become 
febrile during neutropenia. This must be considered an indica-
tion of a serious, and potentially fatal, infection. The common 
pathogens are staphylococcal, caused by the use of central 
catheters, and, increasingly, fungal infections ( Candida  and 
 Aspergillus ), which are related to the duration of severe neutro-
penia that results from the more intensive chemotherapy now 
used. Particular patterns of infection will be determined within 
individual institutions and will dictate the specifi c approach to 
empirical antimicrobial intervention. Fungal infections are a 
particular problem, not only related to more intensive treat-
ment but also because of the continuous construction that is 
such a feature of hospital environments. Guidance on interven-
tion should not only be based on evidence from the literature 
but should also incorporate local microbiological issues (exem-
plifi ed in Figure  23.6 ). Nursing expertise is an essential compo-
nent. It seems probable that improvements in remission rates 
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     Figure 23.6     Management of febrile neutropenia.  (Adapted from Hughes  et al.   2002  with permission.)   
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risk of selecting chemoresistant leukaemic clones. Combinations, 
using cytarabine at increased dosage, amsacrine, etoposide and 
alternative anthracyclines, are often used (Figure  23.7 ). Few 
studies have made direct comparisons between specifi c combi-
nations, but rather try to work out how many consolidation 
courses are needed. Two or three courses that are intensive 
enough to induce 3 – 4 weeks of neutropenia appears to be 
achievable but is reaching the limit of tolerability and compli-
ance. High - dose cytarabine (3   g/m 2  on alternative days over 
5 days) has been shown to be superior to lower doses (400   mg/
m 2  or 100   mg/m 2 ), but only in patients with more sensitive 
disease. Trials have also shown that intermediate cytarabine 
doses may be just as effective with less toxicity. It has been 
suggested that high - dose cytarabine is more effective in the 
most responsive subtypes of disease (i.e. those with lower - risk 
disease) based on cytogenetic prognostic markers. Overall, 50 –
 55% of younger patients who enter remission will relapse, 
usually within the fi rst 2 years. In older patients, the risk is much 
higher (80%).    

  Allogeneic  s tem  c ell  t ransplantation 
 There is little doubt that the most effective way to prevent leu-
kaemic relapse in younger patients is allogeneic transplantation 
from an HLA - compatible sibling donor. Most of the extensive 
data available are derived from patients in whom the graft was 
of bone marrow. In these circumstances, the relapse risk will be 

 It is primarily a health economics decision that determines 
whether growth factors are incorporated into routine practice 
or not. Their use may enable patients to leave hospital earlier. 
If the local policy is to hospitalize patients during neutropenia, 
this may save resources. Fewer studies have been carried out to 
see whether growth factor  ‘ priming ’  of the leukaemic popula-
tion would be advantageous. These have generally been unsuc-
cessful but a recent positive study may rekindle interest in this 
approach, particularly because newer mobilizing agents such as 
CXCR4 antagonists may soon become available.  

  Consolidation  t reatment 
 Having achieved remission, the priority is to prevent relapse. 
Optimization of induction treatment is still required as it 
will infl uence the quality of remission and thereby the subse-
quent rate of relapse. Preliminary data suggest that the risk of 
relapse can be reduced by the addition of the immunoconjugate 
gemtuzumab ozogamicin (Mylotarg) to induction treatment 
but it does not change remission rate. Three options are avail-
able for younger patients once remission has been achieved: 
further chemotherapy at induction level of intensity, chemo-
therapy with autologous stem cell transplantation, or allogeneic 
stem cell transplantation with or without prior chemotherapy. 
Chemotherapy will usually involve a further two or three 
chemotherapy courses. At this point in the treatment, there is 
a theoretical logic in using different drugs to minimize the 
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     Figure 23.7     Treatment options in 

AML.  
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are not ablative to the bone marrow. The hope is that this pro-
vides suffi cient GVL effect. In AML, in a conventional alloge-
neic transplant, it is not clear how important the GVL effect is, 
so it remains to be seen whether non - ablative transplantation 
has a role in consolidation of AML in older patients. However, 
the preliminary results have shown that this is a viable approach 
and that over the 2 – 4 year term the outcomes are encouraging. 
The reason why use of this procedure in fi rst remission is still 
debated is that the risk of relapse is highly variable, and because 
the encouraging results are distorted by the fact that patients 
who actually receive the transplant have been selected by surviv-
ing in remission until the transplant is performed. The assess-
ment of disease - free survival as the measure of comparison 
ignores the prospect of rescuing patients who relapse by deploy-
ing the transplant in second remission.  

  Autologous  s tem  c ell  t ransplantation 
 Harvesting of stem cells from the bone marrow or peripheral 
blood during remission and using them after a period of cryo-
preservation for haematological rescue after myeloablative 
chemoradiotherapy has been widely used for younger patients 
who lack donors. This approach has also been shown to be a 
more effective way of preserving remission compared with 
chemotherapy. The treatment - related mortality is lower (5 –
 10%) than with allogeneic transplantation, but it lacks a GVL 
mechanism so the relapse risk is higher (around 35 – 40%). This 
results in an overall survival of 50 – 55% of those who receive 
this approach. Because the complications are not particularly 
age related, patients up to their mid - fi fties can safely undergo 
this procedure, but the results of autologous transplantation in 
older patients ( > 60 years) is not encouraging. 

 Patients who receive the autograft early in remission (e.g. 
within 3 months) do less well than those treated at 3 – 6 months 
because of a higher relapse rate. This may refl ect patient selec-
tion, but it has also been interpreted to mean that, for an 
autograft to be successful, consolidation chemotherapy before-
hand has an important role in cytoreduction of leukaemia cells 
before the marrow is harvested, so - called  in vivo  purging of 
disease. Initially there was concern that returning stem cells to 
patients would be illogical unless efforts were made to eliminate 
contaminating leukaemia cells fi rst, so - called  ex vivo  purging. 
Various chemical, cellular and immunologically based tech-
niques were used without clear evidence of benefi t. Most 
clinical experience was gained using  ‘ unpurged ’  bone marrow 
supporting myeloablative chemoradiotherapy, which usually 
comprised cyclophosphamide with total body irradiation or 
busulfan with cyclophosphamide. 

 One of the problems with the use of autologous bone 
marrow has been delayed peripheral blood count recovery, 
particularly of platelets. This seems to be a feature of AML 
and is less obvious in other disease indications. Current 
practice uses peripheral blood or combines peripheral blood 
and marrow stem cells to ameliorate this problem. This has 

reduced from 45% to about 20%. As there are non - leukaemic 
causes of death, the overall expectation of cure for recipients of 
allogeneic bone marrow transplantation is around 60% from 
the time of transplantation. Some of these survivors will have 
morbidities that survivors of chemotherapy will avoid, and this 
needs to be taken into account when advising patients. As the 
risk of transplant complications, graft - versus - host disease 
(GVHD) and infections, in particular, increases with age, this 
approach is normally limited to patients under 45 years, 
although the precise age cut - off remains controversial and will 
be a matter of the relative risk of the transplant and of disease 
recurrence. 

 Some transplant - related factors may predict for a more 
favourable outcome, such as a male donor, a cytomegalovirus 
(CMV) - negative donor when the host is CMV negative and a 
higher cell count in the graft, and so infl uence the decision to 
undergo the treatment, but these seem to be less powerful than 
disease characteristics in predicting outcome. The extent to 
which the high - dose preparative regimen necessary to ensure 
engraftment or the immunological reactivity of the donor 
marrow via donor T cells eliminates residual leukaemia has 
been debated extensively. It is assumed that at least some (and 
probably a major) contribution comes from the immunological 
graft - versus - leukaemia (GVL) effect. Experience with donors 
who are mismatched at more than one HLA locus has not been 
encouraging, but using fully matched unrelated donors has 
become more reliable, particularly with the development of 
molecular methods of tissue typing. In expert hands, in care-
fully selected young patients, this approach may be equivalent 
to having a sibling donor. 

 Once remission has been achieved, there is probably no defi -
nite requirement to administer more than one course of con-
solidation chemotherapy before the allograft; however, because 
of the time required to identify a donor and make the necessary 
arrangements for the transplant more than one course is usually 
necessary. It appears that variations in transplantation proto-
cols do not have a major effect on overall survival, for example 
choice of myeloablative schedule, GVHD prophylaxis or 
whether bone marrow or peripheral blood is the source of stem 
cells. However, it may be that the level of immunosuppression 
with ciclosporin can be manipulated to infl uence the risk of 
relapse. 

 Because the applicability of transplantation is limited, by 
treatment - related complications, to younger patients, and yet 
has a very powerful antileukaemic effect, there is recent interest 
as to whether non - ablative allogeneic transplantation will have 
a role in older patients. This approach does not require the 
traditional intensive treatment to ablate the host marrow but 
provides enough immunosuppression to enable the donor stem 
cells to engraft. Over a period of weeks, the host haemopoiesis 
becomes donor, i.e. changes from host to mixed to donor chi-
merism. It is now clear that that full chimeric engraftment in 
older patients can be achieved with treatment modalities that 
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daily clinical practice. Part of the problem is that there is a 
lack of allograft data in the setting of powerful prognostic 
information.  

  Factors  i nfl uencing the  r isk of  r elapse 
 As treatment of disease in younger patients has improved, so 
the heterogeneity of disease has also become apparent with 
respect to differences in relapse risk. On multivariate analysis a 
number of factors have emerged that can predict the risk of 
relapse irrespective of treatment schedules used, including stem 
cell transplantation. 

  Cytogenetics 
 Patients with t(8;21) and inv(16) have a high remission rate, a 
lower risk of relapse and a higher rate of second remission, and 
have a 5 - year survival of 65 – 75%. These patients tend to have 
lower expression of the  ‘ resistance proteins ’  and a low frequency 
of  FLT3  mutations (described below). Acute promyelocytic leu-
kaemia (APL) is now regarded as a separate entity that is 
uniquely responsive to retinoic acid. In most cases, the disease 
is characterized by t(15;17), which predicts sensitivity for a dif-
ferentiation and apoptotic response to retinoic acid. These 
abnormalities are frequently associated with additional abnor-
malities such as  – X or Y or 9q –  in the case of t(8;21), and 
trisomy 8 in the case of t(15;17). These additional changes do 
not adversely affect the favourable prognosis. Similarly, the 
 FLT3  mutation is expressed in about 35% of APL cases but does 
not affect prognosis in this group of patients. Together, these 
good - risk patients comprise about 25% of patients under 60 
years (Figure  23.2 ), with a tendency to accumulate in the 
younger age groups. When good - risk patients occur in the older 
group, they continue to represent a more favourable group, 
with a survival of 35% compared with an overall survival of 
15 – 20% in that age group in those treated with intensive 
chemotherapy. 

 About 15% of younger patients have cytogenetic abnormali-
ties that are associated with a lower remission rate and a relapse 
risk on conventional chemotherapy of 85%. These can be iden-
tifi ed as  − 5, del(5q),  − 7, abnormal 3q, t(9;22), and complex 
(more than three unrelated changes). Such patients need to be 
identifi ed early because, even if a remission is achieved, it will 
be short - lived. Currently, transplantation represents the only 
viable treatment, but even that is associated with a high relapse 
risk. There is little evidence that the outlook for this high - risk 
group has improved over the last 20 years. 

 Patients who do not fall into the categories described are 
regarded as standard risk. They have a 5 - year survival of 40 –
 45% (Figure  23.8 ). The impact of this risk stratifi cation is 
apparent irrespective of chemotherapy used or whether patients 
receive an allograft or autograft. There are some minor discrep-
ancies between published series, for example trisomy 8 and 
11q23 are regarded as poor risk in some series. In larger series, 
it emerges that patients with 11q23 and a t(10;11) rearrange-

improved haemopoietic recovery but may be associated with 
an increased risk of relapse, thus giving no overall survival 
advantage.  

  Comparison of  c onsolidation  o ptions 
 For patients under 55 or 60 years, all three treatment options 
are available, so the dilemma is which treatment approach to 
take. About 45% of patients entering remission will survive with 
chemotherapy alone. Of those who receive an allogeneic or 
autologous stem cell transplant, 55 – 60% and 50%, respectively, 
will survive. Patients who receive a transplant are not equivalent 
to patients receiving chemotherapy alone. They have survived 
long enough to receive the transplant, whereas those who could 
not have the transplant may not have done so because they 
relapsed. Some studies demonstrate that 40% of patients with 
a donor do not receive an allograft. 

 Another less frequently considered option is to delay the 
transplant until there is disease recurrence. Primary treatment 
of relapse with transplantation is associated with a high rate of 
failure, so it is necessary to establish a second remission fi rst. 
However, it is possible to salvage overall about 15% of patients 
who relapse from chemotherapy. Based on risk factors, it is 
possible to defi ne those patients who, if they relapse, are likely 
to enter second remission. In this subgroup the transplant can 
therefore be delayed because, if fi rst - line treatment does fail, a 
second CR can be reliably obtained and a transplant delivered. 
If there is a low chance of second remission, there is a stronger 
case for transplantation as part of fi rst - line treatment. 

 Several prospective randomized trials have compared chem-
otherapy with autologous transplantation and allotransplanta-
tion with chemotherapy. In the latter case, these comparisons 
are not truly randomized but rather compare patients found to 
have donors, and assumed to be intended to receive an allograft, 
with those for whom no donor is found. This  ‘ donor versus 
no - donor ’  comparison is a substitute for randomization. 
Although the conclusions are not universal, and despite the 
superior ability of allograft to reduce the risk of relapse and in 
some studies to improve the disease - free survival, there have 
been no differences in survival between these approaches. When 
those with donors are then compared overall there is only a 
modest but statistically signifi cant survival benefi t in favour of 
allotransplantation; this may, however, be less clinically signifi -
cant. When the cytogenetic risk of relapse is taken into account 
(discussed below), it would appear that transplantation is not 
required for good - risk patients, and in the absence of an emerg-
ing improvement for poor - risk patients, allogeneic transplanta-
tion including from unrelated donors is the chosen approach. 
There is a prospect that chemotherapy may continue to improve 
so the question of whether allotransplantation will continue to 
be the best option for standard - risk patients remains a matter 
of considerable debate, particularly with the emergence of 
several new prognostic markers. The evidence continues to 
evolve and the challenge is to apply it to individual patients in 
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relapse, even allowing for obvious differences in comorbidities 
and distribution of cytogenetic risk groups. Leukaemias in the 
elderly more frequently express the drug transport proteins 
associated with chemoresistance (discussed below).  

  Response to  i nduction  c hemotherapy 
 Patients who enter remission with the fi rst course will have a 
lower relapse risk than those who require a further course. This 
has been recognized in various ways. For example, the presence 
of residual blasts in the bone marrow on day 14 can be used as 
a reason to give additional treatment. The blast percentage in 
the bone marrow assessed on recovery from the fi rst treatment 
course has been shown to be highly predictive, i.e. patients who 
have more than 20% blasts, even though remission is subse-
quently achieved, will have a high relapse risk. Both cytogenetics 
and age are related to this response. When the morphological 
appearances are related to cytogenetic risk group, it is clear that, 
for good - risk patients, failure to clear the marrow with the fi rst 
course is not an adverse feature, whereas in poor - risk patients 
even those who clear blasts in the fi rst course will have a poor 
prognosis. In standard cytogenetic risk patients, it is those who 
fail to clear the marrow that have an adverse risk. From such 
data, a risk defi nition incorporating cytogenetics and marrow 
response can be obtained and this identifi es those in the stand-
ard cytogenetic risk group who fail to clear the marrow and are 
thus poor - risk (Table  23.4 ). This can be further related to age, 
which suggests that the impact of older age is clearest in the 
standard - risk patients who clear marrow blasts.    

   FLT3   m utations 
 Not only has this mutation emerged as the most frequent in 
AML but several large series conclude that it is also a major 
prognostic factor, not for the achievement of remission but 
particularly for predicting relapse. It provides additional refi ne-
ment to cytogenetic predictive groups (Figure  23.9 ). The ques-
tion of whether  FLT3  status should be used to direct patients ’  
treatment remains unclear, with studies supporting both sides 
of the argument. As discussed below,  FLT3  mutation is of inter-
est as a potential therapeutic target. Mutations of the activation 
loop, which occur in 7 – 10% of patients, have not been shown 
to be adverse in all studies and may even be favourable, which 

ment are poor risk (17% survival), whereas other series show 
in excess of 50% survival in younger patients. As larger data-
bases are accumulated it will be possible to allocate less - frequent 
abnormalities to risk groups.   

 In older patients, the overall survival of chemotherapy is 
around 15 – 20% at 5 years; it is therefore less easy to delineate 
cytogenetic risk subgroups. Adverse groups are more frequent, 
and favourable subgroups are less common. This partly accounts 
for the poorer prognosis of AML in older patients. It is still 
possible to derive a hierarchical risk stratifi cation in the older 
patients based on similar criteria already described for younger 
patients. Some extremely poor subgroups can be identifi ed 
(Figure  23.8 b).  

  Age 
 Increasing age, from children to the elderly who are given inten-
sive chemotherapy, is associated not only with a poorer chance 
of achieving remission but also with an increasing risk of 
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     Figure 23.8     The impact of cytogenetic risk groups on treatment 

outcome. (a) The survival of patients aged under 60 years with 

good - risk abnormalities  –  t(8;21), inv (16), t(15;17)  –  with or 

without other abnormalities. Poor risk is associated with changes 

involving chromosome 5 or 7, del 3q or complex abnormalities 

(more than three abnormalities). The standard - risk group 

comprises patients who do not have the abnormalities included 

in the good -  or poor - risk categories. (b) The outcome for 

patients over 60 years old with these abnormalities who were 

treated with intensive chemotherapy. The relative proportion of 

the abnormalities in each age group is shown in Figure  23.2 .  

  Table 23.4    Relationship between blast status and cytogenetic 

group after course 1. 

   Cytogenetic group     CR (%)     PR (%)     RD (%)  

  Favourable    77    68    76  

  Standard    49    41    16  

  Poor    26    24    4  

   CR, complete remission; PR, partial remission; RD, resistant 

disease.   
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the presence of an  NPM1  mutation confers a favourable 
outcome. However, it frequently coexists with a  FLT3  mutation, 
where it modulates the negative effects of  FLT3 . In a large UK 
study on patients in MRC trials, the prognostic implications of 
the four possible combined genotypes is clear (Figure  23.10 ). 
While it is tempting to suggest that the poor outcome for 
patients with a  FLT3  - positive  NPM1  - negative genotype could 
be improved by transplantation, so far there are insuffi cient 
data to confi rm that this is the case.   

 About 10% of cases, usually those with a normal karyotype, 
have a mutation of the CCAAT/enhancer - binding protein  α  
( CEBPA ) gene. This can occur as a single mutation in about half 
of cases, which does not infl uence prognosis, or as two muta-
tions, which confer a favourable prognosis equivalent to patients 
with favourable cytogenetics. Mutations of c -  KIT  have been 
reported in 20 – 30% of patients within the core binding factor 
(CBF) subset of favourable cases, where it identifi es a subset 
who have a higher risk of relapse. 

 Mutations of the Wilms tumour ( WT1 ) gene have recently 
been identifi ed, and it is generally agreed that they predict for 
an increased risk of treatment failure. The use of gene overex-
pression is a little more problematic because of the need to 
standardize methodology, but proteins in this category include 
EVI1 and BAALC, which have been reported to predict poorer 
survival if overexpressed. 

 The addition of the molecular subdivision to the prognostic 
assessment adds considerable complexity for prospective vali-
dation and for assessing whether any specifi c treatment is ben-
efi cial, or indeed whether the molecular characteristics add 
prognostic information to that which is already available, or 
simply identifi es the same patient groups.  

25

0 1 2 3 4 5

0

50

75

100

Years

Pe
r 

ce
n

t 
re

la
p

si
n

g

P < 0.0001

Poor risk
ITD– (78%)

Poor-risk
ITD+ (100%)

Standard risk
ITD– (48%)

Standard risk
ITD+ (74%)

Good risk
ITD+ (39%)
Good risk
ITD– (30%)
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     Figure 23.10     The impact of 

 FLT3 / NPM1  genotypes on survival. 

 (After Gale  et al.  2008 with 

permission.)   

might be explained by the different methods of detection used. 
 FLT3  mutation status is complicated by the requirement for 
rigorous defi nition of meaningful mutation and a knowledge of 
the mutant to wild - type ratio, where a high ratio has a more 
negative impact.    

  Other  m olecular  a bnormalities 
 The discovery that the nucleophosmin 1 ( NPM1 ) gene was 
mutated in around 50% of cases, usually in those with a normal 
karyotype, stimulated considerable effort to further subdivide 
the prognostic groups using molecular information. Overall, 



Postgraduate Haematology

428

  Detection of  m inimal  r esidual  d isease 
 Modern treatments of AML ever more frequently apply the 
concepts of risk - adapted intensifi cation. An additional, equally 
crucial, objective is to deliver effective therapies that avoid 
under -  or over - treatment; achieving this has prompted precise 
measurements of persisting disease, or minimal residual disease 
(MRD), beyond the threshold of light microscopy. Recently, a 
signifi cant correlation has been shown between MRD quanti-
fi ed by RQ - PCR or multiparametric fl ow cytometry and 
outcome. Therefore, the assumption behind the assessment of 
MRD is that it will add greater defi nition to risk prediction by 
the prognostic factors already recognized. In particular, four 
major areas of application to the post - remission decision - mak-
ing process have been identifi ed and are being evaluated: (i) 
assessment of the quality of response to improve risk stratifi ca-
tion and enhance post - consolidation choice (e.g. transplant vs. 
no transplant); (ii) post - treatment serial monitoring to antici-
pate overt relapse and plan pre - emptive therapy; (iii) post - stem 
cell transplantation monitoring to assess the risk of relapse and 
decide the use of donor lymphocyte infusions; and (iv) identi-
fi cation of markers to pinpoint in the context of targeted - 
therapy approaches. 

 Because of the relative insensitivity of techniques such as 
cytogenetics and fl uorescence  in situ  hybridization, molecular 
and fl ow cytometry approaches have become the most popular 
laboratory tests for detecting residual disease. Nucleic acid -
 based approaches involving RT - PCR have been used particu-
larly in APL. The cloning of a number of breakpoints (Table 
 23.1 ) provides the opportunity to utilize a PCR - based approach. 
Most experience has been gained in APL cases using the PML –
 RAR α  hybrid protein as the target, with assays with a sensitivity 
of 1 in 10 4 . A number of conclusions have emerged that cur-
rently infl uence clinical practice. If RQ - PCR remains positive 
after consolidation chemotherapy, the risk of relapse is high 
( > 70%). However, most of the relapses that subsequently occur 
are in patients who were found to be negative after consolida-
tion. The majority of patients are molecularly negative at this 
time, but 20% will nevertheless relapse. 

 A strategy of regular monitoring of bone marrow (e.g. 
3 - monthly) is capable of detecting the reappearance of molecu-
lar positivity about 3 – 6 months before haematological relapse. 
No randomized studies have compared the strategy of retreat-
ment at the time of molecular relapse with intervention at the 
time of haematological relapse. As the risk of haematological 
relapse in a patient who was RQ - PCR negative but who then 
becomes positive is very high, early intervention in this disease 
seems justifi ed. 

 Anecdotal evidence suggests that intervention at molecular 
relapse has a better outcome than intervention at haematologi-
cal relapse. Less information is available about monitoring of 
the  AML – ETO  or  CBFB – MYH11  fusion genes associated with 
t(8;21) and inv(16). Longitudinal studies using the  AML – ETO  

  Performance  s core 
 In older patients, standard assessments of performance vary 
considerably. These scores are highly predictive for induction 
treatment success, and will also inevitably relate to which 
patients are considered candidates for an intensive approach to 
treatment.  

  White  c ell  c ount 
 High tumour load is an adverse feature for both induction and 
relapse risk. The threshold for risk is not defi nitive. A white cell 
count of 50    ×    10 9 /L is often quoted. In subgroups, a prognostic 
infl uence is apparent at much lower counts, for example in APL 
a white cell count at diagnosis of greater than 10    ×    10 9 /L is 
usually agreed as predictive of a higher relapse risk. The impact 
of a high white cell count is less than that of cytogenetics but 
may have isolated value when cytogenetics is not available.  

  Resistance  p roteins 
 One of the important biological differences between disease in 
older patients and that in younger ones is the increased fre-
quency in older patients of the expression of proteins involved 
in drug transport. These are associated with chemoresistance to 
some of the drugs used in AML, such as anthracyclines and 
etoposide. Expression also tends to be associated with a stem 
cell phenotype and adverse cytogenetics. The most widely 
studied is P - glycoprotein (P - gp), an energy - dependent trans-
porter protein product of the  MDR1  gene on chromosome 7 
and which belongs to the ATP - binding cassette (ABC) trans-
porter family. AML in older patients frequently overexpresses 
this protein, which has been shown to be predictive for inferior 
rates of remission and remission duration. The expression levels 
reported may vary in different series because of differences 
between measurement techniques. Quantitative fl ow cytometry 
has brought a degree of consistency to measurement, but a 
functional assessment (of dye effl ux) and blockade with a P - gp 
inhibitor is also recommended.  In vitro  preclinical studies have 
demonstrated that agents such as ciclosporin or its analogue 
PSC - 833 can block P - gp function; however, only one trial to 
date has so far shown that using such agents has clinical benefi t. 
This may be because P - gp is not the only mechanism of 
chemoresistance. 

 Multidrug resistance protein 1 is another member of the 
ABC transporter family and the gene ( MRP1 ) is located on 
chromosome 16. Lung resistance protein (LRP) is a subunit of 
the major vault protein, which has been identifi ed in some 
anthracycline - resistant cell lines and appears to be involved 
in drug transport. LRP expression has been reported in 30 – 
50% of AML cases in different series, but the majority of studies 
have been unable to show a correlation with response. Above -
 normal MRP expression can be found in 50% of patients with 
untreated AML, but there is no consensus about its impact on 
survival.   
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 The contribution of molecular biology and fl ow cytometry 
to the delivery of MRD - directed therapy in AML may be rele-
vant. In fact, given the broad applicability of fl ow cytometry and 
the ever rising number of molecular targets identifi ed, one can 
expect that virtually every patient with AML will be suitable for 
MRD monitoring and then for individualized management of 
disease. There is also demand for establishing whether determi-
nation of MRD can enhance current risk - stratifi cation strategies 
based on pretreatment parameters. All these issues can be 
addressed in the context of large prospective and cooperative 
studies including parallel determination of MRD by RQ - PCR 
and fl ow cytometry.  

  Impact of  p rognostic  f actors on  t reatment  c hoice 
 It is becoming routine to take into account the risk of relapse, 
as defi ned by some of the factors described, in order to target 
treatment. The most obvious example is the growing acceptance 
that transplantation is not required for patients with good - risk 
disease. Poor - risk patients must be identifi ed promptly and 
offered either transplantation or some experimental approach 
since currently available chemotherapy is inadequate. Further 
data regarding whether transplantation (sibling or unrelated) 
signifi cantly benefi ts high - risk patients are needed. Similar 
information is also required about the signifi cance of  FLT3  
status and associated genotypes with respect to the impact of 
transplantation. Children respond very well to intensive chem-
otherapy, with the majority enjoying prolonged remissions. 
Only the small number of children with high - risk features 
require fi rst - line transplantation. 

 In older patients ( > 60 years), either patients or doctors make 
a judgement at diagnosis as to whether intensive chemotherapy 
will be benefi cial. Prognostic factors such as cytogenetics and 
performance score can inform this choice. Very poor - risk 
cytogenetics (e.g. complex changes) carries such a low prospect 
of success that the question arises as to whether such patients 
should receive intensive treatment even if considered suffi -
ciently fi t.  

  Acute  p romyelocytic  l eukaemia 
 APL is a special case in which the presence of t(15;17) predicts 
sensitivity to treatment with all -  trans  retinoic acid (ATRA). It 
has been recognized for more than 20 years that this leukaemia 
subtype is sensitive to anthracyclines. Recent experience has 
clearly demonstrated that the combination of ATRA and chem-
otherapy has made a dramatic improvement, with survival now 
expected to exceed 80%. Even better prospects are becoming 
apparent when the combination of an anthracycline (idaru-
bicin) and ATRA form the backbone of treatment. Simple 
maintenance with courses of ATRA and orally available agents 
such as methotrexate and 6 - mercaptopurine has been shown in 
some studies to provide additional benefi t. Since the molecular 
consequences of t(15;17) are known, evaluation of the role of 

fusion have demonstrated that patients in long - term remission 
may have molecularly detectable  ‘ disease ’ . This has been attrib-
uted to the presence of transcript in other lineages (e.g. mono-
cytes). It seems probable that molecular data will have to be 
accumulated for each transcript before fi rm clinical decisions 
can be based on this information. The transcripts most amena-
ble to monitoring occur in 20 – 25% of cases which have favour-
able - risk cytogenetics with fewer relapses, so large prospective 
trials will be required to accumulate enough patients and 
enough events to clarify the situation. More sensitivity may be 
added to this approach using RQ - PCR. 

 Although several other molecular targets are available, they 
individually represent small numbers of patients. It may be 
possible to use a more ubiquitously available molecular target. 
The  WT1  gene is overexpressed in the majority of AML cases 
compared with normal haemopoiesis and has been reported 
to have potential for molecular monitoring in the majority 
of cases. Mutations of the  RAS  or  FLT3  genes are not likely 
to be useful in this context because some cases that have 
the mutation at diagnosis lose it at relapse and vice versa. 
Conversely,  NPM1  mutations have promise as a stable MRD 
target. Initial attempts at MRD monitoring have suggested 
that the  NPM1  mutant allele level reveals residual disease and 
predicts relapse. 

 Quantifi cation of MRD by fl ow cytometry requires the iden-
tifi cation at diagnosis of leukaemia - associated aberrant immu-
nophenotypes. These are absent or very infrequent in normal 
bone marrow but, using a large panel of monoclonal antibodies, 
can be described in up to 85% of AML cases at diagnosis. These 
leukaemia - associated immunophenotypes include overexpres-
sion of an antigen, coexpression of antigens normally associated 
with different stages of maturation but which does not occur in 
novel haemopoiesis, the absence of myeloid antigen expression 
or the expression of non - myeloid antigens. 

 The need to test as comprehensive a panel of monoclonal 
antibodies as possible makes immunological MRD monitoring 
a quite expensive technology. However, the major impulse for 
using it derives from its applicability to the vast majority of 
AML cases, with a sensitivity of 1 in 10 4  or 1 in 10 5 . Although 
this sensitivity is at least 1 - log below that of molecular tech-
niques, improvements are expected using six to eight colour 
technology. Since most published data have been based in single 
laboratories, additional concerns pertain to lack of common 
standard operating procedures in order to generate comparable 
results. From a clinical point of view, several published studies 
have demonstrated that the immunophenotypic detection of 
MRD, at post induction or post consolidation, is independently 
associated with the risk of relapse. There is also evidence that 
in MRD - positive patients, the use of allogeneic stem cell trans-
plantation confers a superior outcome whereas autologous stem 
cell transplantation does not alter the unfavourable course dic-
tated by MRD positivity. 



Postgraduate Haematology

430

older patients with a short CR1 will do poorly (Table  23.5 ). 
Since the second remission rate in good - risk disease defi ned by 
cytogenetics is relatively good, transplantation is usually delayed 
until second remission. There is no clear  ‘ best choice ’  chemo-
therapy for other risk groups, so this is often the setting for 
experimental therapy development.   

 APL is again a special case. Patients can respond again to 
retinoic acid and chemotherapy, but recently arsenic trioxide 
and the CD33 - directed immunoconjugate gemtuzumab ozo-
gamicin have been found to be effective. Remission rates above 
80% have been reported; interestingly, following consolidation 
therapy, a similar proportion can be returned to RQ - PCR nega-
tivity. This permits the opportunity for autologous transplanta-
tion, the successful outcome of which depends on the autograft 
and, preferably, the patient being molecularly negative. For 
patients who remain molecularly positive after reinduction, 
allogeneic transplantation is indicated. 

 For non - APL patients, whatever treatment is used to re -
 establish remission, it is unlikely to be durable without a trans-
plant. Although prospective studies are rare, transplant registry 
data suggest that about 30% of patients can be salvaged with a 
transplant with little overall difference whether the source of 
stem cell is allogeneic or autologous.    

  Future  d evelopments 

  Classifi cation 

 The classifi cation of this disease will no doubt continue the 
trend of taking into account molecular, genetic and clinical 
features as well as morphology. The technology could eventu-
ally allow subgroups to be identifi ed on the basis of a gene 
expression signature, as shown in Figure  23.11 . High - density 
microarray gene chips can already distinguish major cytoge-
netic and FAB groups and the presence of an  FLT3  mutation, 

molecular monitoring is most developed in APL and provides 
a model for disease monitoring in AML.  

  Treatment in the  o lder  p atient 
 Improvement in survival in older patients over the last 20 years 
has been much more elusive. With better supportive care, 
intensive chemotherapy can expect to achieve remission in 
50 – 60% of cases. However, 80% of cases will relapse by 2 years. 
This result has been achieved with various combinations of 
induction and consolidation schedules and is not improved by 
maintenance to any great extent. There will be a greater interest 
in maintenance in future studies. Because the outcome is poor, 
two issues arise. Are there prognostic factors that confi rm which 
patients will benefi t from an intensive treatment approach? The 
data are less convincing than in younger patients, but younger 
age (60 – 70 years), higher performance score and favourable 
cytogenetic risk group can identify a minority of patients with 
a better than average outcome. However, several patients have 
adverse factors: older age, poorer performance score, complex 
cytogenetics or a chemoresistant phenotype. These patients will 
have a worse prognosis, which raises the issue of whether they 
should receive palliative care from the start. One modestly sized 
study compared a palliative treatment approach with conven-
tional chemotherapy and demonstrated that the use of intensive 
chemotherapy, because it achieved remission, was more benefi -
cial in older patients; however, no study has yet been large 
enough to ask that question within the risk groups. 

 One strategy for improvement is to target the function of 
P - gp. Only one of several studies using ciclosporin or its ana-
logue has managed to improve survival in relapsed disease, but 
other studies combining it with fi rst - line treatment have been 
unsuccessful. This may be because P - gp is not the only resist-
ance mechanism present in leukaemic cells, and once a cell has 
become resistant by one mechanism there are already other 
resistance routes.  

  Management of  r elapse 
 The majority of patients will relapse. If this happens after stem 
cell transplantation, the benefi t of further therapy is question-
able. However, this is dependent on when the relapse occurs. 
Within 1 year, further treatment is unlikely to have sustained 
benefi t and retransplantation is usually associated with a very 
high complication rate. If the relapse occurs later, further chem-
otherapy with retransplantation may save a few patients. The 
development of donor lymphocyte infusions has been a very 
effective approach for the treatment of post - allograft relapse in 
chronic myeloid leukaemia, but has a low rate of success in 
AML. 

 For patients who relapse after chemotherapy, three factors 
dictate the clinical outcome: duration of fi rst remission, age and 
cytogenetic risk group. Patients with good - risk disease have a 
high (75 – 80%) rate of second remission. Patients who are 
young with a long CR1 will have a reasonable survival, whereas 

  Table 23.5    Outcome of relapse in patients over 60 years receiving 

reinduction treatment ( N    =   1529). 

       CR1 (months)  

   5      < 6     6 – 12      > 12  

   Remission rate   

  15 – 59 years (%)    15    33    56  

  60 – 69 years (%)    11    29    67  

   > 70 years (%)    13    26    53  

   Survival from relapse at 2 years   

   < 35 years (%)    10    16    41  

  35 – 60 years (%)    7    14    27  

  60+ years (%)    4    8    16  



Acute myeloid leukaemia

431

when the antibody combines with CD33 antigen, the complex 
is rapidly internalized to the cell, where the chemical linker 
between drug and antibody is lysed. A crucial property is that 
the linker is lysed only intracellularly and not in the circulation. 
Although expressed in 90% of cases of AML, CD33 is not leu-
kaemia specifi c. There is expression on haemopoietic precur-
sors but not on stem cells or, as far as is known, other tissues. 
The conjugate is clearly active. As a single agent, it can achieve 
CR in relapse or as fi rst - line treatment in older patients. 
Pancytopenia is not avoided and transient hepatotoxicity will 
be seen in some patients. It does not result in the alopecia or 
mucositis usually associated with chemotherapy. Its use in AML 
is under investigation in a number of areas, for example in 
induction in older patients before chemotherapy; for induction 
in patients unfi t for chemotherapy; as maintenance of remis-
sion; as fi rst - line and relapse treatment in APL; as part of trans-
plant conditioning; and in simultaneous combination with 
conventional chemotherapy. All these approaches are still 
experimental. 

 Allogeneic transplantation has proved over the years to be a 
highly effective immunological approach. However, as previ-
ously pointed out, the overall survival advantage is not always 
clear. Part of the reason is that because it is only safely applicable 

and using this information up to 16 subtypes have been pro-
posed. This technology offers no advantage over currently avail-
able methods but is at the developmental stage. It will throw 
light on associated molecular abnormalities that may eventually 
become targets for drug design and which may be capable of 
predicting disease or toxicity response. The bioinformatics chal-
lenges are considerable given the enormous amount of infor-
mation that these methods produce.    

  Therapeutics 

 There is general acceptance that little further progress will be 
made by simply shuffl ing currently available drugs with respect 
to either scheduling or dosage. There may still need to be refi ne-
ments with respect to toxicity. There is much interest in target-
ing treatment, either by matching the treatment approach to 
the patient based on prognostic factors or by immunologically 
directing treatment to leukaemic cells and thereby enhancing 
the selectivity of treatment. Gemtuzumab ozogamicin is an 
immunotoxin that is being extensively explored in this respect. 
This is an immunoconjugate combining an IgG4 anti - CD33 
humanized monoclonal antibody with the highly potent anti-
tumour antibiotic calicheamicin. The key to its utility is that 

     Figure 23.11     A gene cluster of AML samples. A gene list was 

identifi ed from the 22   283 - gene probe set on the Affymetrix 

U133A gene chip, which was capable of predicting cytogenetic 

risk group. This list was used to cluster the samples into similar 

groups and cluster genes showing similar expression profi les 

(within the cluster, red indicates high expression whereas green is 

low or absent expression). One group for each of the good -  and 

poor - risk groups was obtained, but several clusters of standard -

 risk patients were identifi ed, which may correlate with the diverse 

nature of this subgroup. Blue, good - risk patients; pink, standard -

 risk patients; yellow, poor - risk patients. Note that the right - hand 

cluster contains patients with good, standard and poor risk.  



Postgraduate Haematology

432

    Burnett   AK   ( 2002 )  Transplantation in adults with AML: a clini-
cian ’ s perspective .  British Journal of Haematology   118 :  1  –  8 .  

    Caligiuri   MA  ,   Strout   MP  ,   Gilliland   G   ( 1997 )  Molecular biology of 
acute myeloid leukaemia .  Seminars in Oncology   24 :  32  –  44 .  

    Cornelissen   JJ  ,   van Putten   WL  ,   Verdonck   LF    et al . ( 2007 )  Results 
of a HOVON/SAKK donor versus no - donor analysis of myelo-
ablative HLA - identical sibling stem cell transplantation in fi rst 
remission acute myeloid leukaemia in young and middle - aged 
adults: benefi ts for whom?   Blood   109 :  3658  –  3666 .  

    Estey   E  ,   Dohner   H   ( 2006 )  Acute myeloid leukaemia .  Lancet   368 : 
 1894  –  1907 .  

    Freeman   SD  ,   Jovanovic   JV  ,   Grimwade   D   ( 2008 )  Development of 
residual disease - directed therapy in acute myeloid leukaemia . 
 Seminars in Oncology   35 :  388  –  400 .  

    Gale   RE  ,   Green   C  ,   Allen   C    et al . ( 2008 )  The impact of FLT3 internal 
tandem duplication mutant level, number, size, and interaction 
with NPM1 mutations in a large cohort of young adult patients 
with acute myeloid leukaemia .  Blood   111 :  2776  –  2784 .  

    Grimwade   D  ,   Haferlach   T   ( 2004 )  Gene - expression profi ling in 
acute myeloid leukaemia .  New England Journal of Medicine   350 : 
 1676  –  8 .  

    Grimwade   D  ,   Hills   RK   ( 2009 )  Independent prognostic factors for 
AML outcome .  Hematology. American Society of Hematology 
Education Program   385  –  95 .  

    Grimwade   D  ,   Walker   H  ,   Harrison   G    et al.  ( 2001 )  The predictive 
value of hierarchical cytogenetic classifi cation in older adults 
with AML: analysis of 1065 adults entered ino the MRC AML11 
Trial .  Blood   98 :  1312  –  20 .  

    Hughes   WT  ,   Armstrong   D  ,   Bodey   G    et al.  ( 2002 )  2002 Guidelines 
for the use of antimicrobial agents in neutropenic patients with 
cancer .  Clinical Infectious Diseases   34 :  730  –  51 .  

    Kern   W  ,   Haferlach   C  ,   Haferlach   T  ,   Schnittger   S   ( 2008 )  Monitoring 
of minimal residual disease in acute myeloid leukaemia .  Cancer  
 112 :  4  –  16 .  

    Kottaridis   PD  ,   Gale   RE  ,   Frew   ME    et al.  ( 2001 )  The presence of a 
FLT3 internal tandem duplication in patients with acute myeloid 
leukaemia (AML) adds important prognostic information to 
cytogenetic risk group and response to the fi rst cycle of chemo-
therapy: analysis of 854 patients from the United Kingdom 
Medical Research Council AML 10 and 12 Trials .  Blood   98 : 
 1752  –  9 .  

    Levis   M  ,   Small   D   ( 2003 )  FLT3: ITDoes matter in leukaemia . 
 Leukemia   17 :  1738  –  52 .  

    Lowenberg   B  ,   Burnett   AK  ,   Downing   JR   ( 1999 )  Acute myeloid leu-
kaemia .  New England Journal of Medicine   341 :  1051  –  62 .  

    Maurillo   L  ,   Buccisano   F  ,   Del Principe   MI    et al . ( 2008 )  Towards 
optimization of postremission therapy for residual disease - pos-
itive patients with acute myeloid leukaemia .  Journal of Clinical 
Oncology   26 :  4944  –  4951 .  

    Schlenk   RF  ,   Dohner   K  ,   Krauter   J   ( 2008 )  Mutations and treatment 
outcome in cytogenetically normal acute myeloid leukaemia . 
 New England Journal of Medicine   358 :  1909  –  1918 .  

    Sonneveld   P  ,   List   AF   ( 2001 )  Chemotherapy resistance in acute 
myeloid leukaemia .  Clinical Haematology Best Practice and 
Research   14 :  211  –  33 .  

    Valk   PJM  ,   Verhaak   RGW  ,   Beijen   MA    et al.  ( 2004 )  Prognostically 
useful gene - expression profi lies in acute myeloid leukaemia . 
 New England Journal of Medicine   350 :  1617  –  28 .   

 

 

 

to younger patients, it is competing with the group of patients 
with the most favourable responses to chemotherapy. Non -
 intensive transplants have demonstrated that it is feasible to 
achieve full chimeric status, i.e. 100% donor cells in the bone 
marrow, without using intensive chemoradiotherapy. This can 
be done safely in older patients, but there remain concerns 
about the balance between avoiding relapse on the one hand 
and GVHD on the other. This could represent a consolidation 
option for older patients for whom conventional chemotherapy 
is less successful and where there is an antileukaemic effect of 
standard allograft. The approach presumes that there will be a 
signifi cant GVL effect operating in AML. There are only pre-
liminary data on this approach in AML, which is still experi-
mental; assessment in a prospective clinical trial is required. 

 Many small molecules, particularly tyrosine kinase inhibi-
tors, are becoming available for cancer treatment. So far none 
has matched the impact of Glivec in chronic myeloid leukae-
mia. The recognition of the  FLT3  mutation as a common muta-
tion in AML has led to the discovery of several powerful, but 
not specifi c, inhibitors of the receptor tyrosine kinase FLT - 3, 
which autophosphorylates the receptor and downstream mol-
ecules. Preclinical models provide considerable encouragement 
for effi cacy. Initial clinical studies show a response in about 50% 
of patients with relapsed disease, with only occasional CRs; the 
duration of any responses tended to be short. Because of lack 
of specifi city, it is likely that these agents will need to be used 
in combination with each other, or with chemotherapy. 
Inhibitors of RAS pathway molecules have also undergone pre-
liminary assessments. Some responses have been seen, but it is 
also clear that the agents tested are not specifi c. 

 Newer more conventional agents (e.g. clofarabine, clore-
tazine, tipifarnib and demethylation agents) hold promise from 
unrandomized trials. Since many new treatments will be avail-
able, novel approaches to clinical trial design will need to 
develop to make more rapid progress. Much greater interna-
tional collaboration is needed to provide suffi cient numbers of 
the patient subgroups or different statistical methods will be 
required.   
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  Diagnosis 

 The classifi cation of blast cell phenotype in adult acute lym-
phoblastic leukaemia (ALL) requires morphological and cyto-
chemical evaluation, immunophenotyping, cytogenetic and 
molecular genetic analysis. Morphology remains the method by 
which acute leukaemia is initially detected and, together with 
cytochemical reactions, is the major aid in distinguishing 
between ALL and acute myeloid leukaemia (AML). For more 
precise subclassifi cation of ALL into B or T lineages, immuno-
logical techniques must be used to detect lineage - specifi c anti-
gens as well as surface or intracytoplasmic molecules (see also 
Chapter  22 ). Cytogenetic analysis is generally part of the diag-
nostic evaluation of ALL because it may have prognostic value, 
but molecular genetic techniques for identifi cation of particular 
subsets of ALL (e.g.  BCR – ABL -  positive ALL) are even more 
important. Molecular markers and cell surface markers are 
presently used to evaluate therapeutic effi cacy in individual 
patients by detecting minimal residual disease (MRD). 

  Morphology 

 Leukaemic blast cells were formerly divided into L1 to L3 
according to the French – American – British (FAB) classifi cation. 
The subtype L3, observed in approximately 5% of adult ALL 
patients, was the only one with clinical relevance because it is 
indicative of mature B - cell ALL, which is subject to different 
treatment. The diagnosis should be confi rmed by surface 
marker analysis. 

 According to the new World Health Organization (WHO) 
classifi cation, ALL is summarized together with lymphoblastic 
lymphoma under the heading of precursor lymphoid neo-
plasms, with the major subgroups comprising B lymphoblastic 
leukaemia/lymphoma not otherwised specifi ed, B lymphoblas-
tic leukaemia/lymphoma with recurrent genetic abnormalities, 
and T lymphoblastic leukaemia/lymphoma. Mature B - ALL is 
not mentioned as a separate entity and is included as Burkitt 
lymphoma under the heading of mature B - cell neoplasms. The 
WHO classifi cation for ALL is based on cytogenetic aberrations, 
which may be of limited relevance for clinical management and 
risk stratifi cation.  

  Cell  s urface  m arker  a nalysis 

 Acute lymphoblastic leukaemia is divided into subtypes 
by immunological criteria based on the presence of specifi c 
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  T -  l ineage ALL 
 Approximately 22% of adult ALL cases have blast cells with a 
T - cell phenotype. All cases express the T - cell antigen gp40 
(CD7) and they may, according to their degree of T - cell dif-
ferentiation, express other T - cell antigens, for example the E 
rosette receptor (CD2) or the cortical thymocyte antigen T6 
(CD1) (Table  24.1 ). A minority of T - cell ALL blast cells expresses 
CD10 together with T - cell antigens. In most cases of T - cell ALL, 
one or more of the T - cell receptor (TCR) genes are rearranged. 
These properties make it possible to classify T - cell ALL accord-
ing to their stage of differentiation. 

  Early T - precursor ALL  accounts for 6% of adult ALL. It shows 
characteristic T - cell markers (cyCD3 and CD7) but no further 
differentiation markers. 

  Thymic (cortical) T - ALL  is the most frequent subtype of 
T - ALL (10%). It is characterized particularly by the expression 
of CD1a. Surface CD3 may be present. Since this subtype is 
associated with a better prognosis, its identifi cation is of par-
ticular importance. 

  Mature T - ALL  has a frequency of 6%. The blast cells do not 
express CD1a but they are positive for surface CD3.   

  Cytogenetic and  m olecular  g enetic  a nalysis 

 Cytogenetic abnormalities are independent prognostic variables 
for predicting the outcome of adult ALL. In several multicentre 
studies, clonal chromosomal aberrations could be detected in 
approximately 62 – 85% of adult ALL patients. 

 The Philadelphia (Ph) chromosome, t(9;22)(q34;q11), results 
from a translocation involving the breakpoint cluster region of 

receptors or antigens on the cell surface of leukaemic blast cells. 
Within B -  or T - lineage ALL, the subtypes are defi ned according 
to their stage of differentiation. For more details on the immu-
nological classifi cation of ALL, see Chapter  22 . The frequency 
and defi nition of subtypes in adult ALL is given in Table  24.1 . 
The European Group for the Immunological Characterization 
of Acute Leukaemia (EGIL) has proposed a unifi ed classifi ca-
tion for ALL immunophenotypes.   

  B -  l ineage ALL 
  Pro - B ALL , also termed  pre - pre - B ALL  or early pre - B, is CD10 
negative and lacks specifi c B -  or T - cell differentiation markers 
but expresses human leucocyte antigen (HLA) - DR, terminal 
deoxynucleotidyltransferase (TdT) and CD19, and has rear-
ranged immunoglobulin genes. It occurs in approximately 
9 – 11% of adult ALL. 

  Common ALL  (c - ALL) is the major immunological subtype 
in adult ALL. It constitutes more than 50% of cases of adult 
ALL. c - ALL is characterized by the presence of CD10. Blast cells 
do not express markers that characterize relatively mature B 
cells such as cytoplasmic or surface membrane immunoglobu-
lins. The blast cells are positive for CD19 and TdT. 

  Pre - B ALL  is characterized by the expression of cytoplasmic 
immunoglobulin, which is absent in c - ALL, but is identical to 
c - ALL with respect to the expression of all other cell markers. 

  Mature B - cell ALL  is found in approximately 5% of adult 
ALL patients. The blast cells express surface antigens of 
mature B cells, including surface membrane immunoglobulin. 
CD10 may be present, as well as, occasionally, cytoplasmic 
immunoglobulin.  

  Table 24.1    Immunological classifi cation, corresponding cytogenetic and molecular aberrations and frequencies in adult ALL. 

        Adults (%)  *       Surface marker     Cytogenetics   †        Molecular genetics   †     

   B - lineage         HLA - DR + , TdT + , CD19 +  and/or 

CD79a +  and/or CD22 +   

        

  Pro B - ALL    11    No further differentiation markers    t(4;11)     ALL1 ( MLL ) –  AF4   

  Common - ALL    50    CD10 +     t(9;22)     BCR – ABL   

  Pre B - ALL    12    CD10 +/ −  , cyIgM +     t(9;22), t(1;19)     BCR – ABL ,  E2A – PBX1   

  B - ALL    5    CD10 +/ −  , sIgM +     t(8;14)     MYC – IGH   

   T - lineage         TdT + , cyCD3 +  or sCD3 +           

  Early T - ALL    6    cyCD3 + , CD7 + , CD5 +/ −  , CD2 +/ −      t(11;14)     LMO1  – TCR α / δ   

  Cortical T - ALL (Thy ALL)    10    cyCD3 + , CD7 + , CD1a + , sCD3 +/ −      t(10;14)     HOX11  – TCR α / δ   

  Mature T - ALL    6    sCD3 + , CD1a  −            

    * Frequencies according to central immunophenotyping of the GMALL Study Group; personal communication of Professor E. Thiel and 

Dr S. Schwartz, Free University of Berlin, Germany.  

    †  Most frequent, typical aberrations.  

  cyIgM, cytoplasmic IgM; sIgM, surface IgM; cyCD3, cytoplasmic CD3; sCD3, surface CD3; TdT, terminal deoxynucleotidyltransferase.   
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is required. With multiparameter fl ow cytometry, individual 
leukaemia - specifi c phenotypes, i.e. characteristic constellations 
of surface antigens, can be detected with high specifi city 
and sensitivity. MRD detection with any method should be 
restricted to experienced laboratories that participate in 
quality control rounds taking place on an international level in 
Europe.   

  Clinical  f eatures 

 Most adult ALL patients initially present with clinical symp-
toms resulting from bone marrow failure. Physical fi ndings 
such as pallor, tachycardia, weakness and fatigue are due to 
anaemia; petechiae or other haemorrhagic manifestations are 
attributable to thrombocytopenia; infectious complications are 
due to neutropenia. Clinical signs of leukaemia related directly 
to infi ltration of typical organs with leukaemic blasts, such as 
lymphadenopathy, splenomegaly and hepatomegaly, are present 
in most patients but are infrequently the reason for which the 
patient fi rst seeks medical advice. 

 Symptoms and clinical manifestations of adult ALL patients, 
aged 15 – 65 years, entering two consecutive German multicen-
tre trials are given in Table  24.2  according to their classifi cation 
into the different immunological subtypes. One - third had 
infection or fever at presentation, and one - third presented with 
haemorrhagic episodes. Approximately half of the patients pre-
sented at diagnosis with lymphadenopathy, splenomegaly and 
hepatomegaly, and hilar lymph node enlargement or a thymic 
mass (detected on chest radiography or computed tomography) 
in approximately 14% of patients. Most patients (85%) with 
mediastinal masses had T - cell ALL. Massive thymic enlarge-
ment can cause dyspnoea, especially when associated with 
pleural effusions. Although 7% of ALL patients at presentation 
had central nervous system (CNS) involvement (as demon-
strated by leukaemic blast cells in the cerebrospinal fl uid), only 
4% of these initially had CNS symptoms such as headache, 
vomiting, lethargy, nuchal rigidity and cranial or peripheral 
nerve dysfunction.   

 Virtually any organ can be infi ltrated by ALL blast cells, and 
approximately one - tenth of the patients had such organ involve-
ment but with wide variation between subtypes (Table  24.2 ). 
Most often a pleural effusion was observed, and this occurred 
almost exclusively in those patients with mediastinal enlarge-
ment and T - cell ALL. Some of these patients also had a pericar-
dial effusion. Bone or joint pain was rarely observed compared 
with childhood ALL; bone lesions could be found in only 1% 
of cases. Initial involvement of the testis was very rare ( < 1%). 
Leukaemic infi ltration of retina, skin, tonsils, lung or kidney 
was observed only occasionally, particularly in mature B - cell 
ALL and to a lesser extent in T - cell ALL, all of them associated 
with a poorer outcome.  

the  BCR  gene on chromosome 22 and the  ABL  gene on chromo-
some 9 (see also Chapters  22  and  27 ). Polymerase chain reac-
tion (PCR) analyses has revealed that  BCR – ABL  - positive ALL 
occurs in 20 – 30% of adults compared with 3% of children. 
One - third of adult ALL patients with a Ph chromosome show 
M -  BCR  rearrangements (resulting in a 210 - kDa protein), 
similar to patients with chronic myeloid leukaemia (CML), 
whereas two - thirds have m -  BCR  rearrangements (resulting 
in a 190 - kDa protein). It is noteworthy that the molecular 
aberration  BCR – ABL  is more frequently detected than the cor-
responding chromosome abnormality t(9;22) because of occa-
sional diffi culties in obtaining adequate material for cytogenetic 
analysis (see also Chapter  22 ). The most frequent form of 11q23 
abnormality in ALL is t(4;11)(q21;q23). The translocation is 
frequently detected in infant leukaemia and in patients with the 
pro - B ALL subtype (CD10 negative). The overall incidence in 
adults is approximately 5%. Typical molecular aberrations in 
ALL with associated cytogenetic translocations and immuno-
logical subtypes are summarized in Table  24.1 . 

 The role of cytogenetic analysis in adult ALL has to be re -
 evaluated critically. The most frequent cytogenetic aberrations 
and those with the largest prognostic impact can also be detected 
by the corresponding molecular genetic abnormalities, as men-
tioned above. These techniques are more reliable and have a 
greater sensitivity, for example a detection level of more than 
10  − 6  for  BCR – ABL . They are therefore more useful for initial 
detection of the aberrations and for follow - up analysis of MRD 
(see below). In addition, the observed incidence of the majority 
of cytogenetic aberrations is very low and therefore correlation 
to clinical outcome, and especially therapeutic consequences, 
are limited. Nevertheless, cytogenetic analysis is still recom-
mended as a routine diagnostic method in ALL.  

  Minimal  r esidual  d isease 

 The detection of blast cells by cytological analysis of bone 
marrow smears has a sensitivity of 1 – 5%. More sensitive 
methods of blast cell detection are available for the identifi ca-
tion of MRD. Sensitivity reaches 10  − 4  or more, corresponding 
to 0.01% blast cells (one leukaemia cell within 10   000 normal 
cells). MRD evaluation allows quantitative follow - up of 
individual response after achievement of complete remission 
detected by bone marrow cytology. 

 Quantitative PCR can be directed to fusion genes associated 
with ALL - type translocations such as  BCR – ABL . These markers 
are available in 30 – 40% of adult ALL patients. The detection of 
individual clonal rearrangements of immunoglobulin ( IGH , 
 IGK ) and TCR -  β , TCR -  δ  and TCR -  γ  genes is more broadly 
applicable. For this method a high level of standardization 
regarding methodology and interpretation of results has been 
achieved (see also Chapter  22 ). The individual marker can 
only be detected in blast cells and therefore diagnostic material 
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aspirated and a biopsy must be performed. Dry taps are due to 
densely packed blast cells, fi brosis or inadequate technique; the 
fi rst two resolve after therapy. Most patients have more than 
50%, or even more than 90%, of blast cells in the bone marrow. 
In under 3% of cases, the blast cells constitute less than 50% of 
the nucleated marrow cells. 

 A lumbar puncture should be done to determine whether the 
CNS is involved. If there is a risk of bleeding as a result of a very 

  Laboratory  e valuation 

 The peripheral blood cell counts at diagnosis of the same cohort 
of patients are given in Table  24.3 , which again shows differ-
ences between the subtypes of adult ALL. Overall, the leucocyte 
count was elevated in 59% of the cohort, 14% had normal 
counts and 27% had leucopenia. In 92% of the patients, leukae-
mic blast cells were seen in the blood fi lm. Thus,  ‘ aleukaemic ’  
leukaemias account for only a small proportion of cases of adult 
ALL. With automated blood counting, the diagnosis may be 
missed in patients with normal or decreased white blood cell 
(WBC) counts and with low or zero blast cells in peripheral 
blood. Regardless, microscopic examination of blood fi lms in 
people suspected of having acute leukaemia is an absolute 
requirement. A blood count above 100    ×    10 9 /L was observed in 
16% of the patients, and occasionally WBC counts above 
500    ×    10 9 /L occurred. In general, a high WBC count is found 
more frequently in patients with T - cell ALL compared with 
those with B - lineage ALL (Table  24.3 ).   

 Neutrophils below 0.5    ×    10 9 /L were seen overall in 23% of 
the patients. Severe neutropenia at diagnosis is observed more 
often in B - precursor ALL (28%). Thrombocytopenia below 
25    ×    10 9 /L occurred in one - third of adult ALL patients, corre-
sponding roughly with the symptoms of infection and bleeding 
present at diagnosis. Anaemia at diagnosis is observed in most 
adult ALL patients, but only in a small proportion is it severe, 
with haemoglobin under 8   g/dL (Table  24.3 ). 

 Bone marrow aspiration or biopsy is mandatory for diagno-
sis. In less than 15% of patients, the bone marrow cannot be 

  Table 24.2    Symptoms and clinical 

signs at diagnosis in adult ALL 

patients.  *   

  Table 24.3    Blood counts at the time of diagnosis in adult ALL.  *   

        T - lineage 

(%)  

   B - precursor 

(%)  

   Mature 

B (%)  

  Leucocytes or WBC  

      < 10    ×    10 9 /L    18    40    37  

     10 – 50    ×    10 9 /L    36    31    42  

      > 50    ×    10 9 /L    46    29    20  

  Granulocytes  

      < 0.5    ×    10 9 /L    13    28    3  

      > 0.5    ×    10 9 /L    87    72    97  

  Platelets  

      < 25    ×    10 9 /L    21    32    29  

      > 25    ×    10 9 /L    79    68    71  

  Hb  

      < 8   g/dL    16    29    17  

      > 8   g/dL    84    71    83  

    *  N    =   640 patients of GMALL studies 03/87 and 04/89.   

        T - lineage (%)     B - precursor (%)     Mature B (%)  

  Gender  

     Male    73    54    78  

     Female    27    46    22  

  Age  

     15 – 20 years    22    19    8  

     20 – 50 years    67    58    64  

      > 50 years    11    24    27  

  Bleeding    28    28    30  

  Infections    22    29    37  

  Lymphadenopathy    77    40    61  

  Hepatomegaly    45    41    56  

  Splenomegaly    55    43    47  

  Mediastinal tumour    62    1    5  

  CNS involvement    8    3    13  

  Other organ involvement    15    4    32  

    *  N    =   640 patients of GMALL studies 03/87 and 04/89.   
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  Initial  e valuation and  s upportive  t herapy 

 Speed in clinical evaluation and diagnosis is important in order 
to initiate supportive measures and to decide on appropriate 
therapy. In only a few cases is the leukaemic process so advanced 
that immediate treatment is necessary (e.g. in patients with 
symptoms due to a large mediastinal mass and pleural effusion, 
a very high WBC count or a rapidly progressing B - cell ALL). 

 A few general measures should be initiated at once. Suffi cient 
fl uid intake to guarantee urine output of 100   mL/hour through-
out induction therapy should be maintained to reduce the 
danger of uric acid formation. Patients should also receive 
allopurinol to reduce the risk of the latter and avoid the danger 
of urate nephropathy. Allopurinol blocks the enzyme xanthine 
oxidase, which mediates the generation of uric acid from xan-
thine as a product of purine catabolism. Allopurinol should be 
given at a dose of 300   mg/day, which may be increased to 
600   mg/day if high leucocyte counts or organomegaly persist. 
The dose of allopurinol has to be reduced when 6 - mercaptopu-
rine is given because it potentiates the action of this drug. 
Rasburicase is a new recombinant uratoxidase enzyme that 
catalyses the oxidation of uric acid to allantoin. Rasburicase can 
reduce high uric acid faster and more safely than allopurinol, 
thereby preventing tumour lysis syndrome in almost all cases. 
It might therefore be an alternative in patients with high risk of 
tumour lysis syndrome. 

 Parenteral fl uid administration may be required when the 
patient ’ s oral intake is inadequate because of nausea or diffi -
culty in swallowing. Placement of an implantable port system 
is advantageous when anticipating a long period of induction 
therapy (see also Chapter  26 ). 

  Blood  s ubstitution  ( s ee  a lso Chapter  26 )  

 In general, platelet transfusions should be given in response to 
bleeding episodes and to prevent bleeding according to stand-
ard recommendations. HLA - matched platelets are given to 
patients who become refractory to random donor platelets. Red 
cell transfusions have a lower priority than platelet substitution. 
They should be given according to haemoglobin values but 
depending on age, comorbidity (e.g. cardiac) and clinical 
symptoms.  

  Infection  m anagement 

 Infection management is of increasing importance in adult 
ALL. Infections are the major cause of early death (2 – 20% 
depending on age), with equal contributions of fungal and 
bacterial pathogens. Antifungal prophylaxis during vincristine 
therapy in induction is a problem since azoles may enhance 
neurotoxic effects. There are also no standards for antibacterial 
prophylaxis. Moreover, the parallel application of chemother-

low platelet count, or of blast cell contamination due to a very 
high leukaemic blast content in the peripheral blood, lumbar 
puncture should be postponed. When the leucocyte count 
in the spinal fl uid is low or the morphological detection of 
blasts is inconclusive, demonstration of an immunologically 
defi ned blast cell population can confi rm a diagnosis of CNS 
involvement. 

 The most frequent metabolic abnormality is an increased 
serum uric acid level in approximately half of the patients; 
hypercalcaemia is rare. Serum lactate dehydrogenase (LDH) is 
often elevated as a result of cell destruction in patients with a 
large tumour mass. In a small proportion of patients, the initial 
fi brinogen level was less than 1   g/L. Disseminated intravascular 
coagulation in ALL was rarely observed at diagnosis.  

  Differential  d iagnosis 

 Diffi culty is rarely experienced in establishing the diagnosis of 
ALL. The differentiation from lymphocytosis, lymphadenopa-
thy and hepatosplenomegaly in viral infections and other acute 
or chronic leukaemias can usually be done by lymphocyte 
surface markers. 

 Aleukaemic pancytopenic ALL without blast cells in periph-
eral blood ( < 10%) has to be distinguished from aplastic 
anaemia, which may also be a preleukaemic syndrome. In con-
trast to ALL, in aplastic anaemia the bone marrow is hypocel-
lular. In rare cases with low bone marrow infi ltration, an 
arbitrary distinction between ALL and lymphoblastic non -
 Hodgkin lymphoma is usually chosen according to the degree 
of infi ltration (above or below 25%). 

 Mixed or hybrid leukaemias are those in which blast cells 
express lymphoid as well as myeloid antigens; they may also be 
described as biphenotypic or bilineage leukaemias. Biphenotypic 
leukaemias are defi ned as those in which markers of lymphoid 
and myeloid lineages are coexpressed on the same leukaemic 
cells. EGIL has suggested a scoring system that is helpful for 
defi nition of biphenotypic leukaemia depending on the type 
and degree of expression of lymphoid and myeloid markers. 
Bilineage leukaemias are those with two populations of blast 
cells that have either lymphoid or myeloid antigens and which 
might be allocated to an ALL or AML treatment strategy. After 
the start of therapy with either regimen, one population may 
disappear whereas the other is maintained and may require a 
shift of therapy. 

 Occasionally, diffi culties can occur in distinguishing 
Ph/ BCR – ABL  - positive ALL from primary lymphoid blast crisis 
of CML. Sometimes the fi nal diagnosis can be done only after 
treatment initiation. In ALL patients achieving complete clini-
cal remission (CR), the peripheral blood count shows normal 
values, whereas in CML it may revert to a chronic phase picture 
showing leftshift.  
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  Chemotherapy 

 Chemotherapy of ALL is usually divided into several phases, 
beginning with remission induction. The objective of induction 
chemotherapy is to achieve CR, i.e. eradication of leukaemia as 
determined by morphological criteria and, more recently, also 
by molecular markers. Post - remission therapy usually consists 
of intensifi cation or consolidation cycles and maintenance 
treatment. Most often, specifi c prophylactic CNS treatment is 
added. 

  Remission  i nduction  t herapy 

 Correct diagnosis and management of the initial complications 
are the prerequisites for successful induction therapy. A cau-
tious cell reduction phase is often recommended for patients 
with a large leukaemic cell burden or a high leucocyte count. 
Patients with extreme leucocytosis ( > 100    ×    10 9 /L) have been 
treated initially with leucapheresis, but these patients can gener-
ally be managed with steroids alone or in combination with 
vincristine or cyclophosphamide. For mature B - cell ALL, initial 
treatment with cyclophosphamide and prednisone for 1 week 
usually results in safe reduction of large tumour masses, in most 
cases without tumour lysis syndrome. 

 Standard induction therapy for ALL includes prednisone, 
vincristine, anthracyclines (mostly daunorubicin) and also  l  -
 asparaginase. Further drugs, such as cyclophosphamide, cytara-
bine (either conventional or high dose), mercaptopurine and 
others, are added in many protocols, sometimes termed  ‘ early 
intensifi cation ’ . 

 Prednisone and prednisolone have been most frequently 
administered, although dexamethasone shows higher antileu-
kaemic activity  in vitro  and better penetration of the cerebros-
pinal fl uid. However, extensive use of dexamethasone may be 
associated with an increased risk of septicaemias and fungal 
infections, which may be circumvented if treatment time and 
dose is reduced. 

 Anthracycline dose intensity and schedule may play an 
important role in induction therapy of adult ALL. In the past 
daunorubicin was mostly administered as a weekly schedule, 
but recently many trials include dose intensifi cation with doses 
of 30 – 60   mg/m 2  on a 2 – 3 day schedule. Intensive anthracycline 
therapy may be associated with a higher induction mortality. 
Therefore, intensive supportive care and probably the use of 
growth factors is recommended with these protocols. 

 Asparaginase does not affect CR rate but improves leukae-
mia - free survival (LFS). If not used during induction therapy, 
it is often included as part of consolidation treatment. Three 
different asparaginase preparations with signifi cantly different 
half - lives are available: native  E. coli  asparaginase (1.2 days), 
 Erwinia  asparaginase (0.65 days) and asparaginase bound to 
polyethylene glycol (pegaspargase, 5.7 days). Availability may 
vary between different countries. In order to reach equal effi -

apy, antifungals and antibiotics may enhance the risk of toxici-
ties (e.g. liver toxicity, nephrotoxicity) and thereby contribute 
to treatment delays. The optimization of supportive care is a 
major goal in treatment of adult ALL since early complications 
not only lead to early death but also to treatment delays and 
thereby compromise outcome. 

 Long - term neutropenia is the most important risk factor, 
but CD4 lymphopenia, antibody defi ciency and multiple 
immunosuppression in allogeneic stem cell transplantation also 
lead to severe and lethal infections. Whereas formerly Gram -
 negative microorganisms were the leading cause of febrile 
neutropenia, in the last decade Gram - positive bacterial infec-
tions, mostly caused by staphylococci, have increased and are 
frequently correlated with indwelling central venous access. 
However, invasive fungal infections are the most dangerous 
development, with increasing frequency particularly of mould 
infections. 

 The successful management of febrile neutropenia is 
based on hygienic procedures including body hygiene, germ -
 reduced food, reverse isolation or high - effi ciency particulate 
air fi ltration, antibiotic prophylaxis, suffi cient diagnostics, and 
consequent empirical antimicrobial therapy. Prophylaxis and 
treatment of bacterial, viral and fungal infections should be 
performed according to published standards as well as institu-
tional guidelines.  

  Haemopoietic  g rowth  f actors 

 The use of haemopoietic growth factors such as granulocyte 
colony - stimulating factor (G - CSF) is a valuable component of 
supportive therapy during the treatment of ALL. There is no 
indication that these CSFs stimulate leukaemic cell growth in a 
clinically signifi cant manner. Most clinical trials have demon-
strated that the prophylactic administration of G - CSF signifi -
cantly accelerates neutrophil recovery, and several prospective 
randomized studies have also shown that this is associated 
with a substantially reduced incidence and duration of febrile 
neutropenia and of severe infections and reduced induction 
mortality. 

 The scheduling of G - CSF is of great importance. When 
G - CSF is fi rst given at the end of a 4 - week induction chemo-
therapy regimen, potential benefi ts are limited. Therefore, it is 
noteworthy that G - CSF may even be given in parallel with 
chemotherapy without aggravating the myelotoxicity of these 
specifi c regimens and that this scheduling is an important deter-
minant of clinical effi cacy. On the other hand, after short con-
solidation cycles, G - CSF is probably more effective if given after 
the cycle. 

 Closer adherence to the dose and schedule of chemothera-
peutic regimens should be theoretically possible with the use 
of G - CSF. A benefi t in terms of long - term outcome due to 
increased dose intensity achieved by using G - CSF has not yet 
been demonstrated in any trial.   



Adult acute lymphoblastic leukaemia 

439

extended cytopenias, subsequent infections such as fungal 
pneumonias) also has to be considered, which may compromise 
further treatment and dose intensity. The remaining non -
 responders may achieve a partial remission or may be refractory 
to standard treatment. These patients have an extremely poor 
prognosis. They are therefore candidates for experimental treat-
ment approaches or consideration for stem cell transplantation 
(SCT), even if not in CR but in good partial remission.     

  Consolidation  t herapy 

 Consolidation therapy refers to high - dose chemotherapy, to the 
use of multiple new agents or to readministration of the induc-
tion regimen. These measures are aimed at eliminating residual 
leukaemia after induction chemotherapy and thereby prevent-
ing relapse as well as emergence of drug - resistant cells. 

 Intensive consolidation is standard in the treatment of ALL, 
although consolidation cycles in large studies are very variable 
and it is impossible to evaluate their individual effi cacy. In 
general it seems that intensive application of high - dose meth-
otrexate is benefi cial. However, in adults dosages are probably 
limited at 1.5 – 2   g/m 2  if given as a 24 - hour infusion. Otherwise 
toxicities, particularly mucositis, may lead to subsequent treat-

cacy, the application schedule has to be adapted and is generally 
daily for  Erwinia  asparaginase, every second day for  E. coli  
asparaginase and every 1 – 2 weeks for pegaspargase. Pegaspargase 
has the advantage of less frequent administration and even 
more activity distribution. 

 The role of cyclophosphamide, generally administered at the 
beginning of induction therapy, has been evaluated in several 
studies. A randomized study by the Italian GIMEMA group 
comparing a three - drug induction with or without cyclophos-
phamide did not show a difference in terms of CR rate (81% 
vs. 82%). However, in several non - randomized trials, high CR 
rates (85 – 91%) were achieved with regimens including cyclo-
phosphamide pretreatment, particularly in adult T - ALL. 

 High - dose chemotherapy with cytarabine or methotrexate 
has no role during induction with the exception of a few trials. 

  Failure of  i nduction  t herapy 
 With current regimens the remission rate in ALL is 85 – 90% 
(Table  24.4 ) with low failure rates and a variable early mortality 
up to 11%, increasing with age from less than 3% in adolescents 
to 20% in patients over 60 years of age. The main cause of death 
in approximately two - thirds of the patients is infection, in 
part fungal infection. Besides mortality, morbidity (e.g. due to 

  Table 24.4    Overall treatment results in adult ALL in larger studies. 

   Study      N      Median age 

(range)  

   SCT     CR (%)     Early death 

(%)  

   Survival  

  LALA 87, France (Thiebaut  et al . 2000)    572    33 (15 – 60)    PO    76    9    27% at 10 years  

  NILG 08/96, Italy (Bassan  et al . 2001)    121    35 (15 – 74)    PR    84    8    48% at 5 years  

  GMALL 05/93, Germany (G ö kbuget  et al . 2001)  *      1163    35 (15 – 65)    PR    83    NR    35% at 5 years  

  JALSG - ALL93, Japan (Takeuchi  et al . 2002)    263    31 (15 – 59)    PO    78    6    30% at 6 years  

  UCLA, USA (Linker  et al . 2002)    84    27 (16 – 59)    PR    93    1    47% at 5 years  

  Sweden (Hallbook  et al . 2002)    153    42 (16 – 82)    PR    75    NR    28% at 5 years  

  GIMEMA 0288, Italy (Annino  et al . 2002)    767    28 (12 – 60)    NR    82    11    27% at 9 years  

  MD Anderson, USA (Kantarjian  et al . 2004)    288    40 (15 – 92)    Ph+    92    5    38% at 5 years  

  EORTC ALL - 3, Europe (Labar  et al . 2004)    340    33 (14 – 79)    PO    74    NR    36%   †    at 6 years  

  LALA 94, France (Thomas  et al . 2004)    922    33 (15 – 55)    PR    84    5    36% at 5 years  

  GOELAL02, France (Hunault  et al . 2004)    198    33 (15 – 59)    HR    86    2    41% at 6 years  

  MRC XII/ECOG E 2993, UK – USA (Rowe  et al . 2005)    1521    15 – 59    PO    91    NR    38% at 5 years  

  GIMEMA 0496, Italy (Mancini  et al .  2005 )  *      450    16 – 60    NR    80    NR    33% at 5 years  

  Pethema ALL - 93, Spain (Ribera  et al . 2005)    222    27 (15 – 50)    HR    82    6    34% at 5 years  

  JCOG - 9004 (Tobinai  et al . 2007)    143    41 ( < 64)    PO    83    10    32% at 5years  

  GMALL 07/03 (G ö kbuget  et al . 2007)  *      713    34 (15 – 55)    PR    89    5    54% at 5years  

  NILG 09/00 (Bassan  et al . 2009)    280    38 (16 – 66)    PR    84    8    34% at 5years  

  Weighted mean    7405            84    7    35%  

    * Abstract.  

    †  Survival of patients in CR.  

  PO, prospective stem cell transplantation (SCT) in all patients with donor (type a); Ph+, SCT in Ph - positive ALL (type b); PR, SCT 

according to prospective risk model (type c); HR, prospective SCT in a study for high - risk patients only; NR, not reported.   
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ment delays and decreased compliance. From paediatric ALL 
trials there is increasing evidence that intensifi ed application of 
asparaginase leads to improved overall results. In adult ALL this 
approach appears to be useful particularly in consolidation, 
where less toxicity can be expected compared with induction. 
Several studies have also demonstrated that a modifi ed induc-
tion (reinduction) improves outcome. The role of high - dose 
anthracylines, podophyllotoxins and high - dose cytarabine in 
consolidation remains open. Overall, in adult ALL stricter 
adherence to protocols with fewer delays, dose reductions and 
omission of drugs due to toxicities would be an important 
contribution to therapeutic progress.  

  Maintenance  t herapy 

 Maintenance even after intensive induction and consolidation 
is still standard for ALL patients since all attempts to omit it led 
to inferior long - term outcome. Therefore some groups even 
prolong maintenance therapy beyond 2 years of total treatment 
duration. Methotrexate preferably given intravenously and 
mercaptopurine given orally are the backbone of maintenance. 
The role of intensifi cation cycles during maintenance remains 
to be determined. The aim is to eliminate MRD. The optimal 
form and duration of maintenance therapy remains open but 
can hopefully be better defi ned by tailoring according to MRD, 
to ALL subtype (e.g. none for mature B - ALL) and including 
new therapeutic options (e.g. a tyrosine kinase inhibitor for 
 BCR – ABL  - positive ALL).  

  Prophylaxis of  CNS   l eukaemia 

 CNS leukaemia occurs in 6% (range 1 – 10%) of patients with 
adult ALL at diagnosis, with a higher incidence in T - cell ALL 
(8%) and mature B - cell ALL (13%). Treatment and prophylaxis 
of CNS leukaemia may consist of intrathecal methotrexate 
alone or in combination with cytarabine or prednisone, sys-
temic treatment with high - dose cytarabine or high - dose meth-
otrexate and/or cranial irradiation. 

 Adult ALL patients who did not receive specifi c prophylactic 
CNS treatment in earlier trials have a CNS relapse rate of 30% 
(range 29 – 32%). With intrathecal chemotherapy alone, the rate 
of isolated and combined CNS relapses could be reduced to 
13% (range 8 – 19%). In many adult ALL trials, additional pro-
phylactic CNS irradiation (24   Gy) has been included. Long -
 term toxicities are apparently less severe than in paediatric 
patients. This combined approach further reduced the CNS 
relapse rate to 9% (range 3 – 19%). There is some evidence that 
early irradiation after remission induction is superior to delayed 
irradiation during consolidation treatment. 

 In many recent trials, combined treatment approaches have 
shown high effi cacy. For high - dose chemotherapy with intrath-
ecal therapy, the rate of CNS relapses was 7% (range 2 – 16%); 
with additional CNS irradiation, the relapse rate was 6% (range 

1 – 13%). Several more recent trials have omitted prophylactic 
CNS irradiation or restricted irradiation to patients with high -
 risk features. 

 Because the risk for CNS relapse is associated with other 
prognostic factors, such as T - cell ALL, B - cell ALL, extreme leu-
cocytosis, high leukaemia cell proliferation rate, high serum 
LDH level and extramedullary organ involvement, a risk -
 adapted CNS prophylaxis has been suggested. However, this 
approach, in contrast to childhood ALL, is not widely used in 
adults.  

  Therapy for  r elapsed and  r esistant  l eukaemia 

 Patients who fail to achieve CR or those who relapse subse-
quently have been treated with a variety of protocols. The use 
of regimens including vincristine, anthracyclines and steroids, 
similar to standard induction treatment, led to CR rates of 
approximately 60% in earlier studies but these patients gener-
ally had no intensive fi rst - line treatment. 

 High - dose cytarabine has been extensively studied in relapsed 
adult ALL. From several small pilot studies comprising less than 
100 patients, the weighted mean CR rate was 37%. Higher CR 
rates (50 – 60%) were achieved with combination regimens that 
included high - dose cytarabine and mitoxantrone, amsacrine or 
vincristine plus steroids. Because high - dose cytarabine is 
increasingly administered during front - line treatment, its effi -
cacy during relapse treatment may be impaired. Therefore, new 
combinations with idarubicin (CR rate 46 – 64%) or fl udarabine 
(CR rate 67 – 83%) or other agents have been evaluated. 
Nelarabine is a promising new drug for treatment of relapsed 
T - ALL. 

 The most signifi cant predictive factor for treatment response 
in relapsed patients is the duration of fi rst remission. Patients 
with longer previous remission ( > 18 months) have a higher CR 
rate and longer remission duration than those with a short 
previous remission ( < 18 months). Therefore in patients with 
early relapse and also in patients with molecular non - response 
(MRD persistence), high chemotherapy resistance has to be 
expected and experimental treatments should be considered for 
remission induction if available. 

 For all chemotherapy regimens, the duration of second 
remission is usually short ( < 6 months), and the long - term sur-
vival rate with chemotherapy alone is less than 5%. Thus, the 
only cure for adult patients with relapsed or resistant ALL is 
SCT, and the major aim of relapse treatment is the induction 
of a second remission with suffi cient duration to prepare for 
SCT.   

  Stem  c ell  t ransplantation 

 Stem cell transplantation from peripheral blood, and to a lesser 
extent from bone marrow, is an important post - remission strat-
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The survival in fi rst CR is around 42 – 45%, with lower RR and 
higher TRM compared with sibling donor SCT. The results are 
similar in large prospective trials, with higher RR for sibling 
donor SCT and higher TRM for matched unrelated donor SCT. 
The ECOG/MRC study reported an overall survival (OS) of 
55% for sibling donor SCT and 46% for matched unrelated 
donor SCT (restricted to Ph/ BCR – ABL  - positive ALL); in the 
German Multicenter Study Group for Adult ALL (GMALL) 
study 06/99, OS was 53% for sibling donor SCT and 44% for 
matched unrelated donor SCT. TRM reaches 25 – 35% in 
matched unrelated donor SCT, particularly in patients older 
than 35 – 40 years. Nevertheless, improved results of matched 
unrelated donor SCT can be expected in the future due to better 
supportive care, donor selection and extension of indications 
beyond very high - risk patients. 

 Cord blood or haploidentical SCT in adult ALL is still experi-
mental and an option only for rare cases; it has been explored 
by a few very experienced SCT centres.  

  Autologous SCT 

 According to published studies, OS after autologous SCT in fi rst 
CR is 42%. This type of SCT is associated with a higher RR 
( > 50%) because of the risk of reinfusing residual leukaemic cells 
and even more so because of the lack of a GVL effect. Several 
randomized studies have shown a similar or poorer outcome 
for autologous SCT compared with chemotherapy. 

 The intensity of pretreatment has an important impact on 
outcome in autologous SCT, since it leads to reduction of 
tumour load. Thus autologous SCT may be an option in MRD -
 negative high - risk patients without a donor. Maintenance 
therapy after autologous SCT, for example with mercaptopu-
rine and methotrexate, or imatinib in Ph - positive ALL (particu-
larly in MRD - positive patients), is also a useful approach.  

egy for eradication of residual disease in adult ALL. Despite a 
great number of trials, the indications for SCT in fi rst CR, 
scheduling and procedures are still not defi ned satisfactorily. 
The potential advantages of SCT (short treatment duration, 
favourable outcome in some trials) must be balanced against 
the disadvantages (mortality of 20 – 30%, morbidity, late com-
plications, reduced quality of life) and assessed in relation to 
the improving outcome of conventional and targeted chemo-
therapy regimens. 

  Allogeneic SCT from  s ibling  d onors 

 The outcome of allogeneic SCT from sibling donors for ALL 
depends on age and remission status of the patient. The best 
results have been obtained with patients transplanted during 
fi rst remission, among whom the probability of survival is 
approximately 50% (Table  24.5 ). Relapse rate (RR) and trans-
plant - related mortality (TRM) both range between 25 and 30%. 
Although TRM is strongly correlated with age, the upper age 
limit for sibling donor SCT has increased continuously up to 
50 – 55 years. After sibling donor SCT in second remission the 
LFS rate is 34%, and in advanced ALL (refractory or in relapse) 
it results in an 18% long - term survival rate (Table  24.5 ).   

 There is evidence that a graft - versus - leukaemia (GVL) effect 
is also present in ALL, as indicated by several observations, such 
as lower RR in patients with acute and/or chronic graft - versus -
 host disease, lower RR after matched unrelated donor SCT, and 
induction of remission by withdrawal of prophylaxis against 
graft - versus - host disease or donor lymphocyte infusions in 
single patients with relapsed ALL.  

  Matched  u nrelated  d onor  SCT  

 The role of matched unrelated donor SCT has become more 
important since only one - third of patients have a sibling donor. 

  Table 24.5    Recent results of stem cell transplantation in adult ALL. 

   Stem cell transplant     Disease stage      N      LFS/OS  *   (%)     Relapse incidence  *   (%)     TRM  *   (%)  

  Allogeneic    CR1    1100    50 (21 – 71)    24 (10 – 50)    27 (12 – 42)  

  CR2    1019    34 (13 – 60)    48 (62 – 71)    29 (40 – 75)  

  Relapsed/refractory    216    18 (8 – 33)    75 (60 – 77)    47 (46 – 47)  

  Autologous    CR1    1369    42 (15 – 65)    51 (27 – 68)    5 (0 – 8)  

  CR2    258    24 (20 – 27)    70 (59 – 75)    18   †     

  Matched unrelated 

donor  

  CR1    318    39 (32 – 51)    10 (6 – 19)    47 (32 – 54)  

   ≥ CR2    231    27 (17 – 28)    8   ‡       75   ‡     

  Relapsed/refractory    47    5   ‡       31   ‡       64   ‡     

  Non - myeloablative    All stages    132    23 (0 – 50)    47 (30 – 56)    42 (10 – 72)  

    * Weighted mean and range of published studies.  

    †  One study.  

    ‡  One study (Cornelissen  et al.  2001).  

  LFS, leukaemia - free survival; OS, overall survival; TRM, transplant - related mortality.   
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a particular advantage in high - risk patients. Thus the role of 
allogeneic SCT in standard - risk ALL remains unclear.   

 The indications for SCT in fi rst remission are not uniformly 
defi ned. The major question is whether all patients with a 
sibling donor should be transferred to SCT or only those with 
specifi c risk factors. Currently, in the majority of trials, at least 
in Europe, SCT indications are based on the presence of adverse 
prognostic factors including MRD. Allogeneic sibling and 
matched unrelated donor SCT are considered in a similar way. 
The status of MRD is of increasing importance in the indica-
tions for SCT. 

 There is general agreement that all patients in second or later 
remission are candidates for SCT. Depending on donor avail-
ability and general condition, experimental procedures such as 
non - myeloablative SCT, cord blood SCT and haploidentical 
SCT may be considered.   

  Outcome of ALL  s ubtypes and 
 p rognostic  f actors 

 The outcome of adult ALL varies strongly according to age and 
prognostic factors. Appreciation of the impact of such risk 
factors (Table  24.7 ) can result in the generation of risk - adapted 
treatment protocols for adult ALL.   

  Age 

 Age is the most important prognostic factor for ALL. There is 
a continuous decrease in outcome with increasing age from 
childhood to elderly patients. It is diffi cult to defi ne an age limit 
where a change in prognosis occurs, but in almost all studies 
the LFS rate is inferior in patients older than 50 – 60 years. This 
age limit seems to be practical because patients below this age 
are candidates for intensifi ed treatment approaches such as 
SCT, whereas for the older age group new strategies need to be 
explored, carefully weighing the gain in survival against quality 
of life. There is increasing evidence that with age - adapted mod-
erate - dose chemotherapy, at least in some of the older patients, 
long - term remission can be achieved. Patients over 50 – 55 years 
of age with high - risk features who have achieved a CR and are 
in good clinical condition are potential candidates for autolo-
gous SCT or non - myeloablative SCT. 

 Adolescent patients (15 – 20 years) with ALL are treated either 
according to protocols for paediatric ALL or in adult ALL trials. 
Generally, more dose - intensive chemotherapy is applicable in 
young adults and may contribute to better results.  

  White  b lood  c ell  c ount 

 An elevated WBC count at diagnosis (above 30 – 50    ×    10 9 /L) has 
been confi rmed in various trials as a poor prognostic feature. 
The biological reason for the highly resistant behaviour of 

  Non -  m yeloablative  SCT  

 Non - myeloablative SCT or reduced - intensity conditioning 
regimens are new approaches that deserve evaluation in ALL 
and which may lead to an extension of indications for allogeneic 
SCT (see Chapter  38 ). In contrast to conventional SCT, which 
mainly relies on cell kill by high - dose chemotherapy and total 
body irradiation, non - myeloablative SCT relies on the GVL 
effect. Immunosuppression, for example with purine analogues, 
other cytostatic drugs and/or low - dose total body irradiation, 
is followed by the infusion of donor stem cells from a sibling or 
a matched unrelated donor with adapted immunosuppression 
to establish host tolerance. 

 First results indicate that in fi rst CR stable remissions can be 
achieved in some patients. Literature results show an LFS rate 
of 23% for patients in all stages, with TRM of 42% and RR of 
47%. According to an analysis by the European Group for 
Blood and Marrow Transplantation, the LFS in 91 adult ALL 
patients with a median age of 40 years was 18%, with TRM of 
24% and RR of 58%. LFS in both studies was considerably 
higher if non - myeloablative SCT was conducted in fi rst 
remission.  

  Indications for SCT in  a dult  ALL  

 An evidence - based review has underlined the fi nding that SCT 
offers an advantage compared with chemotherapy in high - risk 
patients and in second remission. Other aspects of the review 
are summarized in Table  24.6 . According to a meta - analysis of 
seven studies, OS for SCT was superior to chemotherapy with 

  Table 24.6    Evidence - based recommendations for stem cell 

transplantation (SCT) in adult ALL. 

   Decision     Recommendation  

  CR1: allogeneic SCT vs. 

chemotherapy  

  Comparable results 

 SCT probably superior in 

high risk 

 No SCT in standard risk  

  CR2: allogeneic SCT vs. 

chemotherapy  

  SCT superior  

  Autologous SCT vs. 

chemotherapy  

  Comparable results  

  Sibling donor vs. matched 

unrelated donor  

  Comparable results  

  Conditioning regimen    Data insuffi cient 

 Advantage for TBI - based 

regimens  

  Allogeneic vs. autologous SCT    Advantage for allogeneic SCT  

   TBI, total body irradiation.   
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treatment regimens, CR rates of more than 90% and an LFS rate 
of 40 – 60% can be achieved in T - ALL.  

  B -  p recursor  ALL  
 Pro - B ALL and/or t(4;11) - positive ALL is considered high risk 
in nearly all trials. It appears to be particularly susceptible to 
high - dose cytarabine - based regimens and SCT as reported from 
the GMALL studies. Common ALL/pre - B ALL has a large pro-
portion of Ph - positive ALL. Based on prognostic factors (WBC 
count and time to achievement of CR) it can be subdivided into 
standard -  and high - risk groups, with signifi cantly different OS 
rates of 50 – 60% and 30 – 40%, respectively. The difference in OS 
between paediatric and adult ALL is mainly due the poorer 
outcome of B - precursor ALL.  

  Ph -  p ositive  ALL  
 The translocation t(9;22) and the respective fusion gene  BCR –
 ABL  until recently marked the most unfavourable subgroup of 
adult ALL. Ph/ BCR – ABL  - positive ALL occurs almost exclu-
sively in conjunction with B - precursor ALL (c - ALL, pre - B 
ALL). The incidence increases with age. In Ph - positive leukae-
mia, the  BCR – ABL  fusion gene is causally involved in leu-
kaemogenesis and is considered to be essential for leukaemic 
transformation. Using an inhibitor of the ABL tyrosine 
kinase (imatinib, Gleevec), cellular proliferation of  BCR – ABL  -
 positive CML and ALL cells can be prevented selectively (see 
Chapter  27 ). 

 A combination of imatinib with chemotherapy leads to 
remission rates of 90% and molecular remission even in 50% 
of patients. In addition, the OS rate is improved to 55 – 65% 
compared with 15% in historic trials and the proportion of 

B - precursor ALL with high WBC count is unclear. Probably in 
the future additional molecular markers will help to clarify the 
underlying mechanisms. Because of the high relapse rate, evalu-
ation of MRD and use of experimental drugs and SCT modali-
ties seem particularly important.  

  Immunophenotype and  c ytogenetics 

 The immunophenotype is an important independent prognos-
tic variable in ALL. In ongoing trials, it is used to adjust treat-
ment regimens accordingly, for example separate regimens for 
mature B - cell ALL. A further example for clinical application is 
the identifi cation of patients for antibody therapy, for example 
anti - CD20 (rituximab) in CD20 - positive B - lineage ALL. 

  T -  l ineage  ALL  
 The outcome of T - lineage ALL is generally considered superior 
compared with B - lineage ALL. It comprises the subtypes early 
T - ALL, thymic (cortical) T - ALL and mature T - ALL, with LFS 
rates of 25%, 63% and 28%, respectively. Subtype was the most 
relevant prognostic factor for T - ALL in GMALL studies, with 
poorer outcome for early and mature T - ALL, whereas high 
WBC count ( > 100    ×    10 9 /L) had no prognostic impact. 

 The biological relevance of immunophenotype is underlined 
by the fact that overexpression of HOX11, HOX11L2, SIL - TAL1 
and CALM - AF10 is associated with subtypes (i.e. maturation 
states) of thymocytes. A number of other protential poor - 
prognosis molecular markers have been reported for T - ALL. 
The variety of new prognostic markers does not allow integra-
tion into current risk models but may serve to identify patho-
genetic mechanisms and therapeutic targets. With current 

  Table 24.7    Adverse prognostic factors for adult ALL. 

   Factor     All subtypes     B - precursor     T - ALL  

   At diagnosis   

  High WBC count         > 30 (range 20 – 50)    ×    10 9 /L  *       > 100    ×    10 9 /L   ‡     

  Subtype        Pro - B ALL or CD20 - negative 

pre - B ALL   †     

  Early T   †    

 Mature T   †     

  Cytogenetics/molecular genetics    Complex karyotype   †       t(9;22)/ BCR – ABL   *   

 t(4;11)/ ALL1 – AF4   *   

 t(1;19)/ PBX1 – E2A    †     

   HOX11L2    ‡    

  BAALC     ‡     

  Age     > 35,  > 55,  > 60  *            

   During treatment   

  Individual response    Steroid response   †    

 Late CR ( > 3 – 4 weeks)  *   

 MRD persistence  > 10  − 4  for 3 – 4 months  *    

    * Established prognostic factors.  

    †  Prognostic factors used by several groups.  

    ‡  Rarely used prognostic factor.   
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high - dose cytarabine in conjunction with the conventional 
drugs for remission induction in ALL, given in short cycles at 
frequent intervals over a period of 6 months. 

 The application of these childhood B - cell ALL protocols in 
original or modifi ed form also brought a substantial improve-
ment for adult patients with B - cell ALL. CR rate was increased 
to approximately 75% (range 62 – 83%) and LFS rate to 55% 
(range 20 – 71%). More than 80% of the cases of mature B - ALL 
or Burkitt lymphoma express CD20 on their surface. Further 
signifi cant improvement in survival rates to 80 – 90% was 
achieved by the use of rituximab in combination with 
chemotherapy. 

 B - cell ALL has a higher incidence of CNS involvement at 
diagnosis, and of CNS relapse. Therefore, effective measures 
against CNS disease, such as high - dose methotrexate and high -
 dose cytarabine, as well as intrathecal therapy, are important 
components of treatment regimens. On the other hand, main-
tenance treatment has been omitted. Because relapses occur 
almost exclusively within the fi rst year in childhood as well as 
adult B - cell ALL, patients thereafter can be considered cured.   

  Response to  t reatment and  m inimal 
 r esidual  d isease 

 Beside age, the most relevant prognostic factor in ALL is still 
the achievement of CR. Further prognostic factors related to 
treatment response are delayed time to CR or response to pred-
nisone therapy. A more accurate approach for assessing indi-
vidual response is MRD evaluation since this is an independent 
prognostic factor that refl ects primary drug resistance and 
unknown host factors. There are two major aims of longitudinal 
MRD evaluation in adult ALL. 
   1      Identifi cation of high - risk patients as candidates for SCT or 
experimental therapy.     After the start of consolidation, high 
MRD ( > 10  − 4 ) at any time is associated with a high relapse risk 
of 66 – 88%. In the GMALL studies, patients with high MRD 
( > 10  − 4 ) after induction and fi rst consolidation are identifi ed as 
high risk and are candidates for SCT in CR1. Persistent MRD 
thereby becomes an important new indication for SCT in CR1. 
However, outcome after SCT is also infl uenced by MRD status 
and patients with high MRD before SCT or persisting MRD 
after SCT have a poorer outcome. However, the optimal treat-
ment of persistent MRD remains to be defi ned.  
  2     Identifi cation of low - risk patients in whom treatment reduction 
may be justifi ed.     This is an aim that is more diffi cult to reach. 
An early and rapid decrease of MRD during induction is associ-
ated with a relapse risk of only 8%. However, this is observed 
in only 10% of patients. Overall, it is diffi cult to identify adult 
low - risk patients in whom reduction of therapy would be 
justifi ed.    

 Furthermore, MRD evaluation offers a new refi ned defi nition 
of response to treatment, namely molecular CR (defi ned as 
MRD level    <    10  − 4 ) and molecular relapse (defi ned as reappear-

patients transferred to SCT is increased. Compared with chem-
otherapy (all combination regimens), no increased toxicity has 
been described. Furthermore, there have been no reports of 
unfavourable infl uence on subsequent SCT, which is still con-
sidered the best curative option in Ph - positive ALL. 

 Results after SCT may be improved by the use of imabinib. 
A GMALL study showed that the majority of patients with 
persistent MRD after SCT who achieve molecular remission 
with imatinib have long - term survival. Thus post - transplant 
imatinib, either up - front or after detection of MRD, can reduce 
the relapse rate. In patients undergoing chemotherapy and SCT, 
it remains open whether and when treatment with imatinib can 
be stopped. 

 Older patients with Ph - positive ALL do not have the option 
of SCT and because of the extremely unfavourable results with 
chemotherapy, imatinib was evaluated as single - drug treatment 
for induction. A randomized trial compared imatinib mono-
therapy with dose - reduced chemotherapy for remission 
induction. After induction, all patients received imatinib in 
combination with consolidation chemotherapy. The remission 
rate for monotherapy was 93% compared with 54% for chemo-
therapy. OS was improved compared with a historic cohort but 
in both arms the relapse rate was high and no difference in 
terms of survival was detected. Therefore optimal remission 
induction and consolidation for elderly Ph - positive ALL 
remains to be defi ned. 

 Close monitoring of MRD allows the early detection of 
molecular resistance or molecular relapse. Thereby relapse 
treatment may be introduced earlier, before detection of 
cytological relapse. One reason for relapse is probably the 
development of resistance caused by kinase domain mutations. 
Therefore, before relapse treatment is started, bone marrow 
analysis for resistance - inducing mutations should be per-
formed. The effi cacy of imatinib treatment, and also of second -
 generation tyrosine kinase inhibitors such as dasatinib or 
nilotinib, may be impaired by these mutations. The aim of 
relapse treatment is achievement of second CR and SCT. For 
salvage therapy, second - generation inhibitors with or without 
additional chemotherapy may be considered. Dasatinib and 
nilotinib have increased effi cacy compared with imatinib and 
are active in the majority of mutations, except the T315I muta-
tion. The remission rates achieved with these drugs in patients 
failing to respond to imatinib are approximately 30%. They are 
currently being evaluated in relapse treatment, but trials for  de 
novo  Ph - positive ALL are starting.  

  Mature B - ALL 
 Mature B - ALL is grouped with Burkitt lymphoma according to 
the WHO classifi cation and is treated according to a specifi c 
concept. Treatment is based on childhood B - cell ALL studies 
that signifi cantly improved outcome. The drugs responsible for 
the improvement were high doses of fractionated cyclophos-
phamide, ifosfamide, high - dose methotrexate (0.5 – 8   g/m 2 ) and 
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with paediatric patients. The most promising new treatment 
options are based on targeted and subtype - specifi c approaches 
with preferably alternative mechanisms of action in order to 
avoid chemotherapy - induced toxicity. 

  Antibody  t herapy 

 ALL blast cells express a variety of specifi c antigens, such as 
CD20, CD19, CD22, CD33 and CD52, which may serve as 
targets for treatment with monoclonal antibodies. Monoclonal 
antibody therapy is an attractive approach since it is targeted, 
subtype specifi c and, compared with chemotherapy, has differ-
ent mechanisms of action and side - effects. Their use may be 
most promising in relation to MRD status and in combination 
with chemotherapy. The anti - CD20 antibody has been succes-
fully integrated in the therapy of mature B - ALL. It is now also 
being explored in several studies for CD20 - positive B - precursor 
ALL. Studies with anti - CD52 are ongoing, either in relapse or 
according to MRD. Single cases showing effi cacy of anti - CD33 
or anti - CD22 have been reported. Another new promising 
approach is the use of bispecifi c T - cell engager antibodies tar-
geted to CD19.  

  Successful  c hemotherapy  a pproaches from 
 p aediatric  p rotocols 

 Most of the adult ALL trials are originally based on paediatric 
protocols. In contrast to adult study groups, which to some 
extent are focused on high - dose therapies as used in AML and 
extensive use of SCT, in paediatric trials the major focus has 
been placed on optimization of intensive chemotherapy regi-
mens. This is one important aim of several planned trials for 
adult ALL, aiming at intensifi cation of vincristine, steroids, 
asparaginase, reinduction cycles and maintenance as in paedi-
atric trials. Intensive chemotherapy should be complemented 
by targeted and individualized treatment elements. Furthermore, 
better adherence to protocols and encouragement of patients to 
improve their compliance (e.g. psychosocial counselling, docu-
mentation of compliance) are warranted in adult ALL.  

  Stem  c ell  t ransplantation 

 SCT offers an advantage in adult high - risk patients and has 
contributed to improved outcome. However, procedures need 
to be optimized, including age limits for dose - reduced condi-
tioning. In younger patients the rate of SCT may be reduced as 
soon as adaptation of paediatric treatment elements improves 
survival with chemotherapy only.  

  Risk -  a dapted  t reatment 

 Optimization of management needs to consider additional 
factors, such as the availability of a stem cell donor, patient -

ance of MRD    >    10  − 4 ). Molecular CR is the aim of induction 
therapy. During treatment and follow - up molecular relapse is 
highly predictive of cytological relapse. Molecular bone marrow 
relapse is also often present in patients with apparently isolated 
extramedullary relapse. In clinical trials molecular relapse 
should be treated similarly to cytological relapse.  

  New  i ntegrated  r isk  c lassifi cation 

 Prognostic factors are the basis for risk - adapted treatment regi-
mens, with treatment intensity and combination defi ned 
according to risk of relapse. The main purpose is to identify 
patients with a high risk of relapse in order to treat them with 
the most intensive available therapy, i.e. SCT. However, this is 
not applicable for all factors. Thus higher age is associated with 
poorer prognosis but is not an indication for SCT because older 
patients also have a worse prognosis after transplantation. For 
other subgroups with originally poor prognosis, improvement 
was achieved by subgroup - specifi c treatment, such as for mature 
B - ALL or Ph - positive ALL. Finally, MRD evaluation allows the 
assessment of individual response and relapse risk. The majority 
of adult ALL study groups in Europe use MRD for risk stratifi -
cation (www.leukaemia - net.org) and most of them combine 
MRD - based and conventional risk factors. In the past decade a 
large number of molecular factors with potential correlation to 
prognosis have been reported. Each new candidate prognostic 
factor should be evaluated prospectively within specifi c treat-
ment protocols. Currently agreed poor - prognosis features are 
summarized in Table  24.7 .  

  Overall  o utcome of  a dult ALL 

 In more than 7000 patients treated in prospective clinical trials 
the CR rate was 84% (range 74 – 93%), with 7% (range 1 – 11%) 
early death. The OS was 35% (range 27 – 54%). One major ques-
tion in the treatment of adult ALL is the role of SCT in post -
 remission therapy. Notably, no difference is evident in studies 
focused on SCT ( N    =   2696), with a weighted mean of 84% for 
CR and 35% for OS, and in studies using risk - adapted 
approaches ( N    =   2443), with mean CR rates of 83% and OS 
of 36%. For specifi c subgroups there is a wide range, from 
30 – 40% for high - risk ALL to 50 – 60% for standard - risk ALL 
and 80 – 90% for mature B - ALL. Outcome is strongly correlated 
with age.   

  New  t reatment  a pproaches for  a dult ALL 

 Risk and subtype - adjusted treatment strategies have led to con-
siderable improvement in outcome in mature B - ALL, T - ALL 
and Ph - positive ALL but less so in adult B - precursor ALL. The 
poorer outcome of B - precursor ALL is also the major factor 
contributing to the poorer overall outcome in adults compared 
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  Introduction 

 Leukaemia is the most common childhood cancer and acute 
lymphoblastic leukaemia (ALL) is the most common subtype, 
accounting for 75 – 80% of all cases. Childhood ALL comprises 
different biological subtypes defi ned by cell morphology, 
immunophenotype, gene expression features and genetic 
abnormalities, some of which are associated with disease aggres-
siveness and treatment response. 

 Progress in the treatment of childhood ALL over the last four 
decades has been steady, with cure rates (i.e. no evidence of 
disease for 10 years or more) now surpassing 80%. This advance 
can be attributed to three main factors: recognition of reliable 
prognostic factors leading to increasingly refi ned risk - directed 
therapies, development of clinical trials designed to gain sub-
stantial increments in knowledge, and improvements in sup-
portive care. In this chapter, we review the current status of the 
biological studies and treatment of childhood ALL and discuss 
future directions for research and treatment.  

  Epidemiology 

 The median age at diagnosis for ALL is 13 years and approxi-
mately 60% of cases are diagnosed under the age of 20. ALL is 
the most common malignancy diagnosed in patients younger 
than 15 years, accounting for 23% of all cancers and 76% of all 
leukaemias in this age group. In general, the incidence is higher 
in boys than in girls (four times for T - cell ALL), except that girls 
have a slightly higher (1.5 times) incidence of leukaemia in the 
fi rst year of life. The reported incidence of ALL is higher in 
northern and western Europe, North America and Oceania, and 
lower in Asia, South America and Africa. In industrialized 
countries, the incidence is higher among children of European 
descent than among those of African descent. For example, 
the annual rate (per million population) of childhood ALL 
from birth to 19 years of age is 29.7 in the UK and 11.0 in 
India; in the USA, it is 32.9 for white people and 14.8 for 
African - Americans. 

 In developed countries, the incidence of ALL is highest 
between ages 2 and 5 years. This age peak is accounted largely 
by ALL with hyperdiploidy ( > 50 chromosomes) or  ETV6 –
 RUNX1  (also known as  TEL – AML1 ) gene fusion. The incidence 
of childhood ALL is higher among white people than among 
those of African descent, especially among children 2 – 5 years 
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of age. T - cell ALL and pre - B leukaemia with t(1;19)/ TCF3 –
 PBX1  (also known as  E2A – PBX1 ) fusion are more prevalent 
among African - American children, who are less likely to have 
hyperdiploid ALL with more than 50 chromosomes. 

 Only a small proportion ( < 5%) of patients with childhood 
ALL have underlying hereditary genetic abnormalities. Children 
with Down syndrome have a 10 -  to 30 - fold increased risk of 
developing ALL. Mutations in the  JAK2  gene, generally found 
in higher - risk ALL, are frequent in ALL cells of Down syndrome 
children. Other genetic disorders associated with an increased 
incidence of ALL include ataxia telangiectasia and Bloom syn-
drome. The association between leukaemia and congenital 
immunodefi ciencies such as X - linked agammaglobulinaemia 
and common variable immunodefi ciency is not well 
supported. 

 Fraternal twins and siblings of affected children are at a 
twofold to fourfold greater risk of leukaemia during the fi rst 
decade of life than are unrelated children. In the case of identi-
cal twins, when leukaemia occurs in one twin, there is a 20% 
probability that it will also occur in the other twin, owing to 
ALL transfer  in utero  via the shared placental circulation. When 
leukaemia is diagnosed before 1 year of age it almost invariably 
develops in the other twin, generally within a few months. In 
identical twins with t(4;11)/ MLL – AF4 , the concordance rate is 
nearly 100%, with a short latency period (weeks to a few 
months). In contrast, the concordance rate in twins with the 
 ETV6 – RUNX1  fusion or T - cell phenotype is lower and the post-
natal latency period longer, in keeping with the requirement for 
additional genetic events for leukaemic transformation in these 
subtypes of ALL. Hyperdiploid ALL also appears to arise before 
birth but requires postnatal events for full malignant transfor-
mation. In contrast, t(1;19)/ TCF3 – PBX1  ALL appears to have 
a postnatal origin in most cases.  

  Aetiology 

 Ionizing radiation and chemical mutagens have been implicated 
in the induction of leukaemia but clear aetiological factors for 
ALL cannot be identifi ed in nearly all cases.  In utero  exposure 
to diagnostic X - rays is associated with a slightly increased risk 
of ALL, proportional to the number of exposures. The associa-
tion between leukaemia and maternal exposure to potential 
mutagens, neonatal administration of vitamin K, parental use 
of medications and drugs, proximity to electromagnetic fi elds, 
and exposure to other potential mutagens has been studied but 
no defi nitive conclusions reached. A case – control study identi-
fi ed a signifi cantly increased risk of leukaemia among the off-
spring of men employed in occupations with increased exposure 
to electromagnetic fi elds or radiation, a fi nding that warrants 
further studies. Industralization, higher socioeconomic status 
and social isolation appear to be associated with an increased 
risk of childhood B - lineage ALL, and occasional clustering of 

childhood ALL appears to be associated with rural – urban pop-
ulation mixing. Greaves has postulated that absence or diminu-
tion of infections early in life might predispose the immune 
system to aberrant responses to subsequent exposures which in 
turn might precipitate ALL development from a preleukaemic 
clone through proliferative or apoptotic stress. 

 A case – control study found that  in utero  exposure to DNA -
 damaging drugs, herbal medicines or pesticides was signifi -
cantly associated with infant leukaemia with  MLL  rearrangements. 
Defi ciency of the detoxifying enzymes glutathione  S  - transferase 
(GST) - M1 and GST - T1 is associated with infant leukaemia 
without  MLL  rearrangement, and with ALL in black children, 
and polymorphisms of NADPH:quinone oxidoreductase have 
been associated with the development of ALL. Cytochrome 
P450 CYP1A1 * 2A and NQO1 * 2 variant genotypes have also 
been linked to an increased risk of childhood ALL, and a report 
has indicated an association between a polymorphism on intron 
4 of the gene for aldo - keto reductase 1C3 ( AKR1C3 ) and the 
development of leukaemia. There are also data suggesting that 
variable expression levels of cell - cycle inhibitor genes  CDKN2A , 
 CDKN2B  and  CDKN1B  due to regulatory polymorphisms 
could contribute to leukaemogenesis. These studies implicate 
host pharmacogenetics in the development of ALL, a notion 
that warrants further study. 

 It has been reported that children diagnosed with ALL had 
signifi cantly more clinically diagnosed infectious episodes in 
infancy than did controls; the average number of episodes was 
3.6 (95% confi dence interval 3.3, 3.9) versus 3.1 (2.9, 3.2). This 
difference was most apparent in the neonatal period, suggesting 
that a dysregulated immune response to infection in the fi rst 
few months of life might promote transition to overt ALL.  

  Pathogenesis 

 Genetic changes are central to the development of leukaemia. 
The dysregulation of genes encoding transcription factors and 
the resulting subversion of transcriptional pathways that regu-
late haemopoietic cell homeostasis provides a mechanistic 
explanation for leukaemogenesis. Haemopoiesis can also be 
altered by the dysregulated activity of tyrosine kinases, as in the 
case of the  BCR – ABL1  fusion gene. Alternatively, activating 
mutations in tyrosine kinase receptors for growth factors may 
confer a growth advantage to leukaemic cells. This mechanism 
is exemplifi ed by mutations of  FLT3 , which encodes a receptor 
tyrosine kinase expressed by immature haemopoietic cells that 
acts synergistically with other growth factors to stimulate pro-
liferation of haemopoietic progenitor cells. These mutations 
typically involve small tandem duplications of amino acids that 
result in constitutive tyrosine kinase activity. Activating muta-
tions of  NOTCH1 , a gene encoding a transmembrane receptor 
that regulates normal T - cell development, are frequently 
detected in T - cell ALL. Activating mutations of  NOTCH1  
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produce constitutive NOTCH1 signalling, which is suffi cient to 
induce T - cell ALL in experimental models, and appears to be 
an early event in leukaemogenesis. A multicomponent mem-
brane - associated enzyme,  γ  - secretase, is required for NOTCH1 
signalling through mutant NOTCH receptors in T - cell ALL, a 
fi nding that provided a rationale for the clinical testing of  γ  -
 secretase inhibitors in T - cell ALL. An initial trial with such an 
agent was disappointing and revealed intolerable gastrointesti-
nal toxicity; more recent data from a murine model suggest that 
the combination of  γ  - secretase inhibitors with high - dose gluco-
corticoids may enhance antileukaemic activity while diminish-
ing toxicity. 

 A recent large - scale study of DNA single - nucleotide poly-
morphism (SNP) analysis examined 242 cases of paediatric 
B - cell precursor ALL and identifi ed lesions in genes encoding 
key regulators of B - cell differentiation in 40% of the cases. Most 
prominent were deletions and cryptic translocations involving 
the  PAX5  gene, which was altered in almost one - third of cases 
and which would be predicted to block normal B - progenitor 
cell differentiation prior to immunoglobulin heavy - chain gene 
rearrangement. Other mutated genes were found in concert 
with several of the more common translocation - induced chi-
meric oncogenes, such as  TCF3 – PBX1  and  ETV6 – RUNX1 , 
including the essential B - cell developmental genes  TCF3 ,  EBF , 
 LEF1 ,  IKZF1  (Ikaros) and  IKZF3  (Aiolos). A subsequent study 
showed deletion of  IKZF1  in 83.7% of  BCR – ABL1  - positive ALL; 
the deletion was also found in chronic myelogenous leukaemia 
(CML) in blast crisis but not in chronic phase. The  IKZF1  dele-
tions resulted in haploinsuffi ciency, expression of a dominant -
 negative Ikaros isoform, or the complete loss of Ikaros 
expression. Together, these fi ndings suggest that genetic lesions 
resulting in the loss of Ikaros function are an important event 
in the development of  BCR – ABL1  - positive ALL.  

  Clinical and  l aboratory  f eatures 

 Table  25.1  summarizes clinical and laboratory features of 
children with newly diagnosed ALL. On physical examination, 
children with ALL frequently present with pallor, petechiae 
and ecchymoses, and occasionally mucosal bleeding. Because of 
anaemia, they may have fatigue and lethargy, dyspnoea, angina 
and dizziness. Neutropenia may lead to severe infection. Bone 
pain and arthralgia caused by leukaemic infi ltration and, less 
frequently, haemorrhage or infection can be especially severe in 
young children. Fever can be caused by infection or by pyro-
genic cytokines such as interleukin (IL) - 1, IL - 6 and tumour 
necrosis factor released from the leukaemic cells. Liver, spleen, 
thymus, lymph nodes and central nervous system (CNS) are 
common sites of extramedullary involvement. An anterior 
mediastinal mass is typical of T - cell ALL. Painless enlargement 
of the scrotum can be a sign of testicular leukaemia or hydrocele 
resulting from lymphatic obstruction. Very rarely, ALL is 

detected during routine examination in the absence of signs or 
symptoms.   

 Blood examination typically reveals anaemia, neutropenia 
and thrombocytopenia, due to bone marrow replacement 
and suppression of normal haemopoiesis by leukaemic cells. 
Haemoglobin is commonly below 8   g/dL. Profound neutrope-
nia ( < 0.5    ×    10 9 /L) occurs in 40% of patients, rendering them at 
high risk of infection. Initial leucocyte counts may range from 
0.1 to 1500    ×    10 9 /L (median 12    ×    10 9 /L); they are greater than 
10    ×    10 9 /L in slighty over half of patients and greater than 
100    ×    10 9 /L in 10 – 15% of patients. Most patients have circulat-

  Table 25.1    Presenting clinical and laboratory features of children 

with newly diagnosed ALL. 

   Feature     Percentage of 

white children 

(SJCRH)  

   Percentage 

of total 

(BFM)  

  Age (years)  

      ≤ 1    2.7    2.7  

     2 – 9    71.6    79.6  

      ≥ 10    25.7    17.7  

  Male    56.0    57.9  

  Liver edge below costal 

margin  > 4   cm  

  31.6    30.9  

  Spleen edge below costal 

margin  > 4   cm  

  30.4    27.0  

  Mediastinal mass    10.4    8.1  

  Central nervous system 

leukaemia (CNS3)  *    

  2.7    2.5  

  Leucocyte count ( ×    10 9 /L)  

      < 10    46.2    45.9  

     10 – 50    29.3    31.8  

      ≥ 50    24.5    22.3  

  Haemoglobin  < 8   g/dL    51.8    53.7  

  Immunophenotype  

     Early pre - B    53.7    69.3  

     Pre - B    28.9    17.0  

     T - cell    15.4    13.5  

     B    2.0      

  DNA index  ≥ 1.16    22.1    25.7  

     t(1;19)/ TCF3 – PBX1     2.9    2.1  

     t(9;22)/ BCR – ABL1     2.4    2.2  

     t(4;11)/ MLL – AFF1     3.0    2.9  

     t(12;21)/ ETV6 – RUNX1     18.9      

    * CNS3 status denotes the presence of leukaemic cells in a 

cerebrospinal fl uid that contains    ≥    5 leucocytes/ µ L.  

  BFM, Berlin – Frankfurt – M ü nster 90 (1990 – 95, not including 

B - ALL) (Schrappe et al.  2000 ); SJCRH, St Jude Children ’ s 

Research Hospital (1979 – 2002).   
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ing leukaemic blast cells but in cases with low initial counts 
( < 2    ×    10 9 /L) lymphoblasts are often absent in blood smears. 
Hypereosinophilia, generally reactive, may be present at diag-
nosis. Coagulopathy, usually mild, may occur in T - cell ALL and 
is only rarely associated with severe haemorrhage. A large leu-
kaemic cell burden is commonly accompanied by elevated 
serum lactate dehydogenase activity and elevated uric acid and 
phosphorus concentration. An enlarged kidney can be detected 
in 30 – 50% of patients but has no prognostic or therapeutic 
implications. Liver dysfunction due to leukaemic infi ltration 
occurs in 10 – 20% of patients, is usually mild and has no impor-
tant clinical or prognostic consequences. Abnormalities of the 
bone, such as metaphyseal banding, periosteal reactions, oste-
olysis, osteosclerosis or osteopenia, can be revealed by radiog-
raphy in half of the patients. As these changes do not affect 
treatment and outcome, routine diagnostic imaging studies 
(except for chest radiography to rule out mediastinal mass) is 
not necessary. 

 Leukaemic blast cells are identifi ed morphologically at diag-
nosis in the cerebrospinal fl uid (CSF) of approximately one -
 third of children with ALL, most of whom have no neurological 
symptoms. Although CNS leukaemia is defi ned by the presence 
of at least fi ve leucocytes per microlitre of CSF and the detection 
of leukaemic blast cells, or by the presence of cranial nerve 
palsy, the presence of any leukaemic cells in CSF (even from 
iatrogenic introduction due to a traumatic lumbar puncture) 
predicts an increased risk of ALL relapse.  

  Differential  d iagnosis 

 The acute onset of petechiae, ecchymoses and bleeding may 
suggest idiopathic thrombocytopenic purpura (often associated 
with a recent viral infection, large platelets in blood smears and 
no evidence of anaemia). Like ALL, aplastic anaemia may also 
present with pancytopenia and complications associated with 
bone marrow failure but hepatosplenomegaly and lymphaden-
opathy are rare, and the skeletal changes associated with ALL 
are absent. 

 Infectious mononucleosis and other viral infections can be 
confused with ALL. Detection of atypical lymphocytes or ele-
vated viral titres aid in the diagnosis. Patients with pertussis or 
parapertussis may have marked lymphocytosis, but the affected 
cells are mature lymphocytes rather than lymphoblasts. Bone 
pain, arthralgia and occasionally arthritis may mimic juvenile 
rheumatoid arthritis, rheumatic fever, other collagen diseases 
or osteomyelitis. 

 Childhood ALL should also be distinguished from paediatric 
small round cell tumours that involve the bone marrow, includ-
ing neuroblastoma, rhabdomyosarcoma and retinoblastoma. 
Generally, in such cases, a primary lesion can be found by 
routine diagnostic studies, and disseminated tumour cells often 
form clumps.  

  Morphology and  c ytochemistry 

 Morphological analysis of leukaemic cells distinguishes three 
subtypes of ALL (L1, L2 and L3) as classifi ed by the French –
 American – British (FAB) schema. This classifi cation cannot 
accurately distinguish between ALL and non - lymphoid acute 
leukaemia, and has no prognostic or therapeutic relevance with 
contemporary therapy. Cytochemical stains such as periodic 
acid – Schiff reacts positively with cells in over 70% of ALL cases, 
while myeloperoxidase, Sudan black and non - specifi c esterases, 
including  α  - naphthyl butyrate and  α  - naphthyl acetate esterase, 
are typically negative. Neveretheless, classifi cation of acute leu-
kaemias is currently based on immunophenotypic and genetic 
analyses.  

  Immunophenotypic  c lassifi cation 

  Early  p re -  B   ALL  

 Leukaemic blast cells of early pre - B ALL resemble normal 
marrow B - cell precursors. The leukaemic cells always express 
CD19 and almost all cases have cytoplasmic CD22 and CD79 α ; 
surface CD22 expression is also evident in most cases. CD10 
and terminal deoxynucleotidyltransferase (TdT) are expressed 
in 90% of cases, and CD34 in more than 75% of cases. The 
CD20 antigen is present on a minor proportion of blast cells in 
half of cases but its intensity might increase during treatment. 
Early pre - B ALL cells lack expression of surface and cytoplasmic 
immunoglobulins. 

 ALL with rearrangement of the  MLL  gene typically has an 
early pre - B ALL phenotype with distinctive features such as 
expression of CD15, CD65 and chondroitin protoglycan sul-
phate, and absence of CD10. Hyperdiploidy (chromosome 
number  > 50) is typically associated with weak or undetectable 
CD45 expression.  

  Pre -  B   ALL  

 The pre - B immunophenotype is defi ned by the accumulation 
of cytoplasmic immunoglobulin  µ  heavy chains with no detect-
able surface immunoglobulins and is found in approximately 
20 – 25% of cases. Leukaemic cells that express both cytoplasmic 
and surface immunoglobulin  µ  heavy chains without  κ  or  λ  
light chains, a rare fi nding, have been designated transitional 
pre - B ALL. Pre - B ALL expresses CD19, CD22 and CD79 α  and, 
usually, CD10 and TdT but only two - thirds express CD34. In 
many cases of pre - B ALL, surface CD20 is absent or is weakly 
expressed. ZAP - 70 expression is more prevalent in cases with a 
pre - B phenotype. Between 20 and 25% of pre - B ALL cases have 
either t(1;19)(q23;p13) or der(19)t(1;19)(q23;p13).  
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   B  -  c ell  ALL  

 In 2 – 4% of childhood ALL cases, cells express surface immu-
noglobulin  µ  heavy chains plus either  κ  or  λ  light chains. 
Commonly, cells have L3 morphology according to the FAB 
classifi cation and express CD19, CD22, CD20 and frequently 
CD10; CD34 is negative. The less common subtype of B - cell 
ALL is characterized by blast cells with L1 or L2 morphology, 
and expression of TdT and/or CD34.  

   T  -  l ineage  ALL  

 T - lineage ALL cells express CD7 and CD3, the latter most com-
monly only in the cytoplasm. Other markers commonly 
expressed include CD2, CD5 and TdT; CD1a, surface CD3, 
CD4 and CD8 are detected in fewer than 45% of cases. HLA - DR 
expression is uncommon, and 40 – 45% of cases are positive for 
CD10 and/or CD21. CD79 α  is also weakly expressed in approx-
imately one - third of cases. 

 T - lineage ALL has been divided into three stages of immu-
nophenotypic differentiation: early (CD7 + , cCD3 + , surface 
CD3  −  , CD4  −   and CD8  −  ), mid or common (cCD3 + , surface 
CD3  −  , CD4 + , CD8 +  and CD1a + ) and late (surface CD3 + , CD1a  −   
and either CD4 +  or CD8 + ). However, many cases have immu-
nophenotypic patterns that do not fi t these thymic maturation 
stages. T - cell receptor (TCR) proteins are heterogeneously 
expressed in T - lineage ALL. In approximately two - thirds of 
cases, membrane CD3 and TCR proteins are absent. In half of 
these cases, however, TCR proteins (TCR -  β , TCR -  α , or both) 
are present in the cell cytoplasm. Most cases with membrane 
CD3 and TCR chains express the  α  β  form of the TCR, whereas 
a minority express TCR  γ  δ  proteins. 

 Several studies have yielded confl icting conclusions about the 
prognostic signifi cance of the expression of surface CD3 and 
the absence of CD2, CD5 or CD10. We recently identifi ed a 
subtype of T - ALL, named early thymic precursor (ETP) ALL, 
which exhibits the gene expression profi le of normal ETP cells, 
a population of recent immigrants from the bone marrow to 
the thymus that retains multilineage differentiation potential. 
These leukaemias are positive for CD7 and CD3, lack CD1a and 
CD8 expression, have weak or absent CD5 expression and 
express at least one stem cell or myeloid - associated antigen (e.g. 
CD34, CD117, CD13, CD33, CD11b). These cases are charac-
terized by a dismal response to therapy and a high rate of 
relapse.   

  Cytogenetic and  m olecular  c lassifi cation 

  Hyperdiploid and  h ypodiploid  ALL  

 In approximately half of ALL cases, leukaemic cells are hyper-
diploid. Hyperdiploid cases with a chromosome number of 

51 – 65 represent a distinct biological subset of B - lineage ALL 
with an excellent prognosis. Leukaemic lymphoblasts with this 
karyotype have a marked propensity to undergo apoptosis, and 
accumulate greater quantities of methotrexate and its active 
polyglutamate metabolites. These features help to explain the 
relatively low leukaemic burden at presentation and the favour-
able prognosis of this ALL subtype. Among chromosomes that 
are over - represented, only the trisomies of chromosome 4, 10 
and 17 were associated with a favourable prognosis in some 
studies. 

 In contrast to the overall favourable prognosis of cases with 
51 – 65 chromosomes, ALL cases with near - triploidy (69 – 81 
chromosomes) have a response to therapy similar to that of 
non - hyperdiploid ALL; cases with near - tetraploidy (82 – 94 
chromosomes) have a high frequency of T - cell immunopheno-
type. Hypodiploidy ( < 45 chromosomes) occurs in less than 2% 
of ALL cases and is associated with a poor outcome.  

   ALL  with   TEL – AML 1  (  ETV 6 –  RUNX 1 ) 
 r earrangements 

 The t(12;21)(p12;q22) translocation brings together the 5 ′  
portion of the  TEL  ( ETV6 ) gene and the nearly complete  AML1  
( RUNX1 ) gene. This translocation can usually be detected 
only by fl uorescence  in situ  hybridization (FISH) or reverse - 
transcriptase polymerase chain reaction (RT - PCR). The non -
 translocated  ETV6  allele is frequently deleted. This gene fusion 
is found in approximately 20% of ALL cases. In some series, the 
 TEL – AML1  abnormality was not signifi cantly associated with 
outcome, but in most studies it defi ned a subgroup with excel-
lent prognosis. ALL cells bearing this abnormality reportedly 
have increased  in vitro  sensitivity to  l  - asparaginase, as well as 
to doxorubicin, etoposide, amsacrine and dexamethasone. 
Similar to T - cell ALL, blast cells with  ETV6 – RUNX1  accumu-
late signifi cantly lower levels of methotrexate polyglutamates 
than do those with other genetic abnormalities, suggesting that 
patients with this leukaemia subtype might benefi t from an 
increased dose of methotrexate. 

 The  ETV6  gene belongs to the Ets family of transcription 
factors. It is widely expressed and appears to have an essential 
role in haemopoiesis.  RUNX1  encodes a transcription factor 
that binds DNA as a heterodimer with core - binding factor 
(CBF) -  β  and is essential for the development of defi nitive hae-
mopoiesis. Transduction of murine bone marrow cells with 
 ETV6 – RUNX1  is associated with a higher frequency of leukae-
mia resembling ALL. It was recently shown that the ETV6 –
 RUNX1 protein binds to Smad3, a transforming growth factor 
(TGF) -  β  signalling target, and alters its capacity to activate 
target promoters, resulting in reduced sensitivity to TGF -  β  -
 mediated inhibition of proliferation. Expression of ETV6 –
 RUNX1 in human cord blood progenitor cells led to the 
expansion of a candidate preleukaemic population that had a 
growth advantage in the presence of TGF -  β .  
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   ALL  with   E 2 A  –  PBX 1  (  TCF 3 –  PBX 1 ) 
 r earrangements 

 Approximately 20 – 25% of pre - B ALL cases have the t(1;19)
(q23;p13) translocation abnormality that juxtaposes the  E2A  
( TCF3 ) gene on chromosome 19 and the  PBX1  gene on chro-
mosome 1. The resulting E2A – PBX1 fusion protein contains 
the transcriptional activation domains of E2A linked to the 
DNA - binding domain of PBX1 and the encoded protein inap-
propriately activates the transcription of genes normally regu-
lated by PBX1. Expression of E2A – PBX1 in mice leads to the 
development of lymphomas and myeloid leukaemias. Another 
 E2A  fusion gene is created by t(17;19)(q22;p13), in which  E2A  
is fused to the gene that encodes the transcription factor hepatic 
leukaemia factor ( HLF ). Patients with ALL and this gene fusion 
frequently present with hypercalcaemia and coagulopathy, and 
have poor prognosis. 

 The t(1;19) abnormality was associated with an unfavourable 
outcome in earlier trials. With contemporary treatment proto-
cols, however, patients with this leukaemia subtype have excel-
lent response to initial therapy, and a favourable overall outcome 
although they still have increased risk of leukaemia relapse in 
the CNS.  

   ALL  with   MLL    g ene  r earrangements 

 Structural alterations involving band 11q23 of chromosome 11 
are the most frequent cytogenetic abnormality in infant ALL. 
In most cases, the target is the  MLL  gene (for mixed - lineage 
leukaemia; also known as  HRX ,  ALL - 1  and  TRX1 ). The most 
common 11q23 abnormality in ALL is t(4;11)(q21;q23), which 
produces a chimeric protein that contains the N - terminal 
portion of MLL linked to the C - terminal portion of  AFF1 , but 
 MLL  has been reported to be linked to more than 50 other 
genes. The  MLL  gene encodes a DNA - binding protein that 
regulates the expression of many genes including multiple  HOX  
genes.  MLL  is crucial for embryonic development and haemo-
poiesis, and MLL fusion proteins can transform haemopoietic 
cells into leukaemia - initiating cells. 

 Treatment outcome of ALL with an  MLL  gene rearrangement 
differs by age group, with infants having the worst outcome. 
Infant ALL with the  MLL – AFF1  gene fusion also has a high 
prevalence of immature, non - productive and/or oligoclonal 
antigen - receptor gene rearrangements. Several genes normally 
expressed in non - lymphoid haemopoietic lineages are overex-
pressed in  MLL  - rearranged ALL, including  FLT3 ,  LMO2 , and 
 HOX  genes such as  HOXA9 ,  HOXA5 ,  HOXA4  and  HOXC6 .  

   ALL  with   BCR  –  ABL 1   r earrangements 

 The t(9;22)(q34;q11) translocation encodes a chimeric gene 
consisting of the 5 ′  portion of  BCR  fused to the 3 ′  portion of 
 ABL1 , whereby N - terminal sequences of  ABL1  are replaced by 

 BCR  sequences. In ALL, breaks tend to occur in the minor 
breakpoint cluster regions, forming a 190 - kDa BCR – ABL. This 
alteration results in a constitutively active ABL tyrosine kinase 
that induces aberrant signalling and activates multiple cellular 
pathways. Expression of the BCR – ABL1 chimeric protein 
results in malignant transformation of haemopoietic cells and 
causes leukaemia in murine experimental systems. In mice, 
aggressiveness of  BCR – ABL1  leukaemias is enhanced if the 
activity of the Arf tumour suppressor is compromised. Genome -
 wide analysis of  BCR – ABL1  ALL samples revealed deletions of 
 IKZF1  in 84% of cases whereas deletions were not found in 
chronic - phase CML samples. Moreover, deletion of  IKZF1  
appeared to be a lesion acquired at the time of transformation 
from CML to lymphoid blast crisis. 

  BCR – ABL1  ALL has poor prognosis with standard chemo-
therapy. The development of the tyrosine kinase inhibitor imat-
inib mesylate has provided a way to disable the molecular 
mechanisms that drive leukaemic cell growth, and patients with 
 BCR – ABL1  ALL show dramatic responses. In a recent report, 
combination chemotherapy together with imatinib yielded an 
excellent 3 - year event - free survival (EFS) exceeding 80% in 
childhood cases. The development of resistance due to the out-
growth of clones with mutations in the  BCR – ABL1  kinase 
domain led to the development of newer and more potent 
inhibitors, such as nilotinib and dasatinib.  

  Genetic  a bnormalities in  T  -  c ell  ALL  

 Genes that are dysregulated in T - cell ALL include  SCL  ( TAL - 1 ), 
 LMO1  ( TTG - 1 ),  LMO2  ( TTG - 2 ) and  HOX11 . In a small frac-
tion of cases,  SCL  (a gene involved in early haemopoiesis located 
on chromosome 1) is inserted into the TCR -  δ  locus on chromo-
some 14. Much more frequent (approximately 25% of cases) is 
the internal deletion in the 5 ′  untranslated region of  SCL , which 
juxtaposes a locus called  SIL  with the  SCL  coding region, result-
ing in the expression of a fused  SIL – SCL  transcript that encodes 
a normal SCL protein.  LMO1  is inserted into the TCR -  α / δ  locus 
in t(11;14)(p15;q11), while  LMO2  is inserted into this locus in 
t(11;14)(p13;q11). Activation of  LMO2  by retroviral insertion 
in its proximity has been implicated in the development of 
T - cell leukaemia in patients with X - linked severe combined 
immunodefi ciency treated with gene therapy. An additional 
alteration found in T - cell ALL is the deletion from chromosome 
9p21 of the  CDKN2A  ( INK4A ) and  CDKN2B  ( INK4B ) genes, 
which encode p16INK4a and p15INK4b, inhibitors of the Cdk4 
cyclin D - dependent kinase. This locus, which is deleted in more 
than 50% of T - lineage cases, also encodes another important 
regulator of cell cycle and apoptosis, p19ARF. 

 Levels of  HOX11 ,  TAL1  and  LYL1  mRNA expression 
have been used to recognize distinct subtypes of T - ALL. 
Overexpression of  LMO1  or  LMO2  was observed in most 
samples also overexpressing  TAL1 , and high levels of  LMO2 , 
but not  LMO1 , were found in cases with high  LYL1  expression. 
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High expression of  HOX11L2 , a transcriptional regulator closely 
related to  HOX11 , is frequent and has been associated with poor 
outcome in some studies (Table  25.2 ). Activating mutations of 
 NOTCH1  are frequently found in T - ALL and have been impli-
cated in its pathogenesis. Although there has been some discus-
sion on their prognostic signifi cance, most studies showed 
either a favourable or no prognostic impact (Table  25.2 ). 
Among cases of T - ALL, those bearing the gene expression 
profi le of ETP have a dismal outcome.    

  Novel  s ubtypes of  ALL   i dentifi ed by  g enome -
  w ide  g ene  e xpression  s tudies 

 In early studies using microarray methods for measuring 
gene expression, profi les that distinguished B - lineage ALL 
from T - lineage ALL were identifi ed. Moreover, among cases of 
B - lineage ALL, those with hyperdiploidy ( > 50 chromosomes), 
 BCR – ABL1 ,  TCF3 – PBX1 ,  ETV6 – RUNX1  or  MLL  gene rear-
rangement could be clearly distinguished. Subsequent studies 
have confi rmed that gene expression profi ling can recognize 
known subtypes of ALL with accuracy, a capability that may 
improve risk classifi cation in ALL. To this end, a subset of ALL, 
identifi ed by hierarchical cluster analysis of gene expression 
data, comprised many cases that clustered with  BCR – ABL1  -
 positive cases and had unfavourable outcome. The majority of 
cases with  BCR – ABL1  - like disease also had deletions in genes 
involved in B - cell development such as  PAX5  and  IKZF1  (Figure 
 25.1 ). Another study showed that  IKZF1  deletions and muta-
tions were associated with a  BCR – ABL1  - like gene expression 
profi le and strongly predicted poor response to chemotherapy 
and relapse. Finally, it was recently shown that the  P2RY8 –
 CRLF2  fusion (resulting from a recurring interstitial deletion of 

the pseudoautosomal region 1 of chromosomes X and Y) is 
present in 53% of ALL occurring in patients with Down 
syndrome.     

  Prognostic  f actors 

  Presenting  f eatures 

 Presenting clinico - biological features are commonly used to 
defi ne subtypes of ALL with different risk or relapse. Presenting 
age and leucocyte count have prognostic strength in B - lineage 
but not T - lineage ALL. However, as many as 20% of patients 
with B - lineage ALL who are considered at lower risk of relapse 
by these criteria (e.g. age 1 – 9 years with leucocyte count 
 < 50    ×    10 9 /L) may relapse. Moreover, cases with a very high risk 
of relapse cannot be reliably distinguished by these criteria. For 
unclear reasons, boys have worse outcome than girls in many 
treatment protocols. In some studies, patients of African -
 American and Hispanic origin had a signifi cantly worse outcome 
but this was not the case in our single - institution protocols, a 
fi nding that might be attributed to equal access to effective 
contemporary treatment to all patients. 

 As discussed earlier, primary genetic abnormalities of leukae-
mic cells are excellent predictors of outcome but correlations 
are not perfect. For example, as many as 15% of children with 

  Table 25.2    Biological features of leukaemic lymphoblasts in 

T - ALL and prognosis. 

   Parameter     Prognostic 

impact  

   Reference  

   ↑  TAL1 ,  LYL1  or 

 HOX11L2   

  Unfavourable    Ferrando  et al.  (2000)  

   ↑  HOX11L2     None    Cav é   et al.  (2004)  

   ↑  HOX11L2     Unfavourable    Ballerini  et al.   (2008)   

   ↑  HOX11L2     Unfavourable    van Grotel  et al.   (2008)   

   NOTCH1  

mutations  

  None    van Grotel  et al.   (2008) ; 

Larson Gedman  et al.  

 (2009)   

   NOTCH1  

mutations  

  Favourable    Breit  et al.   (2006) ; Park 

 et al.   (2009)   

  ETP signature    Very 

unfavourable  

  Coustan - Smith  et al.  

 (2009)   

     Figure 25.1     Prevalence of genetic abnormalities in newly 

diagnosed childhood B - lineage ALL. The prevalence of 

established abnormalities (discovered by conventional 

karyotyping and fl uorescence  in situ  hybridization) and novel 

abnormalities (discovered by genome - wide analysis with SNP 

arrays) is shown. Deletions and mutations of  PAX5  and  IKZF1  

may occur in cases with established genetic abnormalities. 

Hyperdiploidy,  > 50 chromosomes; hypodiploidy,  < 45 

chromosomes.  

Hyperdiploidy
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favourable genetic features ( ETV6 – RUNX1  fusion and hyper-
diploidy  > 50 chromosomes) will eventually relapse, while 
approximately one - third of those with unfavourable genetic 
abnormalities ( BCR – ABL1  or  MLL – AF4 ) can be cured with 
chemotherapy alone. It was shown that among patients with 
 BCR – ABL1  - positive ALL, age over 10 years or a high leucocyte 
count was associated with a poor outcome; in those with  MLL –
 AF4  - positive ALL, infant age group ( < 12 months) conferred a 
particularly poor outcome. Patients with ETP ALL have a 
dismal outcome with contemporary therapy irrespective of 
other presenting features.  

  Minimal  r esidual  d isease 

 A slow reduction of the leukaemic cell burden by remission 
induction therapy is associated with a poor treatment outcome. 
Response to therapy, as assessed by morphological examination 
of bone marrow and peripheral blood smears, has limited sen-
sitivity and accuracy. The advent of methods for detecting 
minimal residual disease (MRD), which are at least 100 times 
more sensitive than conventional morphological techniques, 
has introduced a profoundly new way to monitor response to 
treatment. The most reliable methods for measuring MRD 
include fl ow cytometric profi ling of aberrant immunopheno-
types, PCR amplifi cation of fusion transcripts and chromo-
somal breakpoints, and PCR amplifi cation of antigen - receptor 
genes. 

 The prognostic importance of MRD in childhood ALL has 
been unequivocally established by the results of numerous cor-
relative studies. In our studies, patients who had MRD of 0.01% 
or more in bone marrow during or at the end of remission 
induction therapy had a signifi cantly higher risk of relapse, 
while those with MRD of 1% or more at the end of remission 
induction therapy and those with MRD of 0.1% or more during 
continuation therapy had an extremely high relapse hazard. In 
contrast, patients with undetectable MRD on day 19 had 
a particularly favourable outcome. Investigators of the 
International Berlin – Frankfurt – M ü nster (I - BFM) Study Group 
found that the combined information about MRD on days 33 
and 78 could identify three groups of patients with a signifi -
cantly different outcome: 10 - year EFS was 93% for patients who 
were MRD negative at both time points, 16% for patients with 
MRD of 0.1% or more at both time points, and 74% for the 
remaning patients. Investigators of the Dana – Farber Cancer 
Institute ALL Consortium reported a 5 - year risk of relapse of 
5% for patients with no detectable ( < 0.01%) MRD at end of 
remission induction and 44% for those with detectable MRD. 
An MRD cut - off level of 0.1% was the best predictor of 5 - year 
relapse hazard in this series: 72% for patients with higher levels 
of MRD and 12% for those with lower levels. Investigators of 
the Children ’ s Oncology Group reported that the presence of 
MRD (0.01% or higher) at the end of remission induction (day 

29) was the strongest prognostic indicator, superior to other 
commonly used prognostic parameters in childhood ALL, and 
predicted both early and late relapses. Examples of risk classifi -
cation schema that combine presenting features and MRD 
assessments are shown in Table  25.3 . The prognostic value of 
MRD in childhood ALL also extends to specifi c subsets of 
patients with presenting features traditionally used for risk 
assignment, and to infants.    

  Pharmacogenetic  v ariables 

 Mutations and polymorphisms of genes encoding several drug -
 metabolizing enzymes have been associated with reponse to 
therapy. The best - established association regards the thiopurine 
 S  - methyltransferase gene, which encodes the enzyme that catal-
yses the inactivation of mercaptopurine. Approximately 1 in 
300 patients have an inherited homozygous defi ciency of thi-
opurine  S  - methyltransferase and are therefore extremely sensi-
tive to mercaptopurine. Patients who are heterozygous for this 
mutation (approximately 10%) have intermediate levels of 
enzyme activity. Both homozygous and heterozygous defi cien-
cies are associated with a better EFS, likely due to higher dose 
intensity of mercaptopurine, but they also carry the increased 
risk of acute toxicities and a higher rate of irradiation - induced 
brain tumours and therapy - related acute myeloid leukaemia. 
Hence, mercaptopurine dosages must be carefully adjusted in 
these patients, an approach that abrogated the clinical impact 
of these mutations. 

 The null genotype for the glutathione S - transferase genes 
 GSTM1  or  GSTT1  and for  GSTP1  V105/V105 is also associated 
with increased treatment - related toxicity and a lower risk of 
relapse, perhaps because of reduced detoxifi cation of cytotoxic 
chemotherapy. In one study, 16 polymorphisms in genes 
involved in drug metabolism, including  GSTM1  and  TYMS  
(thymidylate synthetase), were associated with treatment 
outcome, while polymorphisms in genes involved in folate 
metabolism, including those for methylenetetrahydrofolate 
reductase ( MTHFR ) and methionine synthase reductase 
( MTRR ), affected methotrexate sensitivity  in vitro . A study 
comparing the polymorphisms of 16 genes with functions 
related to treatment response to MRD levels on day 8 in blood 
and on day 28 in bone marrow found that the G allele of a 
common polymorphism in the gene for the chemokine receptor 
5 ( CCR5 ) was associated with better MRD clearance than the A 
allele; the molecular mechanisms underlying this association 
are unclear. Another study identifi ed 102 SNPs associated with 
MRD, including 21 in genes associated with antileukaemic drug 
disposition and fi ve in the  IL15  gene. The mechanisms linking 
alterations in IL - 15 and poor response to chemotherapy are also 
unclear but recall fi ndings that IL - 15 overexpression is associ-
ated with increased CNS involvement at diagnosis and CNS 
relapse in childhood ALL. Signifi cantly higher concentrations 
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  Table 25.3    Current risk classifi cations of childhood ALL. 

   Risk group     Features  

   St Jude Children ’ s Research Hospital   

  Low    B - cell precursor immunophenotype and age 1 – 9 years with leucocyte count  < 50    ×    10 9 /L, DNA index  ≥ 1.16 

and  < 1.60, or  ETV6 – RUNX ; without CNS (CNS1)  *   or testicular leukaemia, or t(1;19), t(4;11), t(9;22), 

 MLL  rearrangement or hypodiploidy  < 44 chromosomes; MRD  < 1% at day 15 or remission induction 

and  < 0.01% at the end of 6 - week remission induction  

  Standard    T - cell phenotype (except ETP ALL) and B - cell precursor cases not classifi ed as low or high risk  

  High    ETP ALL phenotype, induction failure, or MRD  ≥ 1% at the end of 6 - week remission induction  

   Children ’ s Oncology Group (B - lineage cases)   

  Standard risk  –  low    1 – 9 years with leucocyte count  < 50    ×    10 9 /L, trisomy 4, 10 or 17 or  ETV6 – RUNX1 , no CNS leukaemia 

(CNS1), or  BCR – ABL1  or  MLL  rearrangement or hypodiploidy; rapid early response (day 15), MRD 

 < 0.1% on day 29  

  Standard risk  –  average    1 – 9 years with leucocyte count  < 50    ×    10 9 /L, CNS1 or 2, no  BCR – ABL1  or  MLL  rearrangement or 

hypodiploidy, rapid early response, MRD  < 0.1% on day 29  

  Standard risk  –  high    1 – 9 years with leucocyte count  < 50    ×    10 9 /L; no  BCR – ABL1  or hypodiploidy; slow early response or MRD 

 ≥ 0.1% on day 29 or  MLL  rearrangement and rapid early response  

  High     ≥ 10 years or leucocyte count  ≥ 50    ×    10 9 /L or 1 – 9 years with leucocyte count  < 50    ×    10 9 /L with testicular 

leukaemia; no  BCR – ABL1  or hypodiploidy  

  Very high risk    t(9;22)/ BCR – ABL1  or hypodiploidy or  MLL  rearrangement with slow early response or induction failure 

or MRD  ≥ 1%  

   Berlin – Frankfurt – M ü nster Consortium   

  Standard    Prednisone good response; no t(9;22)/ BCR – ABL1  or t(4;11)/ MLL – AF4 ; MRD negative on days 33 and 78  

  Medium    Prednisone good response; morphological remission on day 33; no t(9;22)/ BCR – ABL1  or t(4;11)/ MLL –

 AFF1 ; do not fulfi ll other standard -  or high - risk criteria  

  High    Prednisone poor response; M2 or M3 marrow on day 33; presence of t(9;22)/ BCR – ABL1  or t(4;11)/ MLL –

 AFF1 ; MRD  ≥ 0.1% on day 78  

    * CNS1, absence of leukaemic blasts in cytocentrifuge preparations of cerebrospinal fl uid; CNS2, presence of blasts but leucocytes  < 5/ µ L; 

CNS3, presence of leukaemic cells in a cerebrospinal fl uid that contains  ≥ 5 leucocytes/ µ L.   

of methylmercaptopurine nucleotides were found in patients 
with a non - functional allele of the gene for inosine triphosphate 
pyrophosphatase, which were associated with a higher probabil-
ity of severe febrile neutropenia.   

  Treatment 

  Overview 

 The more successful contemporary clinical trials for children 
with newly diagnosed ALL have resulted in 5 - year EFS rates 
ranging from 75 to 87% (Table  25.4 ). The general treatment 
approach relies on three main phases: remission induction, 
intensifi cation (consolidation) therapy, and continuation treat-
ment. In patients with mature B - cell ALL, regimens of intensive 
chemotherapy are typically shorter and based primarily on 
cyclophosphamide, methotrexate and cytarabine, resulting in 
cure rates of 74 – 87%. All patients require treatment for sub-

clinical leukaemia of the CNS, which should be initiated early 
in the form of intrathecal therapy.    

  Remission  i nduction 

 Rates of complete remission (i.e. absence of leukaemic cells 
detectable morphologically and restoration of normal haemo-
poiesis) currently range from 96 to 99%. Remission induction 
regimens typically include a glucocorticoid (prednisone, 
prednisolone or dexamethasone), vincristine and asparaginase, 
with or without one or more additional drugs (e.g. an anthra-
cycline, cyclophosphamide). Intensifi cation of induction 
therapy may achieve a more effective clearance of leukaemic 
cells but it might not be necessary for patients lacking unfavour-
able prognostic features and having a good early response, par-
ticularly if they receive post - induction intensifi cation therapy. 
Intensifi ed induction therapy may increase early morbidity and 
mortality. 
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 Because of its reported longer half - life and increased penetra-
tion into CSF, dexamethasone may be more effective than pred-
nisone or prednisolone. Its use yielded an improved outcome 
in some trials but resulted in excessive life - threatening infec-
tions and septic deaths in another study. A small randomized 
study showed that an increased dose of prednisone produced 
results comparable to those achieved with dexamethasone in 
the context of other intensive treatment, suggesting dose rather 
than type of glucocorticoid infl uences treatment outcome. 

 Most remission induction regimens include asparaginase. 
However, clinical trials limiting that use of asparaginase to 
the post - induction period yielded low morbidity (especially 
in terms of thrombotic complications) and excellent overall 
outcome. The currently available asparaginase for newly diag-
nosed patients is derived from  Escherichia coli  and there is a 
polyethylene glycol - bound form of the  E. coli  product (pegaspar-
gase); asparaginase derived from  Erwinia chrysanthemi  is typi-
cally used in patients who have hypersensitivity reactions to  E. 
coli  product. Each type has a different half - life, pharmacokinet-
ics and immunogenicity. In terms of antileukaemic activity, the 
key issue is the amount of asparagine depletion achieved. 
Because of lower immunogenicity and less frequent administra-
tion, pegaspargase has become the fi rst - line treatment in the 
USA and is also increasingly used in other childhood ALL trials 
worldwide. Patients with allergic reactions to either  E. coli  prep-
aration should be treated with  Erwinia  asparaginase.  

  Intensifi cation ( c onsolidation) 

 Patients who achieve remission typically receive intensifi cation 
(also called consolidation) therapy. This consists of the same 
drug schema used in the remission induction regimen or of a 
combination of drugs not previously used. Patients with differ-
ent subtypes of leukaemia may respond particularly well to 

certain intensifi cation regimens. For example, patients with 
 ETV6 – RUNX1  had an especially good outcome in clinical trials 
featuring intensive post - remission treatment with glucocorti-
coids, vincristine and asparaginase, while a very high dose of 
methotrexate (5   g/m 2 ) improved treatment outcome of patients 
with T - cell ALL. Other regimens have not proven to be advanta-
geous, such as high - dose intravenous mercaptopurine and 
high - dose cytarabine. 

 Delayed intensifi cation (or reinduction), fi rst introduced by 
investigators of the I - BFM Study Group, is a widely used 
approach consisting of a repetition of the fi rst remission induc-
tion therapy 3 months after the end of remission induction. 
Investigators at the Children ’ s Cancer Group and of the 
Associazione Italiana Ematologia ed Oncologia Pediatrica 
(AIEOP) group reported that double delayed intensifi cation 
improved patient outcome in patients with intermediate risk. 
Extended and stronger intensifi cation therapy also signifi cantly 
benefi ted patients with high - risk ALL and slow response to 
initial induction therapy. While reinduction or delayed inten-
sifi cation therapy is probably benefi cial to all patients, double 
or prolonged intensifi cation appears to be benefi cial primarily 
to those with features predicting a higher risk of relapse.  

  Continuation  t herapy 

 With the exception of patients with B - cell (surface immu-
noglobulin positive) ALL, all children with ALL require pro-
longed continuation treatment, which typically lasts for 2 – 2.5 
years. Attempts to shorten its duration have led to inferior 
outcomes, although it should be noted that up to two - thirds of 
patients could be cured with only 12 months of treatment in 
one trial. Continuous uninterrupted therapy appears to be 
more effective than high - dose pulse therapy with prolonged rest 
periods to recover from myelosuppression. 

  Table 25.4    Results of selected clinical trials in patients with acute lymphoblastic leukaemia. 

   Study     Years     No. of patients     Age (years)     Percentage 5 - year 

EFS ( ±  SE)  

   Reference  

  BFM 95    1995 – 2000    2169    0 – 18    78.6    ±    0.9 *     Moricke  et al.  (2008)  

  CCG - 1961    1996 – 2002    2078    0 – 21    71.3    ±    1.6  †      Seibel  et al.   (2008)   

  COALL - 97    1997 – 2003    667    1 – 18    77    ±    2    Escherich  et al.   (2010)   

  DFCI - 95 - 01    1996 – 2000    491    0 – 18    82    ±    2    Moghrabi  et al.   (2007)   

  NOPHO ALL - 2000    2000 – 2007    1023    0 – 15    79.4    ±    1.5    Schmiegelow  et al.   (2010)   

  SJCRH XV    2000 – 2007    498    1 – 18    85.6    ±    2.9    Pui  et al.   (2009)   

    * 6 - year event free - survival is reported.  

    †  Standard deviation instead of SE is reported.  

  BFM, Berlin – Frankfurt – M ü nster; CCG, Children ’ s Cancer Group; COALL, Cooperative Study Group of Childhood Acute 

Lymphoblastic Leukaemia; DFCI, Dana - Farber Cancer Institute; NOPHO, Nordic Society of Paediatric Haematology and Oncology; 

SJCRH, St Jude Children ’ s Research Hospital.   
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 The classical components of continuation therapy are meth-
otrexate and mercaptopurine, administered weekly and daily, 
respectively. Low systemic exposure to methotrexate and low 
dose intensity of mercaptopurine have been associated with an 
inferior outcome. Conversely, administration of doses gauged 
to produce the lowest tolerable neutrophil counts reportedly 
improved outcomes. However, following such an approach too 
strictly may be counterproductive, resulting in dose interrup-
tion and reduction of the overall dose intensity. Parenteral 
administration of methotrexate circumvents problems of 
decreased bioavailability and poor compliance associated with 
oral administration, especially in adolescents. In contrast, mer-
captopurine is most effective when it is given orally daily; 
weekly intravenous administration at a higher dose was shown 
to be ineffective. In some studies, thioguanine appeared to have 
a superior antileukaemic effect than mercaptopurine but its use 
at a daily dose above 40   mg/m 2  was associated with a higher rate 
of toxicities, such as profound thrombocytopenia and hepatic 
veno - occlusive disease. Intensive treatment with mercaptopu-
rine and methotrexate maintenance therapy has been related to 
the occurrence of second malignancies, especially in patients 
with thiopurine methyltransferase defi ciency. 

 Studies have shown that adding intermittent pulses of vinc-
ristine and a glucocorticoid (prednisone or dexamethasone) to 
the methotrexate/mercaptopurine combination is benefi cial. 
Whether this pulse therapy is necessary in contemporary regi-
mens featuring early intensifi cation of therapy remains to be 
determined.  

  Prevention and  t herapy of  CNS   l eukaemia 

 The infi ltration of the leptomeninges by leukaemic cells poses 
a challenge because the blood – brain barrier provides a pharma-
cological sanctuary for leukaemic cells and protects them from 
systemic therapy. Hence, cranial irradiation (12 – 24   Gy) and 
methotrexate administered intrathecally after induction of 
complete remission as a prophylactic measure to prevent CNS 
leukaemia has become a key feature of childhood ALL treat-
ment since the 1970s. Cranial irradiation can cause serious side -
 effects and a reduction of the radiation dose to a less harmful 
12   Gy appeared to provide adequate protection against CNS 
relapse. Complete omission of cranial irradiation as tested in 
early clinical trials also resulted in an acceptable rate of CNS 
relapse but produced low overall survival rates. A recent study 
at St Jude Children ’ s Research Hospital tested the feasibility of 
total omission of prophylactic cranial irradiation. The 5 - year 
survival rate for the 498 patients enrolled was 93.5% and the 
cumulative risk of an isolated CNS relapse rate was only 2.7%, 
demonstrating that cranial irradiation can be avoided in the 
context of effective risk - adapted intrathecal and systemic chem-
otherapy. Intensive systemic and intrathecal treatment, without 
cranial irradiation, appears to provide adequate CNS prophy-

laxis even in infants who have CNS leukaemia at diagnosis. 
Therefore, most investigators now treat infants (a group of 
patients particularly vulnerable to CNS irradiation toxicities) 
without cranial irradiation. Importantly, patients with an iso-
lated CNS relapse have a very high retrieval rate if they did not 
receive cranial irradiation as CNS prophylaxis. 

 Systemic treatment including high - dose methotrexate, inten-
sive asparaginase, and dexamethasone as well as optimal 
intrathecal therapy are essential to control CNS leukaemia. 
Triple intrathecal therapy with methotrexate, cytarabine and 
hydrocortisone is more effective than intrathecal methotrexate 
alone in preventing CNS relapse. Intrathecal therapy should be 
intensifi ed in patients with detectable ALL blasts in the CSF 
(even because of traumatic lumbar puncture) as this fi nding 
carries an increased risk of CNS relapse and inferior overall 
outcome.  

  Allogeneic  h aemopoietic  s tem  c ell 
 t ransplantation 

 Patients with the  BCR – ABL1  gene fusion, ETP ALL, poor early 
response or early haematological relapse are the more frequent 
candidates for transplantation. Nevertheless, the indications for 
transplantation should be continuously reviewed as treatment 
improves and new agents become available. For example, the 
use of imatinib and other tyrosine kinase inhibitors has dra-
matically improved early treatment response in patients with 
 BCR – ABL1  - positive ALL, questioning whether transplantation 
in fi rst remission should be recommended in these cases. 
Transplantation has not been shown to improve outcome of 
other subtypes of very high risk leukaemia, including infant 
cases and those with  MLL  rearrangement. 

 Levels of MRD prior to transplant predict the risk of relapse 
after transplant. In patients receiving T - cell - depleted grafts, 
high levels of MRD PCR positivity (0.1 – 1%) before transplant 
were consistently associated with relapse after transplant, and 
patients with lower levels of MRD had a 2 - year EFS of 35 – 50% 
compared with 70% for MRD - negative patients.  

  Treatment  s equelae 

 Improvements in supportive care have reduced the early death 
rate to less than 2%. Remission induction therapy including 
prednisone, vincristine and asparaginase causes hyperglycaemia 
in 10 – 20% of patients, particularly adolescents and patients 
with obesity, a family history of diabetes mellitus or Down 
syndrome. The same induction regimen can also lead to a 
hypercoagulable state in 3 – 5% of patients, promoting cerebral 
and/or peripheral vein thromboses. The intensifi ed use of 
methotrexate and glucocorticoids has been associated with an 
increased frequency of neurotoxicity and osteonecrosis. High 
cumulative doses of anthracyclines can produce severe cardio-
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myopathy, especially in young children. Cranial irradiation may 
cause second neoplasms within the irradiated fi eld, as well as 
neuropsychological defi cits and endocrine abnormalities, 
leading to obesity, short stature, precocious puberty and 
osteoporosis.   

  Relapse 

 Leukaemia relapse may occur during or after treatment, usually 
within 2 years after cessation of therapy but occasionally later 
(relapses occurring as late as 10 years after diagnosis have been 
reported). The bone marrow remains the most common site of 
relapse, while the frequency of relapse in extramedullary sites, 
such as the CNS and testes, has steadily decreased. Even when 
extramedullary relapse appears to be an isolated event, it is often 
associated with submicroscopic residual disease in the bone 
marrow. 

 There have been reports of leukaemias morphologically and 
immunophenotypically characterized as ALL that relapse as 
acute myeloid leukaemia while retaining the karyotypic and 
molecular features of the original clone. More insights on the 
genetic evolution of ALL at relapse were revealed by a recent 
study where genome - wide DNA copy number analyses were 
performed on matched diagnosis and relapse samples from 61 
children with ALL, indicating that most relapse samples lacked 
some of the genetic abnormalities present at diagnosis. 
Backtracking studies revealed that cells corresponding to the 
relapse clone were often present as minor subpopulations at 
diagnosis. 

 Bone marrow relapse, with or without extramedullary 
involvement, is associated with a poor outcome. Paradoxically, 
patients with isolated bone marrow relapse generally do worse 
than those with combined bone marrow and extramedullary 
relapse. In children with relapsed ALL, adverse risk factors 
include short initial remission, T - cell immunophenotype, 
 BCR – ABL1  ALL, presence of circulating blast cells or a high 
leucocyte count at relapse. The presence of MRD at the end of 
second remission induction is a strong adverse prognostic indi-
cator. Chemotherapy may be suffi cient to induce prolonged 
second remissions in patients without high - risk features but 
allogeneic haemopoietic stem cell transplantation is a reason-
able treatment option for the remaining patients, particularly 
those who experience haematological relapse during therapy or 
shortly thereafter, those with T - cell ALL, and those with persist-
ent MRD. The Acute Lymphoblastic Leukaemia Relapse Berlin –
 Frankfurt – M ü nster Study Group recently reported the results 
of a prospective trial including 91 children with relapsed ALL 
receiving stem cell transplantation. The probability of EFS after 
transplantation was signifi cantly associated with MRD burden 
before transplantation, and MRD was the only independent 
predictive parameter.  

  Concluding  r emarks 

 The current cure rates for children with ALL demonstrate the 
remarkable progress that has been made in treating this disease 
through improvements in risk classifi cation, chemotherapy, 
transplantation and supportive care. Classifi cation of ALL into 
prognostically meaningful subtypes defi ned by clinical present-
ing features and genetic abnormalities of the leukaemic cells is 
well established. The uncovering of new genetic lesions in leu-
kaemic lymphoblasts using novel screening techniques and the 
defi nition of their prognostic signifi cance should further 
improve risk classifi cation. Genome - wide expression profi ling 
studies may also facilitate the discovery of molecules that criti-
cally infl uence drug resistance. This is shown by studies that 
established the association of gene expression in leukaemic lym-
phoblasts with response to treatment  in vitro . 

 The development of robust MRD assays and the understand-
ing of the clinical signifi cance of MRD have opened a new 
approach to monitoring the response to treatment and have 
introduced a new concept of  ‘ remission ’ . MRD assays have been 
incorporated into many major treatment protocols and are now 
an integral part of the modern management of childhood ALL. 
Simplifi cation of MRD methods should widen the application 
of this powerful prognostic parameter, and extend its potential 
benefi ts to most patients, including those living in areas with 
limited resources. Further progress in optimizing intensity of 
treatment for each patient is coming from a better understand-
ing of the relation between pharmacogenomic features and 
responses to chemotherapy, which should lead to signifi cant 
refi nements of treatment schedules and dosages. 

 Despite these remarkable improvements, standard chemo-
therapy still produces low cure rates for patients with some 
subtypes of ALL, such as infants with  MLL  rearrrangement and 
those with ETP ALL; for these patients, substantial improve-
ments can only come from the development of new treatment 
modalities. Imatinib mesylate and other ABL kinase inhibitors 
are the paradigm of molecular therapy of leukaemia. Other 
novel agents include inhibitors of FLT3, farnesyltransferase, 
proteasome, DNA methylation and histone deacetylase. 
Moreover, there are new formulations of existing agents that 
may improve effi cacy and decrease toxicity. To this end, nucle-
oside analogues of more recent generation, such as gemcitabine, 
clofarabine and nelarabine, have shown promise. The applica-
tion of gene expression - based drug screening might facilitate 
the identifi cation of new effective compounds, while the detailed 
understanding of the cooperating genetic abnormalities associ-
ated with ALL could identify new targets. 

 Immunotherapeutic options are progressively emerging. 
Rituximab (anti - CD20), gemtuzumab ozogamicin (anti -
 CD33), alemtuzumab (anti - CD52) and epratuzumab (anti -
 CD22) have already been incorporated into some clinical trials; 
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recombinant immunotoxins and bispecifi c antibody derivatives 
have also been developed and are being tested. In the context 
of haemopoietic stem cell transplantation, donors can be 
selected so that their natural killer (NK) cells can exert maximum 
cytotoxicity against the leukaemic cells of the host, and infu-
sions of haploidentical NK cells are being evaluated. Chimeric 
receptors, composed of single - chain variable domain of murine 
antibodies and human signalling molecules, can redirect the 
specifi city of autologous or allogeneic immune cells against ALL 
cells and may therefore enhance the effectiveness of T and NK 
cell infusions. 

 For many decades, oncologists have been familiar with the 
concept that pharmacological sanctuaries (e.g. the CNS) con-
tribute to protect leukaemic cells from chemotherapy. More 
recent evidence indicates that the bone marrow microenviron-
ment can also anatagonize the effects of chemotherapy. For 
instance, we found that bone marrow mesenchymal cells protect 
ALL cells from asparaginase cytotoxicity by forming an aspar-
agine - rich microenvironment, suggesting a scenario whereby 
ALL cells that reside in mesenchymal cell niches become rela-
tively resistant to chemotherapy. Because agents that interfere 
with the interaction between ALL and mesenchymal cells are 
available for clinical use, it should be possible to design proto-
cols that attempt to improve chemotherapy effectiveness by 
mobilizing ALL cells.  
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  Introduction 

 The outlook for patients with acute and chronic leukaemias has 
improved considerably in the past 40 years, mainly because of 
more effective therapy. Better understanding and management 
of the complications have also improved survival and quality of 
life. These complications vary with the pace of the disease (acute 
or chronic), with specifi c subtypes of myeloid and lymphoid 
leukaemias, and with the intensity and duration of therapy. 

 The effectiveness of support depends on the coordinated 
work of specialist doctors, nurses, therapists and pharmacists 
and laboratories, working in facilities dedicated to the care of 
these patients. In the intensive care of patients with acute leu-
kaemia, it is especially important that there should be clear rules 
about when and why nurses should ask medical staff to review 
their observations and equally clear rules about the doctors ’  
responses. Timely and accurate communication between pro-
fessional groups is essential, and all should be working to agreed 
written standards. Management of all the complications requires 
careful and regular recording of basic observations by nurses, 

most of whom should be registered and experienced in leukae-
mia care. This team needs a high skill mix and an overall nurse –
 patient ratio above 1 to allow internal shift rotation that provides 
a continuous level of expertise. Whatever the type of leukaemia, 
patients should be treated according to protocols as part of 
well - designed controlled clinical trials. 

 The management of each group of complications is described 
both in general and with reference to specifi c types of leukaemia 
and forms of therapy. Complications requiring supportive care 
can be classifi ed as follows. 

  1     Psychological: due to loss of performance and self - determi-
nation and protracted treatment - related complications, such as 
the need for isolation as protection against infection.  

  2     Reproductive: due to the need to prevent pregnancy in 
female patients during intensive cytotoxic exposure and to pre-
serve fertility in patients of childbearing age.  

  3     Anaemia: due to failure of red cell production, bleeding or 
haemolysis.  

  4     Bleeding: due to thrombocytopenia and lack of clotting 
factors, through either failure of production or excessive con-
sumption (disseminated intravascular coagulation).  

  5     Infections: due to failure of production of adequate numbers 
of functionally normal neutrophils, and monocytes/macro-
phages, immune dysregulation and failure of the innate immune 
response, including the gut mucosal barrier.  
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in those who cannot. This area of supportive care underlines 
the need for integrated teamwork. 

 Regardless of age and subtype, patients with acute leukaemias 
present with a short history, are often seriously unwell due to 
acute marrow failure and require immediate admission to a 
haematology unit for intensive therapy. Their psychological 
complications are often more intensely expressed and require 
equally intensive support because their loss of function is so 
acute and severe. This type of supportive care should be an 
integral part of any therapy, whether it is given with the inten-
tion to achieve complete remission in younger patients or as 
palliation in the elderly and frail.  

  Reproductive issues 

 Before any chemotherapy is given to adolescents and young 
men, they should be counselled about the possibility of loss of 
fertility and offered the opportunity to store sperm. If therapy 
cannot be delayed, sperm should be collected as soon as possible 
to minimize the risk of damage to sperm already formed and 
stored and because of the potential infertility induced by any 
cytotoxic therapy, particularly intensive chemotherapy. Patients 
who opt to store sperm need expert counselling in all the associ-
ated ethical issues before collection, particularly their wish to 
destroy or preserve the collection should the patient die. They 
and their partners may wish to conserve the sperm for future 
fertilization after the patient ’ s death. Loss of fertility due to 
chemotherapy is much less likely in women, who should 
avoid falling pregnant while receiving such therapy because of 
likely damage to the embryo and fetus. Preservation  in vitro  of 
unfertilized ova is not yet possible and not undertaken 
routinely. 

 Impaired sexual function can be a problem in both sexes 
following intensive chemotherapy. Patients and their partners 
are often reluctant to discuss these problems with their special-
ist carers and are more likely to discuss them with nursing 
colleagues. Expert counselling or psychological care can be 
effective in restoring potency.  

  Anaemia and thrombocytopenia 

 In all types of leukaemias, and with all types of treatment, there 
is a risk of marrow failure leading to anaemia and thrombocy-
topenia. The pace at which they develop and their severity vary 
with the type of leukaemia and therapy, and many of the com-
plications are seen whatever the intensity of therapy. As these 
causes and effects are most marked in the acute leukaemias, the 
support needed in that context is described in greater detail. By 
the time most patients present, their ability to produce red cells 
and platelets will be severely impaired and they will need regular 
and frequent transfusions of both. Administration of a wide 

  6     Metabolic: due to disturbances in fl uid and electrolyte and 
acid – base balance, related to the disease or the treatment or 
both.  

  7     Nutritional: when oral intake fails and loss of lean body 
mass is signifi cant.  

  8     Nausea and vomiting: due to chemotherapy and other 
drugs.  

  9     Pain: due to involvement of specifi c anatomical sites in the 
disease or as a result of specifi c therapies.  
  10     Palliative supportive care: necessary when cytotoxic therapy 
fails to induce or maintain lasting complete remission; this does 
not exclude further cytotoxic therapy as part of other efforts to 
control distressing symptoms.     

  Psychological support 

 Regardless of the subtype of disease and form of therapy, this 
support starts with an explanation of the diagnosis and treat-
ment by a senior haematologist accompanied by a specialist 
nurse, both of whom should be active and experienced in this 
type of care and communication. It is essential to gain the trust 
of patients and their immediate families or partners from the 
outset so that they can understand and accept the need for the 
proposed intensity and duration of treatment and the risks of 
complications. As well as needing support for their distress on 
learning the diagnosis, most will also ask for detailed informa-
tion including prognosis. Any relevant clinical trial can be 
described, and informed consent can be obtained for enrolment 
and randomization between different treatment options. A rela-
tionship of mutual and complete openness should be established 
as soon as possible, and questions and discussion encouraged. 

 Most patients may appear to be psychologically able to deal 
with these illnesses and all their complications. However, many 
patients fi nd that loss of control of their normal daily activity 
is diffi cult to manage, particularly prolonged stays in hospital, 
including periods in protective isolation. Nearly all will suffer 
some loss of self - assurance and self - esteem, particularly if they 
fall ill at the peak of their responsibilities and abilities in their 
domestic and working lives. Fear of failure of therapy may be 
lessened if remission is achieved, but patients ’  anticipation of 
the complications of subsequent cycles of therapy may add to 
their psychological problems. 

 Having little control over this cumulative experience, patients 
can develop signifi cant neurotic or psychotic pathology, some-
times well after therapy is fi nished and as they attempt to 
resume a normal life. The clinical team must be alert to the 
development of any signs that such problems are impending 
and deal with them before patients suffer signifi cant and lasting 
harm. In dealing with these problems, it is diffi cult for profes-
sional carers to maintain a balanced approach that suits each 
patient. It is as easy to be too intrusive with those patients who 
can cope without help as it is to fail to detect psychopathology 
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cell mass and hence oxygen - carrying capacity, they are likely to 
be symptomatic and should be transfused as soon as they have 
been assessed clinically and the result of their blood count is 
known. This rule may need to be modifi ed in the presence of 
symptomatic or treated cardiac disease (see section Planning 
large - volume transfusions). With chemotherapy, red cell pro-
duction remains suppressed and the patient remains dependent 
on repeated transfusions. 

 Conventional teaching is to try to maintain the haemoglobin 
level above 10   g/dL. This has been challenged recently and it is 
possible to lower the threshold of haemoglobin at which red cell 
transfusion is indicated. There is evidence that patients in other 
critically ill categories will tolerate much lower levels (as low as 
6   g/dL) and that transfusing at higher levels may be harmful. In 
practice, many leukaemia and transplant units already withhold 
red cell transfusion until the haemoglobin drops to 8   g/dL 
depending on other factors such as the degree of compromise 
of cardiorespiratory function. 

 Excessive red cell transfusion may lead to alloimmunization, 
with red cell blood group and white cell HLA antigens poten-
tially creating diffi culties for future transfusion and SCT. In the 
transplant patient (autologous and allogeneic), there is also the 
risk of iron overload, but this appears unlikely to be a problem 
with conventional chemotherapy.  

  Hyperviscosity of high white cell counts 

 Patients who present with acute leukaemias with very high 
white blood cell (WBC) counts, particularly over 100    ×    10 9 /L, 
should be given blood only if it is not possible to wait for 
reduction of the WBC count by either leucapheresis or 

range of intravenous therapies, including blood products, may 
be necessary simultaneously. Long - lasting, tunnelled, multilu-
men, central venous catheters (CVCs) facilitate rapid intrave-
nous access for such multiple therapies, and also reduce the risk 
of blood - borne infection by reducing the need for multiple and 
repeated peripheral venous access. Sterile handling of these lines 
is therefore essential at all times. It is not necessary to transfuse 
either whole or fresh blood but there are some simple basic rules 
that should be followed regarding red cell and platelet transfu-
sion (Table  26.1 ).   

  Cytomegalovirus - negative blood products 

 As transfusion of both red cells and platelets may be required 
at the outset, it is important to establish immediately whether 
elective allogeneic stem cell transplantation (SCT) is likely as 
part of the care plan. If it is, those patients should always be 
transfused with blood products that are less likely to increase 
the risk of cytomegalovirus (CMV) transfusion, using leucode-
pleted or fi ltered donor blood or blood only from known CMV -
 negative donors until the patient ’ s own CMV status is known. 
This applies to all patients under the age of 55 years who have 
potential sibling donors. CMV infection is a major cause of 
morbidity and mortality in allogeneic SCT and prevention is 
more effective than treatment.  

  Acute anaemia 

 Onset of anaemia is often rapid in patients with acute leukaemia 
so they are unable to compensate haemodynamically as in 
anaemia of slower onset. Because of their acutely reduced red 

  Table 26.1    Ten rules for transfusion and coagulation failure in acute leukaemia. 

    Rule     Reason     Exceptions  

   1     In younger patients use CMV - negative 

blood until CMV status known  

  High transplant - related CMV death 

risk  

  No transplant planned  

   2     Transfuse if Hb  < 8   g/dL    Symptom control    Cardiac failure  

   3     Delay if white count  > 100    ×    10 9 /L    Hyperviscosity risks bleeds and clots    None  

   4     Give platelets priority    Red cells dilute low count    Big bleeds; give both  

   5     Big volumes need diuretics    Circulatory overload    None but plan K +  and Na +  infusions 

too  

   6     Keep platelets  > 10    ×    10 9 /L    Prevent bleeding     > 20    ×    10 9 /L during sepsis  

   7     Use ABO - identical platelets    Maximize effect    No clinical harm if only non - identical 

available  

   8     HLA - restricted platelets if refractory to 

donations  

  Loss of effect    May resolve allowing use of non -

 restricted donations  

   9     Use pethidine for allergic/febrile reactions    Avoid undetected cumulative steroid 

immunosuppression  

  None  

   10     Use only ABO - compatible plasma - derived 

products to correct clotting times  

  Avoid ABO haemolytic reactions    None; therapy determined by specifi c 

bleeding problems  
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 In general, platelets are not given until the count falls below 
the lower limit, but there are exceptions to this rule. It is impor-
tant to remember that a count just over this lower threshold is 
often obtained early in the morning and that the count may 
drop below it within the following 24 hours before a further 
count is undertaken. Thus the rate of fall in previous counts 
should prove a useful guide as to when platelet concentrate 
should be infused. Platelet function and survival may both be 
compromised in the presence of sepsis and some systemic anti-
biotics (particularly penicillins in high dose), so the higher 
threshold of 20    ×    10 9 /L should be used in patients with these 
risk factors. Whenever possible, platelet infusions should not be 
given temporally close to infusions of amphotericin (see section 
Infections) because of the evidence that this drug will interfere 
with platelet function and thus reduce the effectiveness of the 
donation. This may not be the case with liposomal amphoter-
icin given in conventional doses. 

 It has been suggested that patients who are stable and not 
infected may tolerate platelet counts as low as 5    ×    10 9 /L, pro-
vided the count is unlikely to fall further. This policy requires 
considerable faith in the accuracy and reproducibility of the 
laboratory technology for counting platelets.  

   ‘ Compatible ’  platelets 
 Whenever possible, platelet concentrate of a red cell ABO group 
identical to that of the patient should be transfused. If non -
 identical platelets are used, there may be loss of platelet function 
and an inferior increment in the recipient ’ s count. Whether this 
technical benefi t is ever clinically signifi cant has never been 
proven conclusively, but it seems reasonable to give patients the 
theoretical best possible donation if they need platelets at all, 
especially if one applies the policy of only transfusing at the 
lower count of 10    ×    10 9 /L.  

  Platelet  ‘ increments ’  
 Regular platelet counts are needed to plan platelet transfusions 
and will also reveal failure to obtain a satisfactory increment in 
the patient ’ s platelet count following transfusion of an adult 
therapeutic dose. Such patients are described as  ‘ refractory ’  to 
platelet transfusion because of the development of alloantibod-
ies to the HLA antigens borne by platelets, and may manifest 
bleeding or bruising even before a failure of increment is 
detected. This refractory state should be confi rmed with two 
platelet counts, one before transfusion and one taken 30   min 
after transfusion. On confi rmation of this problem, the patient ’ s 
HLA type should be determined immediately if this has not 
already been performed for the purposes of subsequent trans-
plantation. The National Blood Service will then supply HLA -
 restricted, if not HLA - identical, platelet donations until such 
time as a trial of HLA - unrestricted donations can be safely given 
again. Platelet refractoriness need not be permanent but can 
recur and is not necessarily heralded by a febrile reaction to 
transfusion.   

chemotherapy. These patients are already at risk of thrombotic 
and haemorrhagic events due to hyperviscosity, and transfusion 
will increase that risk, even if it is slow. It is probably safe to 
allow such patients to start their chemotherapy with a haemo-
globin level as low as 8   g/dL. Patients with high WBC counts in 
chronic myeloid leukaemia (CML) may develop hyperviscosity 
problems, but these are rare in chronic lymphocytic leukaemia 
(CLL).  

  Planning large - volume transfusions 

 When planning a large red cell transfusion, it is essential to 
estimate in advance the total intravenous fl uid load these 
patients will receive over any following 24 - hour period. Most 
patients with acute leukaemia are elderly and will already have 
some degree of cardiovascular pathology. Some chemotherapy, 
such as the anthracyclines commonly used in remission induc-
tion of acute myeloblastic leukaemia (AML) and acute lym-
phoblastic leukaemia (ALL), are also unpredictably cardiotoxic 
below a total cumulative dose in individual patients. If a large 
intravenous fl uid load is unavoidable and intravascular over-
load is likely, elective diuretic therapy should be prescribed, 
usually with small doses (20   mg) of intravenous furosemide 
(frusemide) at planned intervals throughout a prolonged infu-
sion. The use of diuretics in this way may lead to electrolyte 
depletion, which requires correction (see section Metabolic 
support). Careful observation of basic vital signs, more simply 
daily weights, will indicate whether there is an excessive intra-
vascular fl uid load contributing to compromised cardiac and 
respiratory function.  

  Platelets take priority 

 When these patients require both red cell and platelet transfu-
sions, platelets should always be given fi rst. Platelet production 
is compromised to such a degree that a large red cell transfusion 
will dilute the platelet count to a potentially dangerous lower 
level. Platelets for transfusion are provided in single packs 
known as an adult therapeutic dose, which contains approxi-
mately 10 11  platelets. These are obtained either by apheresis 
from a single donor or by pooling platelets harvested from the 
buffy coats of packs of blood from six donors. 

 Platelets can be given so quickly through a CVC that even 
with sudden and heavy bleeding it is seldom necessary to give 
red cells fi rst, and red cells and platelets can be given 
simultaneously. 

  Minimum platelet level 
 There is good evidence to suggest that the previous threshold 
for the transfusion of platelets (20    ×    10 9 /L) was overcautious 
and a threshold of 10    ×    10 9 /L is equally unlikely to lead to sig-
nifi cant bleeding. Platelet transfusions may also alloimmunize 
against red cell and HLA antigens. 
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cially in children with unsuspected genetic thrombophilia, for 
example factor V Leiden. 

 The hypergranular variant of acute promyelocytic leukaemia 
(M3) carries a very high risk of bleeding because of dissemi-
nated intravascular coagulation (DIC) or fi brinolysis. This can 
be present at diagnosis or is precipitated by chemotherapy, in 
either case because of the systemic prothrombotic action of the 
cytoplasmic granules released by the malignant blasts. The 
treatment, as in all cases of DIC, is to deal with the primary 
cause, in this case to lower the blast count as soon after 
diagnosis as possible. It may be accompanied by microangio-
pathic haemolytic anaemia. All -  trans  retinoic acid is now a 
standard part of initial chemotherapy for these patients, as it 
induces maturation of granulocytes, reducing release of the 
prothrombotic contents of their granules and lowering the risk 
of DIC. 

 Many older adult patients are now anticoagulated with war-
farin, aspirin and clopidogrel, or a combination of these, to 
lessen their risk of acute myocardial infarction or stroke. The 
physician who initiated this therapy should be identifi ed, if pos-
sible, to discuss the risks of stopping these immediately after 
diagnosis and throughout the treatment of the leukaemia. All 
antiplatelet therapy should be stopped because protracted and 
severe thrombocytopenia will recur during the course of 
therapy. The long action of aspirin and clopidogrel make rapid 
reversal of their antiplatelet effect impossible if the platelet 
count drops suddenly. Low - molecular - weight heparin should 
replace warfarin in those patients who have a high risk of arte-
rial or venous thrombosis, and should be stopped once the 
platelet count falls below 50    ×    10 9 /L. Long - term anticoagulation 
should not be restarted until all chemotherapy is fi nished and 
the patient is in a stable remission with a platelet count above 
100    ×    10 9 /L. 

 In patients with chronic and relapsed or refractory leukae-
mia, there may be chronic mucosal blood loss due to persistent 
and severe thrombocytopenia, which may be refractory to 
donor platelet transfusions. Oral tranexamic acid can reduce 
such blood loss and hormonal suppression can prevent endome-
trial bleeding. Persistent marrow failure without overt blood 
loss may require repeat red cell transfusions in patients with 
chronic leukaemias, particularly CLL. These should be given to 
relieve symptoms and not according to any set level of haemo-
globin. Red cell alloantibodies and iron overload complicate 
repeated transfusion. Patients with CLL can develop autoim-
mune haemolysis and thrombocytopenia. The management of 
these complications is described in Chapter  29 . 

 In all SCT patients, all blood products must be irradiated 
before transfusion to avoid the risk of graft - versus - host disease 
(GVHD) mounted by donor lymphocytes against the immuno-
compromised host. Irradiated blood products are also required 
in patients having chemotherapy with the aim of early SCT and 
in those treated with a purine analogue (e.g. fl udarabine) to 
prevent GVHD. The risk of transfusion - related GVHD is much 

  Febrile reactions 

 During the course of treatment, patients will experience many 
episodes of fever for which there will be many potential expla-
nations. Febrile reactions to blood and blood products are 
usually easy to identify as they occur during or immediately 
after the transfusion and should not be confused with the fever 
of infection (see section Infections). If the reaction occurs 
during transfusion, transfusion should fi rst be slowed, but if 
this does not reduce the severity of symptoms and signs then 
transfusion should be stopped. If this fails to abort the fi rst 
febrile reaction, only then should a single intravenous injection 
of an antihistamine, such as chlorpheniramine 25   mg, be given. 
If that is insuffi cient, many haematologists will give intravenous 
hydrocortisone 100   mg, and some will give both hydrocortisone 
and chlorpheniramine simultaneously. 

 The frequency and severity of these reactions may lead to the 
prescription of these two drugs either  ‘ as required ’  or as proph-
ylaxis for these reactions, which leads in turn to their uncon-
trolled use by inexperienced junior doctors and nurses. The 
total cumulative dose of immunosuppressive steroids may go 
unseen, and the use of hydrocortisone in the management of 
these febrile reactions should be discouraged. Whether these 
reactions are due to blood products or drugs such as ampho-
tericin, the most effective treatment or prophylaxis is intrave-
nous pethidine 12.5   mg. This drug is not immunosuppressive 
and this dose is neither sedating nor, on repetition, addictive, 
but it should not be used in fever that is probably due to 
infection.  

  Specifi c bleeding problems 

 In addition to the risk of bleeding because of low platelets, 
there are further specifi c coagulation problems that require 
early detection and planned management. Patients should be 
monitored for evidence of failure of coagulation, even when 
they are receiving regular platelet infusions. Clinical observa-
tion should include regular fundoscopy for retinal bleeding 
and testing for haematuria. During remission induction and 
consolidation therapy for acute leukaemia, platelet transfusion 
is unavoidable. Fresh - frozen plasma and cryoprecipitate are 
needed infrequently and should only be used for specifi c indica-
tions and in the absence of virally inactivated products. When 
correcting coagulation defi ciency with plasma - derived prod-
ucts, red cell ABO group - compatible donations should be 
used to avoid ABO haemolytic reactions. The use of any blood 
products should follow best practice guidelines provided at 
present. 

 Asparaginase in the remission induction phase of the treat-
ment of ALL can inhibit synthesis of coagulation factors, par-
ticularly fi brinogen, which should be replaced using fresh - frozen 
plasma or cryoprecipitate. Very rarely, asparaginase may cause 
superior sagittal vein thrombosis without warning, but espe-
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Erythropoietins are not recommended in the treatment of acute 
leukaemias. 

 NICE guidance issued in May 2008 is unhelpfully much more 
prescriptive, recommending the use of erythropoietins only in 
women with a haemoglobin of 8.0   g/dL or less treated for 
ovarian carcinoma with platinum - based therapies or those with 
very severe anaemia who cannot be transfused.   

  Infections 

 Some infections occur with all types of leukaemia and therapy, 
whereas others show more specifi c associations. As a general 
rule, the greater the duration and severity of immunosuppres-
sion, the greater the risk of life - threatening infection with a 
bigger range of organisms. During chemotherapy, patients with 
acute leukaemia have a high risk of life - threatening infections 
because of neutropenia due to the disease and the chemother-
apy, combined with damage to the mucosal barrier and impair-
ment of the innate immune system induced by chemotherapy. 
The risk is greatest with the profound and protracted immuno-
suppression required in allogeneic SCT from an unrelated 
donor. 

 Infectious agents can be viewed either as professional patho-
gens (group A streptococci,  Salmonella typhi ) or opportunistis-
tic pathogens as depicted in Table  26.2 . This limited range of 
bacteria accounts for most of the opportunistic infections iden-
tifi ed during the course of neutropenia, despite the fact that the 

lower in autografts than in allografts. Any transfusion given to 
those patients whose peripheral blood stem cells (PBSCs) are to 
be collected within the subsequent 2 – 3 weeks must also be 
irradiated, as transfused donor lymphocytes in the PBSC col-
lection may remain alloreactive until after the autograft and 
lead to clinically signifi cant GVHD.  

  Growth factor support for anaemia 

 The most comprehensive reviews of the evidence for the use of 
granulocyte colony - stimulating factor (G - CSF) and erythropoi-
etin in cancer care are available from the US National 
Comprehensive Cancer Network ( www.nccn.com ). The recom-
mendations for the use of erythropoietin are summarized below 
but these guidelines should be read in full to assess their appli-
cability to the care of individual patients with haematological 
tumours. 

 Although it is diffi cult to defi ne a level of anaemia at which 
intervention is needed, NCCN emphasizes the need to assess all 
causes of anaemia (haemoglobin  < 11.0   g/dL) in cancer patients 
(tumour - related, chemotherapy - related and all other causes) 
before correction with either red cell transfusion or erythropoi-
etins. A recent meta - analysis has shown increased mortality 
associated with the use of erythropoietins in solid tumours and 
they are not recommended from 6 weeks onwards following the 
end of cancer treatment. In patients with previous venous 
thromboembolic episodes, they are also associated with an 
increased risk of further venous and arterial events, particularly 
in the presence of ongoing concomitant thrombogenic risk 
factors, because of either an increased haematocrit (to 42    ±    3%) 
or as potentially thrombogenic in their own right. In all cases 
the relative risks and benefi ts of erythropoietins versus red cell 
transfusion should be discussed with the patient. Despite the 
recent Cochrane meta - analysis, there is some uncertainty about 
the effi cacy of erythropoietins in improving quality of life. 
During initiation and subsequently, the blood pressure should 
be carefully monitored because of the risk of hypertension asso-
ciated with erythropoietins. 

 In solid tumours, NCCN has a level 1 recommendation 
for the use of erythropoietins in symptomatic patients with 
chemotherapy - induced anaemias (haemoglobin  < 10.0   g/dL); 
however, if the haemoglobin is between 10.0 and 11.0   g/dL, the 
recommendation to use erythropoietins drops to a level 2b, and 
in both cases only if there is likely benefi t to cancer treatment 
goals or relief of symptoms. In asymptomatic patients with a 
haemoglobin of less than 10.0   g/dL, a clear recommendation is 
not possible and the risks and benefi ts of both erythropoietins 
and red cell transfusion should be discussed with the patient. 
In patients with cancer - related anaemia outside the treatment 
period, erythropoietins are not recommended. In the treatment 
of myelodysplastic syndrome (MDS), erythropoietin is 
recommended by NCCN where intrinsic erythropoietin levels 
are below 500   mU/mL with or without synergistic G - CSF. 

  Table 26.2    Origins of common potential bacterial pathogens. 

        Endogenous     Exogenous  

  Gram - negative 

bacilli  

   Escherichia coli      Pseudomonas 

aeruginosa   

   Klebsiella pneumoniae      Enterobacter 

cloacae   

  Gram - positive 

bacilli  

   Corynebacterium  spp.     Bacillus  spp.  

   Clostridium  spp., e.g. 

 C. septicum   

    

  Gram - positive 

cocci  

   Staphylococcus aureus      Enterococcus 

faecium   

  Coagulase - negative 

staphylococci, e.g. 

 Staphylococcus 

epidermidis   

    

  Viridans streptococci, 

e.g.  Streptococcus 

mitis   

    

   Enterococcus faecalis       

   Stomatococcus 

mucilaginosus   
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drug reactions, emergent bacterial resistance and increased 
costs. There are indeed many other causes of fever in these 
patients, including blood products, drugs (chemotherapy and 
antibiotics), tumour lysis syndrome, DIC and, in SCT, total 
body irradiation and GVHD. It is sometimes possible to identify 
one or more of these as the cause(s) of fever and thus avoid 
unnecessary antibiotic therapy. It has also become clear that 
fever may arise from the tissue damage associated with mucosal 
barrier injury induced by certain chemotherapeutic agents, 
including melphalan, cyclophosphamide, anthracyclines and 
cytarabine. The initial phase of mucosal barrier injury is char-
acterized by an infl ammatory response. Infection cannot be 
easily and reliably ruled out so fever should always be assumed 
to herald infection unless there is clear evidence to the 
contrary. 

 Infections can go unnoticed because the infl ammatory 
response is muted and pus cannot be formed because of neu-
tropenia. Foci of infections can also be easily overlooked unless 
physical examination is frequent and thorough. Infections may 
start as fever with or without bacteraemia, followed by clinical 
evidence of localized infection, and constant vigilance is needed 
to detect the sequential development of systemic infection 
(Figure  26.1 ). Despite the meagre signs and symptoms of infec-
tion in an immunocompromised patient, it is still essential to 
conduct a careful physical examination, paying particular atten-
tion to the oropharynx, including the dentition, the lungs, the 
skin, nails and exit sites of venous access devices, and the peri-
anal region. Rectal examination is inadvisable in the severely 
neutropenic and thrombocytopenic patient because of the risk 
of bacteraemia. The most common sites of infection when 
present are the oral cavity, the lung and the skin, with its under-
lying soft tissues. Clinically detectable sources of infections 
occur in up to one in fi ve cases and tend to be those in the skin 

body is colonized with so many more. Strictly anaerobic bacte-
ria are rarely the cause of systemic infection, although they 
outnumber other bacteria by several billion. Fungal infections 
tend to occur later during therapy than bacterial infections. The 
body ’ s surfaces, particularly the oral cavity and gut, are inhab-
ited by billions of bacteria comprising many hundreds of 
genera, and the environment contains hundreds more bacteria 
and fungi. Most remain harmless and are never shown to be 
causes of fever during profound immunosuppression, despite 
the patient ’ s close encounter with them.   

 All protocols for prophylaxis, investigation and treatment of 
infection should be agreed by haematologists and microbiol-
ogists and contain all the elements of an integrated plan to 
reduce morbidity and mortality arising from infection. All pro-
tocols should be complemented with regular discussion of indi-
vidual patients ’  investigations and results, and by audits of 
responses to results and of effectiveness of the protocols. 

  Fever as evidence of infection during 
chemotherapy and  SCT  

 Most patients with acute leukaemia will be repeatedly neutro-
penic for prolonged periods and therefore are at risk of becom-
ing febrile at some point. A minority of these episodes will be 
accompanied by symptoms and signs of localizing infection, 
such as dysuria and urinary frequency or infl ammation around 
the CVC exit site or tunnel. Because of the perceived need to 
treat presumed bacteraemia promptly in most cases, the fever 
will be, at least initially, of unknown origin. This empirical 
approach has proven of immense value in reducing mortality 
attributed to Gram - negative bacillary infection but may have 
some unfavourable consequences including undue reliance on 
drugs at the expense of microbiological diagnosis, more adverse 
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     Figure 26.1     Common infections 

during neutropenia.  
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mucosal barrier injury, better known by mucositis, its clinical 
counterpart (Figure  26.3 ). The fever associated with mucositis 
may originate from the mucosal damage induced by chemo-
therapy, and the loss of mucosal integrity that results may 
permit bacterial translocation leading to systemic infection. 
Even coagulase - negative staphylococcal bacteraemia may origi-
nate in some cases from the gastrointestinal tract or thromboses 
and may not represent catheter colonization.     

 The total amount of blood sampled at any one time consti-
tutes a single blood culture. In adults, sensitivity and specifi city 

and its structures or in the mucosal barrier, including the res-
piratory tract (Figure  26.2 ). Microbiological proof of infection 
is found in only 20 – 30% of cases of neutropenic fever and a 
further 10 – 20% of cases can be defi ned as clinical infections.   

 All units treating these patients must have a clear written 
protocol that balances the risks and benefi ts of exact diagnosis 
against empirical therapy by making good use of all available 
evidence at the onset of fever. This protocol must include a 
description of the specimens to be obtained by the microbiology 
laboratory. Many diagnostic opportunities are missed if the 
laboratory is not clear about what is to be done with samples 
from these patients, and how results should be interpreted and 
reported. Obtaining specimens from some infectious foci may 
be diffi cult if this requires aspiration or biopsy during severe 
thrombocytopenia. Even when a specimen is obtained from a 
normally sterile site, the yield of pathogens is usually low, inter-
pretation is diffi cult and the results may not infl uence manage-
ment. Failure to identify a focus of infection and to obtain 
appropriate samples may leave the fever unexplained. In most 
cases, microbiological diagnosis depends on identifi cation of 
pathogens in blood cultures.  

  Laboratory investigation of neutropenic fever 
of unknown origin 

  Blood cultures 
 The utility of blood cultures depends on adherence to a few 
simple rules (Table  26.3 ). The specifi city of blood cultures is 
increased if samples are taken from at least two separate sites, 
preferably including all lumina of a CVC. Ideally blood should 
be drawn from a peripheral vein and from the CVC to confi rm 
the signifi cance of growing skin commensals such as the 
Gram - positive coagulase - negative staphylococci. Other isolates 
including Gram - negative bacilli and viridans streptococci 
seldom if ever colonize the lumen of a CVC because they nor-
mally originate from the oral cavity and gut in the setting of 
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     Figure 26.2     Sources of infection.  
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     Figure 26.3     Mucosal barrier injury (MBI: the role of mucositis), 

the systemic infl ammatory response and bacteraemia.  

  Table 26.3    Blood cultures. 

   When     At onset of fever  

  How    A sample of 20   mL blood from a peripheral 

vein and, when present, samples of 

20   mL from each lumen of an indwelling 

vascular catheter  

  Method    Each sample divided between an aerobic 

and an anaerobic bottle  

  Time to positivity    Most organisms are detected within 24 

hours and 50% within 12 hours  

  Time to identity    24 – 48 hours, i.e. within the empirical phase  

  Utility    Identifi es cause of fever in 20 – 30% of cases  
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  Skin lesions 
 Identifying the cause of a skin or soft - tissue infection is diffi cult 
because culturing superfi cial swabs of lesions rarely discrimi-
nates between pathogens and commensal fl ora. Culture and 
histological examination of skin punch - biopsy specimens is 
very helpful in diagnosing disseminated infections due to 
 Candida  spp.,  Trichosporon  spp. and  Fusarium  spp. To achieve 
this it is important to ensure that the specimen is actually sent 
to histopathology  and  microbiology and not assume that it will 
be. In contrast, aspiration of skin lesions is seldom successful as 
pus is usually absent.  

  Gut investigations 
 In oesophagitis, endoscopy occasionally distinguishes infection 
due to herpes simplex from that due to  Candida  spp. but clinical 
suspicion of infective oesophagitis rarely leads to endoscopy 
because appearances are usually non - specifi c and the procedure 
is hazardous. Persistent diarrhoea or abdominal pain requires 
a cytotoxicity assay on a stool sample for  Clostridium diffi cile  
toxin, and patients with right lower quadrant pain suggestive of 
typhlitis should have blood cultures taken to exclude the pres-
ence of  C .  septicum  or  C .  tertium , as recovery of these bacteria 
usually indicates neutropenic enterocolitis. Although infections 
due to  Candida  spp., the Gram - negative bacilli,  Escherichia coli , 
 Klebsiella pneumoniae ,  Pseudomonas aeruginosa ,  Clostridium  
spp. and enterococci, including vancomycin - resistant entero-
cocci (VRE), usually originate from the large bowel, there is no 
value in culturing faeces as, not surprisingly, there are many 
more patients colonized than infected.  

  Urinary tract 
 Urine should be obtained as cleanly as possible for standard 
culture when there are signs or symptoms of a urinary tract 
infection but not otherwise. Urine from SCT recipients with 
haemorrhagic cystitis should be tested for adenovirus and BK 
virus.  

  Non - cultural techniques 
 The role of non - cultural methods for diagnosis is small but 
expanding.  Legionella  antigen detection in urine is specifi c but 
detects only  L .  pneumophila  type 1. Detection of CMV DNA by 
quantitative PCR may replace detection of the pp65 antigen in 
peripheral blood neutrophils among SCT recipients, and there 
is increasing expertise in using PCR to detect fungal DNA in 
blood and urine, but these remain investigational as there is no 
standard at present. Kits for the detection of  Aspergillus  antigen 
in serum, plasma and other sterile body fl uids using an enzyme -
 linked immunosorbent assay (ELISA) are commercially avail-
able and can be used to screen patients at risk of aspergillosis. 
The specifi city is generally high but the sensitivity has varied 
considerably, depending on the nature of the specimen (blood, 
bronchial material, cerebrospinal fl uid), the threshold employed 

are increased if at least 20   mL, and preferably 30   mL, of blood 
taken from each sampling site at each time is divided between 
an aerobic and an anaerobic bottle to detect the majority of 
common pathogens.  

  Oral/rectal swabs 
 Viridans streptococci of the  mitis  group ( Streptococcus mitis  and 
 Streptococcus oralis ) are universal residents of the oral cavity 
and, with the exception of bacterial endocarditis, are seldom 
associated with infectious diseases. However, in the last two 
decades, these bacteria have been causing bacteraemia regularly 
in patients with severe oral mucositis. Similarly,  Clostridium  
spp., for example  C .  septicum , are also normal commensal bac-
teria of the large bowel but can cause bacteraemia in patients 
suffering from a particularly severe form of gut mucositis, 
namely neutropenic enterocolitis (typhlitis). Given their pres-
ence in most individuals as part of the normal fl ora, it is point-
less to obtain specimens from the oral cavity or rectum to detect 
these bacteria.  

  Specimens for pulmonary infection 
 Investigating pulmonary infection has become more demand-
ing and involves obtaining blood samples as well as specimens 
from the respiratory tract. Bronchoalveolar lavage (BAL) speci-
mens are advised for patients with pulmonary infi ltrates and 
can yield the pathogen in 30 – 50% of cases. There are no stand-
ards for handling such specimens in the laboratory or in the 
diagnostic tests themselves. The residue of BAL samples after 
centrifugation is examined for  Pneumocystis jirovecii  (formerly 
 carinii ), the acid - fast bacilli and  Nocardia  spp., common bacte-
ria, and moulds ( Aspergillus  spp.) and is subjected to culture for 
fungi and bacteria, including  Legionella  spp. and  Mycobacterium  
spp. BAL should also be examined for the presence of  Aspergillus  
galactomannan antigen, which is found frequently in cases of 
invasive pulmonary aspergillosis, and microbial DNA may be 
detected by polymerase chain reaction (PCR) techniques. 

 Standards for virological investigations vary, but the infl u-
enza and parainfl uenza viruses, adenovirus, respiratory syncy-
tial virus and CMV may also be detected. When superfi cial 
pulmonary lesions are present, specimens might be obtained by 
percutaneous or open lung biopsy, provided that the benefi t 
outweighs the risk, diagnosis is uncertain and treatment is 
clearly not working. Although neutropenic patients do not 
produce sputum, they frequently expectorate mucous secre-
tions, which should be sent for microscopy and culture. 
Recovery of moulds including  Aspergillus  on two or more con-
secutive occasions increases the likelihood of their being 
involved in invasive fungal diseases (IFDs) in the presence of 
pulmonary infi ltrates on computed tomography (CT) consist-
ent with invasive aspergillosis. The common practice of micro-
biology laboratories in discarding expectorated secretions 
without pus cells should not apply to these patients.  
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organisms that is unique and unlike that found elsewhere. 
Therefore, it is important for each unit to monitor local rates 
of isolation of bacterial and other pathogens and their patterns 
of antibiotic susceptibility in liaison with the microbiologists, 
who should be active members of the multidisciplinary 
team. 

 There have been changes in practice that have been widely 
applied and are blamed for the changing Gram - negative and 
Gram - positive rates. For example, in the management of 
adult acute leukaemia there has been a trend towards more 
intensity of therapy, with an increasing risk of gut mucositis. 
In the presence of this complication, blocking gastric acid 
production increases the risk of viridans streptococcal bacter-
aemia. The widespread use of indwelling CVCs provides another 
portal of entry for Gram - positive staphylococci, and to a lesser 
extent  Candida parapsilosis , as the microorganisms often colo-
nize the surfaces of the skin in that area. The cause of greatest 
concern has been the indiscriminate use of oral quinolone anti-
bacterials (ofl oxacin, ciprofl oxacin, levofl oxacin) as prophylaxis 
against Gram - negative bacteraemia, which has not reliably 
reduced the overall risk but simply shifted the common causes 
of bacteraemia towards the Gram - positive organisms. Such 
prophylaxis is justifi able in allogeneic SCT recipients prepared 
by myeloablative therapy and in those receiving intensive 
chemotherapy to induce remission of AML and MDS, but is 
seldom appropriate in lower - risk patients who are receiving 
chemotherapy. 

 Recent studies suggest that the risk of Gram - negative bacter-
aemia has not diminished in many single centres and is on the 
increase in some that have never used quinolones as prophy-
laxis, in those which have recently discontinued this use and 
even in those in which this use continues (Figure  26.4 ). The risk 
of proven bacteraemia fl uctuates but may be as high as one in 
three of febrile episodes, mainly due to a signifi cant doubling 
of the risk of Gram - negative infections.   

 It is diffi cult to reconcile these data with a unifying explana-
tion. However, it does seem clear that despite a relatively high 
risk of bacteraemia, there is insuffi cient evidence to support 
continuous prophylaxis against bacterial infections with broad -
 spectrum antibiotics during conventional chemotherapy. It is 
also doubtful that this will substantially reduce the risk of such 
infections and may actually compromise the effi cacy of these 
antibiotics when they are needed. 

 In bacteraemia associated with onset of fever, the most com-
monly identifi ed Gram - negative bacilli are  E. coli ,  P. aeruginosa , 
 Klebsiella  and  Enterobacter  spp. and the Gram - positive cocci 
 Staphylococcus epidermidis , the viridans streptococci belonging 
to the  mitis  group  S. mitis  and  S. oralis  and  Staph .  aureus  
(increasingly the methicillin - resistant strains, i.e. MRSA). 
Bacteraemia due to other species such as  Enterococcus faecalis  
and  Clostridium  spp. tends to occur only after 7 – 10 days ’  
therapy with broad - spectrum antibiotics, in association with 
gut mucositis, including neutropenic enterocolitis (typhlitis). 

(0.5 – 1.5), the characteristics of the population (age, underlying 
disease), the frequency of sampling (once or twice weekly or 
less) and the prevalence of the disease in the population under 
study. The manufacturer now recommends a cut - off of 0.5, 
which increases sensitivity at the expense of specifi city. The 
sampling frequency of two to three times weekly appears 
optimal to screen for galactomannan, and detection of the sub-
stance in BAL fl uid is considered suffi cient to upgrade a case of 
possible invasive pulmonary aspergillosis to the level of prob-
able IFD. There is also a test for detecting the fungal cell wall 
component  β  -  d  - glucan, which shows promise as it detects 
 Candida  and  Aspergillus  as well as other less frequently encoun-
tered moulds including  Fusarium . However, experience is 
limited and the optimal positioning of this test for screening 
and confi rming a diagnosis remains to be established. While the 
detection of the  Aspergillus  antigen and of  β  -  d  - glucan is con-
sidered equivalent to recovery by culture as mycological evi-
dence, the detection of DNA by PCR is not until, and unless, a 
standard is established and the test is formally validated.  

  Surveillance cultures 
 There is no point in undertaking surveillance cultures unless 
the results are used to guide therapeutic or prophylactic choice. 
Obtaining nasal swabs to detect  Staphylococcus aureus  is useful 
as there is a strong association between carriage and subsequent 
bacteraemia. Once identifi ed, a carrier can be treated with 
mupirocin. Carriers of methicillin - resistant  Staphylococcus 
aureus  (MRSA) should be managed according to local practice 
but should normally remain isolated from other patients until 
shown to be free of the bacterium. Surveillance cultures of 
faeces are used if there is a risk of emergent ciprofl oxacin -
 resistant  E. coli  or  P. aeruginosa  when the drug is being used for 
prophylaxis. Testing faeces for carriage of these bacteria is a 
prudent form of surveillance to permit early detection of rising 
resistance before there is a corresponding rise in the infections 
caused by resistant bacteria. Detection of  Candida  carriage can 
be used to start prophylaxis; conversely, failure to detect the 
yeast or opportunistic Gram - negative bacilli in oral samples or 
faeces indicates that infection is highly unlikely as the negative 
predictive value of these cultures exceeds 95%.   

  Proven systemic infection during neutropenia 

 Surveys show that the rate of proven bacteraemia during periods 
of neutropenia has remained between 20 and 25% over many 
years. In adults, the range of bacteria identifi ed has also altered 
very little, although the ratio of Gram - positive to Gram - negative 
organisms has varied. In the 1970s, there were two to three 
times as many Gram - negative as Gram - positive infections, in 
the late 1980s and early 1990s this ratio was reversed and now 
the risks of Gram - negative and Gram - positive infection are 
approximately equal. It is not entirely clear why this has hap-
pened, and individual units can have a pattern of causative 
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eradicating potentially opportunistic pathogens ahead of the 
anticipated neutropenia (Figure  26.5 ).   

 The early cocktails of non - absorbable antibiotics, such as 
framycetin, colistin and nystatin (FRACON) or gentamicin, 
vancomycin and nystatin (GVN), were superseded by co - 
trimoxazole and colistin and later by the fl uoroquinolones 
norfl oxacin, pefl oxacin, ofl oxacin, ciprofl oxacin and levo-
fl oxacin. The need for antibacterial prophylaxis is still in doubt. 
As described above, antibacterial prophylaxis had no impact on 
the overall incidence of fever or mortality over many years, and 
almost all patients given such prophylaxis will also be given 
further broad - spectrum antibiotics for unexplained fever. Some 
institutes are now faced with patients harbouring fl uoroqui-
nolone - resistant  E .  coli , causing them to abandon prophylaxis 
altogether. Recent meta - analysis confi rms a reduction in bacter-
aemia due to Gram - negative bacilli and even an impact on 
mortality. However, this should be seen in the context of preva-
lence, risk and the numbers needed to treat. Patients most likely 
to benefi t are those likely to experience at least 10 days of neu-
tropenia induced by chemotherapy that also causes marked 
damage to the mucosa of the alimentary tract. These are still 
patients treated for AML - MDS with intensive chemotherapy 
and those receiving myeloablative therapy for SCT. 

 The risk of IFD varies with the intensity of therapy and its 
complications and is greatest in SCT patients with protracted 
GVHD. Non - absorbable polyenes, such as amphotericin and 
nystatin, do not provide systemic protection. Fluconazole 
reduces the risk of  C .  albicans  signifi cantly in SCT, but not in 
conventional chemotherapy; it is not effective in suppressing 
certain yeasts, including  C. krusei  and  C. glabrata , and of course 
there is no activity against moulds (e.g.  Aspergillus  spp.). In 
contrast, itraconazole, voriconazole and posaconazole are active 

 The reported incidence of proven IFD is 5 – 15% among allo-
geneic SCT patients, and the risk rises in severe chronic GVHD 
requiring prolonged immunosuppression with steroids. The 
majority of these infections are now due to  Aspergillus  spp. and 
about one in three are seen more than 100 days after engraft-
ment. The mortality rate of IFD remains high in these patients. 
The rate of IFD during conventional chemotherapy is equally 
high among those given remission induction chemotherapy for 
AML and MDS but is less clear among other patients groups. 
IFD appears to be a signifi cant risk for patients treated for a 
long time with corticosteroids and also when T - cell suppression 
is induced by potent purine analogues such as fl udarabine and 
high - dose cytarabine. Patients receiving allogeneic SCT after 
non - myeloablative therapy may be at greater risk but the data 
are sparse. The risk is low in the predictably brief duration of 
neutropenia with autologous SCT. 

 In allogeneic SCT, the rate of CMV seropositivity and clinical 
CMV infection vary according to the pretransplant status of 
the donor and recipient. The post - transplant CMV - associated 
fatality rate is around 40%. Other herpesviruses may also reac-
tivate including Epstein – Barr virus (EBV), which is associated 
with lymphoproliferative disorders, and HHV - 6 which is asso-
catied with fever.  

  Prophylaxis of infections 

 Given that some infections occur frequently and arise from 
body sites harbouring an abundant normal commensal fl ora, it 
is not surprising that antimicrobial prophylaxis is advocated 
and adopted by many centres treating patients with acute leu-
kaemia. Essentially, when adopted, prophylaxis is started just 
before chemotherapy is begun with the aim of suppressing or 
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tion from a negative donor to a negative recipient, with exclu-
sive use of leucodepleted blood products. Prophylaxis against 
EBV infection is also lacking.  

  Empirical therapy of fever of unknown origin 

 In the 1960s, the combined mortality rate from Gram - negative 
and Gram - positive bacteraemia during neutropenia induced by 
therapy for acute leukaemia was estimated at 90%. The intro-
duction of the prompt empirical use of broad - spectrum antibi-
otics at the onset of fever was a major advance in supportive 
care. This routine practice (usually with a  β  - lactam and an 
aminoglycoside or else a  β  - lactam alone; Figure  26.6 ) has 
resulted in a mortality rate due to proven bacterial infections of 
7% overall, 10% for Gram - negative organisms and 6% for 
Gram - positive organisms, at 30 days from onset of fever.   

 Each unit should establish and audit the application of rules 
for using these antibiotics in the treatment of fever. Other 
causes of fever have been described above and the likelihood of 
them explaining a new episode of fever should be carefully 
considered before antibiotics are given. There should be a 
working defi nition of when fever is likely to be due to bacter-
aemia or other systemic infection to justify systemic antibiotic 
therapy, including the degree of neutropenia, the day of onset 
in relation to chemotherapy, whether the temperature has sud-
denly become elevated, and height and duration of fever. A 
review of the literature shows wide variation in such defi nitions 
as they are applied to clinical trials. For patients receiving con-
ventional chemotherapy for acute leukaemia, one practical sug-
gestion is that once the neutrophil count drops below 0.5    ×    10 9 /L 
and the temperature reaches 38 ° C twice in 1 hour despite the 
use of paracetamol, empirical antibiotic therapy should be 
given. Alternatively, a single temperature exeeding 38 ° C is also 

against a wide range of yeasts and moulds. With the availability 
of interchangeable oral solution and intravenous formulations, 
itraconazole is more effective than fl uconazole in preventing a 
range of infections due to  Candida  spp. and  Aspergillus  in SCT 
and conventional chemotherapy, provided that suffi cient drug 
is given to achieve protective systemic levels. The newer triazole 
posaconazole has been shown to be effective as prophylaxis for 
patients given chemotherapy for AML and MDS and for those 
suffering GVHD. Liposomal amphotericin has been shown to 
reduce the incidence of IFD when given as an aerosol. There are 
no data on voriconazole as prophylaxis. This patchy picture has 
led to considerable confusion that various guidelines have 
struggled to clarify. Once again the diffi culty lies in transplant-
ing trial results to one ’ s own practice. One rule of thumb is to 
estimate the numbers needed to treat in order to achieve the 
reported reduction. So, for instance, if the prevalence of inva-
sive aspergillosis in a given centre is around 5%, to reduce this 
by half would require 20 patients to be treated to prevent a case 
of invasive aspergillosis. Also, it is proper for any centre with 
long experience of an effective strategy to critically examine 
whether the incidence of IFD can be further reduced cost - 
effectively by adopting prophylaxis with posaconazole or aero-
solized liposomal amphotericin. Every centre should have a 
fairly accurate estimate of the incidence of IFD before making 
informed decisions about when and what prophylaxis to use. 

 There is no evidence to support antiviral prophylaxis during 
neutropenia that is induced by conventional chemotherapy, 
except in patients with CLL and a strong past history of herpes 
infection if they are given fl udarabine. In allogeneic SCT, all 
patients are given aciclovir or its equi valent as prophylaxis to 
reduce their risk of infection with herpes viruses, There is no 
specifi c prophylaxis for CMV infection, which carries a high 
fatality rate. Post - SCT CMV is best prevented by transplanta-
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outcome nor in reducing the rate of defervescence, subsequent 
infections, use of additional antimicrobial agents or mortality. 

  Subsequent antimicrobial therapy 
 When fever persists and no microbiologically or clinically 
defi ned infection has been identifi ed, there may be no need to 
switch to an alternative regimen provided the patient ’ s condi-
tion is stable. When a CVC is in place the assumption is often 
made that CVC - related staphylococcal infection may explain 
persistent fever, prompting the addition of vancomycin or 
teicoplanin empirically. However, randomized placebo - con-
trolled trials have shown that there is no impact on response 
rates or mortality. This practice also encourages the emergence 
of VRE, so such  ‘ second - line ’  antibacterial empirical therapy is 
only justifi able when there is clinical evidence of infection 
around the exit site or along the track of the CVC or evidence 
of an infected thrombus related to the location of the catheter 
in the vein. 

 Subsequently, antibiotic therapy may be modifi ed, depend-
ing on whether a microbiologically defi ned infection or a clini-
cally defi ned infection has been identifi ed or the development 
of a new infection is defi ned clinically or microbiologically. The 
empirical regimen should be continued and complemented 
with other drugs such as a glycopeptide (e.g. vancomycin) or 
an antifungal agent. There are individual infections that may be 
proven microbiologically (e.g.  Candida  in blood cultures) or 
which may be suggested clinically or radiologically (e.g. invasive 
pulmonary aspergillosis or  Pneumocystis jirovecii  pneumonitis), 
and these justify switching to alternative therapies or comple-
menting the existing regimen. A readiness to perform early CT 
of the chest may shorten the time to starting systemic antifungal 
therapy when invasive pulmonary aspergillosis is suspected. 
Plain chest radiography is notoriously unreliable and should 

taken to indicate fever. Clearly, if the patient is in shock or 
shows early signs of haemodynamic and respiratory instability, 
a single temperature reading of 38 ° C is suffi cient. The periph-
eral temperature may be normal or the patient may even be 
hypothermic on development of shock due to sepsis. Blood 
cultures should always be taken from both a CVC and a periph-
eral vein, and always before antibiotics are started. With the 
increasing use of multilumen CVCs, blood should be taken 
from more than one lumen, which increases the sample size and 
also allows identifi cation of possible colonization. 

 Despite the dramatic reduction in mortality associated with 
the use of broad - spectrum antibiotics, they have their limita-
tions: they exhibit relatively poor activity against staphylococci 
(including MRSA) and some streptococci, may provide inade-
quate coverage when the rate of Gram - negative bacteraemia is 
increasing, and  β  - lactams must be given in several daily infu-
sions occupying considerable CVC access time. Infections due 
to extended - spectrum  β  - lactamase - producing Gram - negative 
bacilli should prompt reappraisal of the regimens used for 
empirical therapy. Similarly, with VRE being associated with 
increased use of third - generation cephalosporins (e.g. ceftazi-
dime), this class of antibiotics may not be appropriate for 
empirical therapy in centres facing infections due to these ente-
rococci. The toxicity of the aminoglycosides requires proper 
monitoring of levels and adjustment of dose or timing of 
administration. 

 Meta - analysis of randomized controlled trials confi rms that 
the rate of response of unexplained fever is around 50%, 
whether an aminoglycoside is used in addition to a  β  - lactam or 
not, suggesting that monotherapy using ceftazidime, cefepime, 
piperacillin – tazobactam, imipenem or meropenem is adequate. 
There is also no need to add vancomycin or teicoplanin to the 
initial empirical regimen as there is no measurable benefi t in 
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not be used to confi rm or exclude this diagnosis. The use of 
galactomannan detection in plasma or serum should also be 
incorporated into the algorithm of management. The relatively 
high sensitivity that results from the lower threshold of 0.5 
means that a positive result can be taken to support antifungal 
therapy, especially when a CT scan shows lesions consistent 
with the diagnosis. 

 Each unit should devise a protocol in which the criteria for 
adding subsequent therapy are clearly defi ned, based on clinical 
and microbiological fi ndings (Table  26.4 ), either given on the 
basis of the organism causing a microbiologically defi ned infec-
tion (Figure  26.7 ) or on the basis of the site involved in a clini-
cally defi ned infection (Figure  26.8 ). There is little evidence to 
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  Table 26.4    Rules for additional therapy. 

   Related to primary infective event   

  Clinical deterioration  

  Progression or persistence  

  Initial bacterial pathogen resistant  

  Non - bacterial infection  

  More than 5 days ’  fever  

   Related to subsequent infective event   

  New microbiologically defi ned infection: bacterial, fungal, viral  

  New clinically defi ned infection  

  New fever  
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vaccine is also recommended. These patients also need to be 
seen regularly and frequently, and have to be clear about 
when to report to the transplant or follow - up unit if they are 
unwell.  

  Stopping antibiotics after an episode of fever 
when neutropenic 

 Antibacterial therapy can be stopped if there there is no evi-
dence of a microbiologically or clinically defi ned infection pro-
vided that fever has resolved and the temperature has been 
normal for at least 5 days. However, antibiotics should be given 
for at least 10 days after the onset of bacteraemia. Infections 
(bacterial or yeast) related to colonization or infection of a CVC 
or the adjacent tunnel may require removal of the device to 
reduce the risk of recurrence. Bacteraemia that persists after 
catheter removal may indicate an infected thrombus which, if 
confi rmed by ultrasound, should be treated with vancomycin 
and thrombolytic agents for at least a week until blood cultures 
become sterile. It is less clear when systemic antifungal therapy 
can be safely stopped for invasive aspergillosis, as radiological 
changes may persist well after eradication of the causative 
organism. Typically therapy is given for 4 – 6 weeks.  

  Infections specifi c to childhood and adult  ALL  

 The signifi cant additional risk in these patients is  Pneumocystis 
jirovecii  pneumonitis, which may be lessened by co - trimoxazole 
960   mg b.d. orally twice weekly or 480   mg orally every day. The 
infection has a characteristically rapid onset and presentation 
with marked hypoxia, relatively few abnormal physical signs 
apart from increased respiratory effort and extensive pulmo-
nary shadowing on chest radiography. Confi rmation of the 
diagnosis is diffi cult as there are no reliable objective tests.  

  Growth factors and granulocyte infusions 

 The most comprehensive reviews of the evidence for the use of 
G - CSF in cancer care are available from the NCCN. The recom-
mendations for the use of growth factors are summarized below 
but these guidelines should be read in full to assess their appli-
cability to the care of individual patients. 

 Guidelines from the American Society for Clinical Oncology 
(ASCO) and European Organization for Research and 
Treatment of Cancer (EORTC) classify patients according to 
the rates of febrile neutropenia or, more correctly, fever and 
neutropenia. If the rate of febrile neutropenia is greater than 
20% (previously described as  > 40%) for any chemotherapy 
regimen, intermediate risk at 10 – 20% and low risk at less than 
10%, NCCN classify therapy as  ‘ with curative intent ’  or as 
 ‘ adjuvant therapy ’  for the highest level of risk, as  ‘ with the inten-
tion to prolong survival ’  for the next level, and as  ‘ with the 

support precise times when additional or substitute antibiotics 
should be introduced and the automatic rotation or modifi ca-
tion of antibiotics should be discouraged. The superiority of any 
one therapeutic agent over any other active against proven 
 Aspergillus  spp. IFD or probable or possible IFD is based on 
relative toxicity. In presumed or proven  Pneumocystis  pneumo-
nitis, the drug of choice is high - dose co - trimoxazole, with ster-
oids to reduce the risk of post - infective fi brosis.       

  Allogeneic stem cell transplantation patients 

 The febrile SCT recipient represents a special case of neutro-
penic fever because of the increased risk of opportunistic infec-
tion with viruses, particularly those of the herpes group, herpes 
simplex and CMV and, increasingly, EBV. The procedures 
involved in SCT are broadly similar across units and can be 
divided into myeloablative conditioning therapy or reduced -
 intensity conditioning. The infective risks and related prophy-
laxis are also very similar, for example valaciclovir or aciclovir 
for herpesviruses and a fl uoroquinolone to suppress infections 
due to Gram - negative bacilli. 

 An alternative approach is to only use these agents prophy-
lactically when the patient is known to be a carrier of the par-
ticular organism. SCT recipients predictably develop fever 
shortly after the time of transplant, typically within a week, 
and it is essential not to treat the immediate fever of total 
body irradiation with broad - spectrum antibiotics. There is 
disagreement about whether broad - spectrum therapy should 
be started at a predetermined time after transplant on the 
assumption that fever is imminent, or empirically at the onset 
of fever. Whichever approach is followed, the pattern of infec-
tion during the neutropenia of SCT is fairly predictable, justify-
ing screening for CMV using a pp65 antigen ELISA or PCR, and 
 Aspergillus  infection using a galactomannan ELISA or PCR, 
although the latter still lacks standardization. Treatment may 
be pre - emptive if infection due to either CMV or  Aspergillus  
spp. is detected. 

 In contrast with other neutropenic patients, the risk of infec-
tion to SCT recipients extends long after the neutropenia has 
resolved, particularly with chronic and severe GVHD treated 
with corticosteroids. These are now the major risk factors for 
IFD due to  Aspergillus fumigatus , with perhaps as many as two -
 thirds of cases occurring after 100 days, with a high case fatality 
rate, justifying prolonged prophylaxis. Bacteraemia due to 
certain Gram - negative bacilli, including  P .  aeruginosa , also 
occurs at this late stage. In addition, the hypogammaglobuli-
naemia of SCT persists for months or years after transplant, 
with an increased risk of infection by the encapsulated bacteria 
 S. pneumoniae  and  Haemophilus infl uenzae . During the post -
 transplant period, prolonged prophylaxis against these bacteria 
may be justifi ed as diagnosis and appropriate treatment may 
come too late, but there is limited evidence that prophylaxis is 
cost - effective. Immunization with a polyvalent pneumococcal 
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  Infection risks in chronic leukaemias 

 In the CLLs there is a wide range of suppression of both humoral 
and cell - mediated immunity and consequently a wide spectrum 
of potential infecting organisms, from the relatively low - risk 
superfi cial herpetic infection to potentially fatal bacterial pneu-
monia. These risks increase with progression of disease and 
intensity of therapy. The use of the more potent purine ana-
logues, fl udarabine and cladribine, intensify these risks not 
only by inducing short - term neutropenia but also by profound 
suppression of T - cell function. Atypical infections such as 
 Pneumocystis jirovecii  pneumonitis,  Listeria  and fungal infec-
tions have been reported, and prophylactic co - trimoxazole is 
indicated during and for 6 months after these drugs are given 
in order to allow suffi cient recovery of T - cell function. In CLL 
patients treated with the anti - CD52 antibody alemtuzumab 
(Campath), there is a high risk of reactivation of CMV infec-
tion. In hairy cell leukaemia, there is often combined neutro-
penia and monocytopenia with a major bacterial infection at 
presentation. These patients require the same prophylaxis as 
other CLLs if treated with purine analogues. 

 The infection risks of CML are similar to those of the acute 
leukaemias, although less severe in chronic stable phase. Since 
the introduction of imatinib, which induces rapid, smooth and 
lasting control of the disease, the risk of infection has been 
greatly reduced.   

  Metabolic complications 

  Fluid balance 

 Fluid intake and output must be monitored carefully in patients 
treated intensively. Accurate observation and recording of these 
data is the task of specialist nurses, and medical staff must 
review these regularly. Maintenance of fl uid balance is a con-
tinuous problem in these patients, particularly the elderly, who 
have an increased risk of renal and congestive heart failure. The 
delivery of chemotherapy, blood and blood products, antibiot-
ics and parenteral feeding needs large volumes that may exceed 
physiological requirements without oral intake. Fluid overload 
happens relatively quickly if monitoring is overlooked and it 
should be anticipated and avoided (see sections Anaemia and 
thrombocytopenia, Planning large - volume transfusions). 

 Vomiting, diarrhoea, sweating and insensible respiratory loss 
may singly, or in combination, lead steadily, sometimes rapidly, 
to dehydration. The vasodilatation and hypotension of sepsis 
will exacerbate hypovolaemia, which should be anticipated. 
Replacement of volume is achieved with normal saline solution 
alternating with 5% dextrose solution. Acute onset of these 
complications can require rapid infusion of colloid (polysac-
charide solutions such as gelofusin) for expansion of intravas-

intention of symptom control ’  only for the lowest risk level. In 
solid tumours they make a level 1 recommendation for the 
prophylactic use of G - CSF in chemotherapy aimed at cure or 
prolongation of survival for the end points of risk of febrile 
neutropenia, hospitalization, use of intravenous antibiotics 
and the support of intended dose intensity. Some factors 
that lead to high risk have been identifi ed in a validated study, 
such as the use of more than two myelosuppressive agents, 
certain types of drugs (e.g. anthracyclines), more than 85% of 
planned dose intensity, certain cancer types and no G - CSF 
use. The guideline recommends evaluation of the patient after 
each cycle of therapy. If there has been no episode of febrile 
neutropenia, then G - CSF may not be needed subsequently. If 
febrile neutropenia has occurred without G - CSF support, it 
should be considered for subsequent cycles. If febrile neutrope-
nia occurs despite G - CSF support, then dose intensity should 
be reduced. 

 Use of G - CSF should be considered on an individual patient 
basis for intermediate - risk regimens (10 – 20%); for low - risk 
regimens ( < 10%) it is declared unnecessary unless treatment is 
with curative intent and there is signifi cant risk of serious 
medical consequences of febrile neutropenia for other reasons. 
Use of G - CSF in therapy aimed at symptom control depends 
on the intensity of the therapy so that the combination of a 
patient at high risk plus a regimen of high intensity may some-
times justify G - CSF support. Alternative less myelosuppressive 
or dose - reduced therapy, if of comparable benefi t, may be 
preferable. 

 The British Committee for Standards in Haematology ( www.
bcshguidelines.com ) issued guidelines in 2003 for the use of 
G - CSF in acute leukaemia, with a level 1a recommendation 
for its use following intensive consolidation (post - remission) 
chemotherapy for AML, following intensive chemotherapy for 
ALL and following intensive chemotherapy for MDS and a level 
1b recommendation for its use in accelerating neutrophil recov-
ery after autologous or allogeneic SCT. G - CSF is used routinely 
to mobilize stem cells for harvesting from peripheral blood. 
G - CSF may also exert a synergistic effect with erythropoietin in 
the treatment of anaemia in MDS. 

 Recombinant human G - CSF may reduce the severity and 
duration of neutropenia after chemotherapy or SCT, but only 
if the patient has suffi cient stem cells to be stimulated. The 
response will not be immediate and it remains unclear, despite 
all the evidence referred to above, that this reduces the risk of 
serious systemic infection, the mortality rate from these infec-
tions or the mortality rate overall. Infusion of high - dose granu-
locyte collections from donors stimulated by G - CSF may be 
indicated if infection is resistant to antimicrobials and delayed 
neutrophil recovery is expected. However, there is little evi-
dence to support their use, and they should be avoided in 
patients with pre - existing HLA alloimmunization or in those 
requiring mechanical ventilation.  
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on that. Hypersensitivity to allopurinol is well recognized, 
especially in the elderly, and causes distressing allergic derma-
titis that may exfoliate. Interaction with other medications 
(warfarin, thiazide diuretics, antibiotics such as ampicillin and 
amoxicillin, and chemotherapy such as mercaptopurine and 
azathioprine) is well described. Many patients have diffi culty 
taking the drug orally; this may not be widely recognized and 
the alternative intravenous formulation is not suffi ciently pre-
scribed. Allopurinol reduces or normalizes the serum uric acid 
level in the great majority of adult and paediatric patients. The 
recombinant enzyme rasburicase produces a fall in uric acid 
concentrations within 1 hour and is a safe and effective alterna-
tive for those patients who require rapid control of hyperuri-
caemia or who cannot tolerate allopurinol. At present, 
recommended dosage schedules may be excessive and the drug 
is expensive, but rasburicase also avoids the need for hyperhy-
dration and urinary alkalinization.  

  Abnormalities of renal function and 
electrolyte balance 

 The hyperphosphataemia, hyperkalaemia and hypocalcaemia 
associated with TLS are described above, but other electrolyte 
problems occur more commonly. Hypokalaemia and hyponat-
raemia are the most frequent, and require regular intravenous 
supplements. Prolonged and copious diarrhoea will also result 
in hypokalaemia. Both hypokalaemia and hyponatraemia are 
also intrinsic to the acute leukaemias because of the high 
plasma levels of lysozyme (particularly in the monocytic FAB 
subtypes M4 and M5), which interferes with proximal tubular 
function. Intravenous amphotericin also induces renal tubular 
wasting of potassium and magnesium. This can be at least par-
tially blocked by the diuretic amiloride (20   mg daily orally) but 
intravenous supplements of potassium, and less often of mag-
nesium, are usually also required in patients receiving intrave-
nous conventional amphotericin. Oral replacement of these 
electrolytes is ineffective. Liposomal amphotericin is less likely 
to create these electrolyte problems. 

 It is common practice to estimate urea and electrolyte levels 
daily during the aplastic phase of intensive chemotherapy, and 
magnesium levels should be estimated twice weekly. Otherwise, 
hypomagnesaemia may not be appreciated as the cause of con-
fusion, neuropathy assumed to be due to hypocalcaemia and 
unexplained arrhythmia. Aminoglycosides and vancomycin are 
also toxic to renal tubules and can exacerbate these problems. 
Ciclosporin therapy in SCT is also nephrotoxic. Regular and 
frequent monitoring of the levels of all these drugs will reduce 
the risk of renal damage. 

 The same problems with electrolyte balance may occur in the 
ATN that results from hypotension due to sepsis, major blood 
loss and pulmonary capillary leak syndrome in acute respiratory 
distress syndrome. ATN is accompanied by failure of glomeru-

cular volume, particularly when a shift of body fl uid from the 
intravascular space into tissues is suspected as can occur in 
septic shock. However, polysaccharide solutions are metabo-
lized quickly and solutions of albumin are preferable when loss 
of plasma osmotic pressure is due to chronic hypoalbuminae-
mia. Fresh - frozen plasma should not be used for this indication. 
Prolonged hypovolaemia will result in acute renal tubular 
necrosis (ATN) and therefore an early decision is needed about 
the likely cause of oliguria, in case this is due to a  ‘ renal ’  rather 
than the  ‘ prerenal ’  hypovolaemic cause of acute renal failure 
(ARF). Supporting a balanced throughput of fl uid volume 
is complicated by a number of electrolyte and metabolic 
problems.  

  Hyperuricaemia and tumour lysis syndrome 

 The rapid rate of cell proliferation and death in acute leukaemia 
increases the catabolism of nucleic acids, which terminates with 
the excess production of uric acid. Therefore, patients may 
present with biochemical hyperuricaemia or its clinical conse-
quences or develop these once treatment starts. The most 
extreme form of this is tumour lysis syndrome (TLS), in which 
severe hyperuricaemia, hyperphosphataemia, hyperkalaemia 
and hypocalcaemia are associated with supersaturation of the 
urine with uric acid, which is then deposited in crystals in the 
renal tubules and distal collecting system. These biochemical 
abnormalities result in a major increase in the morbidity 
and mortality of patients, including ARF, which requires 
haemodialysis. 

 TLS is a frequent complication of advanced - stage Burkitt 
lymphoma and B - cell ALL in childhood and of any adult leu-
kaemia with a very high presenting blast count; despite attempts 
to manage the metabolic problems, as many as 25% of such 
children develop ARF on starting chemotherapy. The precise 
incidence of clinical and subclinical TLS is not known. 
Subclinical TLS could cause unrecognized morbidity and 
adversely affect the effi cacy and safety of other therapies, some 
of which are also nephrotoxic. 

 Standard management for hyperuricaemia is allopurinol 
(300   mg daily orally), hydration and attempted urinary alkali-
nization. Hydration is technically easy with CVCs, but the com-
plexities of maintaining fl uid balance and avoiding overload are 
described above. Urinary alkalinization is achievable but com-
plicates the management of fl uid and electrolyte balance and, 
in practice, it is diffi cult to maintain the urinary pH above 8. 
Allopurinol blocks the formation of uric acid by inhibition of 
xanthine oxidase, increasing plasma and urinary concentrations 
of hypoxanthine and xanthine. Xanthine is less soluble than 
uric acid in urine and occasional cases of nephropathy are 
described as a consequence of this therapy. Patients have a 
backlog of excess uric acid that they must excrete, particularly 
those with a high tumour burden, and allopurinol has no effect 
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Mylotarg, now commonly used in trials of therapy for acute 
myeloblastic leukaemia, consists of the cytotoxic antibiotic 
ozogamicin linked to the anti - CD33 monoclonal antibody gem-
tuzumab and is activated by hydrolysis once it is internalized 
following attachment of the antibody to leukaemic myeloblasts. 
This compound has dose - limiting hepatotoxicity. As with the 
simultaneous use of nephrotoxic drugs, careful monitoring of 
all potentially hepatotoxic drugs or any drugs that are meta-
bolized by the liver will be necessary if they are used simultane-
ously. These drugs include the triazole antifungal group 
(fl uconazole, itraconazole, voriconazole, posaconazole and 
ravuconazole), all of which impair liver function to variable 
degrees. 

 Chronic liver damage, including cirrhosis and the greatly 
increased risk of hepatocellular carcinoma, is now a well - 
recognized late effect of blood transfusion owing to infection 
with hepatitis C virus. Attempts to eradicate or reduce the viral 
load of these patients, using ribavarin and interferon, have met 
with limited success. As UK blood donors are routinely screened 
for this virus, the problem should become less prevalent in the 
future among multiply transfused patients. 

 The iron overload of multiple transfusion during therapy for 
acute leukaemias appears to cause clinical liver problems only 
in transplanted patients and can be reduced subsequently by 
venesection with or without iron chelation. In patients who are 
transfusion dependent due to marrow failure associated with 
chronic leukaemias, myelodysplasia or failure of therapy for 
any form of leukaemia, the inconvenience and side - effects of 
iron chelation usually outweigh any potential benefi t, especially 
when life expectancy is short.   

  Nutritional support 

 During intensive therapy, anorexia persists, even if nausea 
and vomiting and the pain of mucositis can be controlled. 
Loss of total body mass is inevitable, the extent of which depends 
on the duration of anorexia and the impact of additional 
catabolic insults such as severe infection. All dietary supplemen-
tation should be managed by dietitians and pharmacists in 
order to calculate accurately the contents of the supplements, 
on the basis of regular blood results. Oral supplementation 
may be suffi cient to maintain an adequate caloric intake in 
less severe cases. For patients with a predictable or actual 10% 
or greater reduction in pretreatment weight, total nutrition is 
indicated. This is likely in the majority of patients receiving 
myelo - ablative allogeneic SCT. This can be given through a 
nasojejunal fi ne silastic tube, provided that this is inserted 
before the onset of mucositis, otherwise nutritional support 
must be given by indwelling intravenous catheter. As soon as 
patients recover the will to eat, all such dietary supplements can 
be cautiously withdrawn.  

lar fi ltration, with oliguria or anuria, and a rise in the levels of 
serum creatinine and urea. In these patients, if the primary 
insult is treated successfully, then ATN resolves with a compen-
satory diuretic phase and full recovery of renal function. It is 
important to keep pace with the diuresis with adequate fl uid 
replacement. 

 Amphotericin is also toxic to glomeruli and it should be 
discontinued or switched to the liposomal form once the cre-
atinine has exceeded twice the level on starting the drug, assum-
ing that was a normal value. The renal toxicity of amphotericin 
is almost always reversible and should not exclude its use if 
there is no pre - existing renal pathology or toxicity related to 
another drug. Before liposomal preparations were available, 
intravenous sodium loading was recommended to lessen the 
renal and electrolyte problems of amphotericin. This is seldom 
used now although it has never been compared prospectively 
against liposomal amphotericin.  

  Liver function abnormalities 

 In patients presenting with acute leukaemia, raised levels of 
lactate dehydrogenase are common because this is derived 
from bone marrow as well as liver. Some will also have non -
 specifi c elevation of alkaline phosphatase and transaminase 
levels. About half will develop abnormally high levels of one 
or all of these measures of liver function owing to the direct 
hepatocellular toxicity of chemotherapy, with increased levels 
of serum bilirubin suffi cient to cause clinical jaundice. It is 
seldom necessary to modify doses of remission induction 
drugs because of these abnormalities but recently there has been 
some concern about the hepatotoxicity of the antimetabolite 
purine analogue thioguanine, which is no longer available. 
Cytarabine, another purine analogue, also induces cholestasis 
and this hepatotoxicity may have been underestimated in the 
past. 

 Hyperbilirubinaemia with clinical jaundice is a frequent and 
sometimes overlooked complication of red cell transfusion that 
does not of itself indicate liver disease but is more obvious if 
liver function is impaired for any other reason. The hepatotox-
icity of most chemotherapy is transient and resolves spontane-
ously with regeneration of normal marrow and induction of 
remission. It is usually asymptomatic and seldom progresses to 
severe liver failure, ascites, cirrhosis or portal hypertension 
except in specifi c cases described below. However, even minor 
impairment of liver function will affect other drugs that are 
dependent on liver metabolism to a degree that may require 
modifi cation of doses. 

 Severe and fatal liver damage may occur with veno - occlusive 
disease in allogeneic SCT, described in detail in Chapter  38 . This 
is thought to be a complication of preparatory or conditioning 
therapies prior to infusion of stem cells. A similar syndrome is 
seen with the new drug Mylotarg, which is now part of remis-
sion induction in the latest MRC AML 15 trial in adults. 
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High - dose cytarabine can cause a painful vasculitis severe 
enough to lead to necrosis of soft tissue and skin. The neuropa-
thy of the vinca alkaloids (usually vincristine but occasionally 
vinblastine) may present as limb pain or as painful constipation. 
The serotonin antagonists may cause headache in susceptible 
individuals and headache may also be due to intracranial bleed-
ing or infection. Any bleed in any confi ned compartment will 
be painful, for example chest wall pain following haemorrhagic 
insertion of a CVC. 

 In SCT, the use of total body irradiation and high - dose 
chemotherapy make gut mucositis inevitable. The extent, dura-
tion and severity vary but most patients will need some level of 
opiate relief. In most patients, this starts in the second week 
after therapy and resolves spontaneously without lasting 
sequelae from the third to fourth week onwards. As with all 
causes of pain, this requires whatever level of controlled 
drug analgesia is necessary to make the symptoms bearable 
without inducing brain or respiratory failure. Continuous 
intravenous infusion of an opiate is often required in severe 
mucositis and additional continuous antiemetic may be needed 
in the same infusion. Palifermin (recombinant human kerati-
nocyte growth factor) has been shown to reduce oral mucositis 
after intensive chemotherapy. All units should have a written 
protocol for pain control similar to that used by the local pallia-
tive care team.  

  Palliation 

 The above account of supportive care of the patient with leu-
kaemia describes a holistic approach. It is common for patients 
who have experienced this to wish to remain with the same 
haematology team for their terminal care when there is no 
further prospect of control of their underlying disease. There 
should be choices at this stage, which include the transfer of the 
patient to the palliative care team and joint management by 
them with haematology in whichever unit the patient and 
family feel most suits the patient ’ s needs. These choices should 
include dying at home, an option that requires some help from 
the acute care unit to mobilize the resources available in some 
communities to support this option. Most of the issues which 
arise in this palliative phase of care are described above. There 
can be much more fl exibility in the frequency and choice of 
blood support, in pain control and in the use of antibiotics. 
Wherever palliative care is given, the patient and family should 
not feel abandoned by the team who supported them during 
previous periods of treatment.  
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The pain is often severe enough to need relief with opiates. 
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  Introduction 

 The term  ‘ myeloproliferative neoplasm ’  has recently been 
introduced by the panel of experts convened by the World 
Health Organization (WHO) to classify tumours of the haemo-
poietic and lymphoid systems and chronic myeloid leukaemia 
(CML) is the most common subtype (Table  27.1 ). This chapter 
covers CML, chronic neutrophilic leukaemia, chronic eosi-
nophilic leukaemia and some other variants, but the other 
myeloproliferative neoplasms are described elsewhere in this 
book.   

 Chronic myeloid leukaemia (also known as chronic myelog-
enous leukaemia and chronic granulocytic leukaemia) is a 
clonal disease that results from an acquired genetic change in a 
pluripotential haemopoietic stem cell. This altered stem cell 
proliferates and generates a population of differentiated cells 
that gradually displaces normal haemopoiesis and leads to a 
greatly expanded total myeloid mass. One important landmark 
in the study of CML was the discovery of the Philadelphia (Ph) 
chromosome in 1960, the next was the characterization in 1973 
of the t(9;22)(q34;q11) translocation, a third was the identifi ca-
tion in the 1980s of the  BCR – ABL  (now renamed  BCR – ABL1 ) 
chimeric gene and associated oncoprotein, and a fourth was the 

demonstration that introducing the  BCR – ABL  gene into murine 
stem cells in experimental animals caused a disease that simu-
lated human CML. 

 Until the 1980s, CML was generally assumed to be incurable 
and was treated palliatively, in the early days with radiotherapy 
and later with alkylating agents, notably busulfan. We now 
know that CML can be permanently eradicated in the majority 
of patients who survive haemopoietic stem cell transplantation 
(SCT), but the proportion of patients eligible for SCT is still 
relatively small. The introduction into clinical practice in 1998 
of the original tyrosine kinase inhibitor (TKI) imatinib mesylate 
was an extremely important therapeutic advance, as with this 
agent most patients achieve a complete cytogenetic response 
and may expect substantial prolongation of survival compared 
with earlier methods of treatment. Current data suggest that the 
second - generation TKIs, dasatinib, nilotinib and bosutinib, 
may be more effective than imatinib.  

  Epidemiology,  a etiology and 
 n atural  h istory 

 The incidence of CML appears to be constant worldwide. It 
occurs in about 1.0 – 1.5 per 100   000 of the population per 
annum in all countries where statistics are adequate. CML is 
rare below the age of 20 years but occurs with increasing fre-
quency with each decade of life. Currently, the median age of 
onset is 50 – 60 years. The incidence is slightly higher in males 
than in females. 
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to as  ‘ blastic crisis ’  and is now usually described as acute or 
blastic transformation, which may have myeloblastic or lym-
phoblastic features; in the other half of cases, the disease evolves 
somewhat more gradually through an intermediate phase 
described as the accelerated phase, which may last for months 
or years, before frank blastic transformation supervenes. 
Occasional patients have a disease that progresses gradually to 
a myelofi brotic or osteomyelosclerotic picture that is character-
ized by extensive marrow fi brosis and sometimes gross over-
growth of bony trabeculae; the clinical problems are then 
usually due to failure of haemopoiesis rather than to blast cell 
proliferation, but a predominantly blastic disease can still 
supervene. The duration of survival after onset of transforma-
tion is usually 3 – 9 months.  

  Classifi cation 

 The majority of patients with CML have a relatively homogene-
ous disease characterized at diagnosis by splenomegaly, leuco-
cytosis and the presence of the  BCR – ABL1  fusion gene in all 
leukaemic cells. The presence of this fusion gene is regarded 
today as the  sine qua non  for diagnosis of CML. A minority of 
patients have less typical disease that may be classifi ed as atypi-
cal CML, chronic myelomonocytic leukaemia or chronic neu-
trophilic leukaemia (CNL). Children may have a disease referred 
to as juvenile chronic myelomonocytic leukaemia. In none of 
these variants (other than extremely rare variants of CNL) is 
there a  BCR – ABL1  fusion gene or a Ph chromosome. 

  Staging 

 Many attempts have been made to subclassify or  ‘ stage ’  chronic -
 phase CML at diagnosis, in a manner that would permit some 
prediction of the duration of chronic phase in individual 
patients. The most commonly used classifi cation, devised by 
Sokal and colleagues in  1984 , is based on a formula that takes 
account of the patient ’ s age, blast cell percentage, spleen size 
and platelet count at diagnosis (Table  27.2 ) ( http://oncopda.
com/sokal.htm ). A similar classifi cation, which may or may not 
prove more useful than that of Sokal, was introduced by Hasford 

 The risk of developing CML is slightly but signifi cantly 
increased by exposure to high doses of irradiation, as occurred 
in survivors of the atomic bombs exploded in Japan in 1945, 
and in patients irradiated for ankylosing spondylitis and malig-
nant diseases but, in general, almost all cases must be regarded 
as sporadic without identifi able predisposing factors. In par-
ticular, there is no familial predisposition and no defi nite asso-
ciation with HLA genotypes. No contributory infectious agent 
has been incriminated. 

 Clinically, CML is classically a biphasic or triphasic disease 
that is usually diagnosed in the initial  ‘ chronic ’ ,  ‘ indolent ’  or 
 ‘ stable ’  phase. Until 10 years ago the disease evolved spontane-
ously after some years into an advanced phase, which could 
often be subdivided into an earlier accelerated phase and a later 
acute or blastic phase. This pattern has altered fundamentally 
since the introduction of TKIs and today the majority of patients 
may never progress beyond the chronic phase. There has been 
much debate about the duration of the leukaemia before the 
diagnosis is established, a question that is essentially unanswer-
able. If it is assumed that the disease starts with a transforming 
event in a single stem cell, it could be 5 – 10 years before the 
disease becomes clinically manifest. This estimate depends 
on the assumption that the leucocyte doubling time before 
diagnosis is not fundamentally different from the doubling 
time after diagnosis (which may not be the case), and on the 
observation that the latent interval between exposure to irradia-
tion from atomic bombs and the earliest identifi able increased 
incidence of CML was about 7 years. One study concluded 
that a routine blood count might have identifi ed CML on 
average 6 months before it was actually diagnosed in individual 
patients. 

 Patients are usually in the chronic phase when CML is diag-
nosed. This chronic phase used to last about 2 – 7 years and these 
fi gures may still be valid for the 20% of patients who fail treat-
ment with TKIs; however, for most patients who respond well 
to TKIs, survival is likely to exceed 20 years and some could 
have a normal lifespan. In about 50% of the patients who fail 
TKI treatment the chronic phase transforms unpredictably 
and abruptly to a more aggressive phase that used to be referred 

  Table 27.1    Myeloproliferative neoplasms (WHO classifi cation). 

  Chronic myelogenous leukaemia,  BCR – ABL1  positive  

  Chronic neutrophilic leukaemia  

  Polycythaemia vera  

  Primary myelofi brosis  

  Essential thrombocythaemia  

  Chronic eosinophilic leukaemia  

  Mastocytosis  

  Myeloproliferative neoplasm unclassifi able  

  Source :   Swerdlow  et al .  (2008) . 

  Table 27.2    Sokal index for predicting survival prognostic indices. 

  Good prognosis     < 0.8  

  Moderate prognosis    0.8 – 1.2  

  Poor prognosis     > 1.2  

   Mathematical expression   

  Exp[0.0116(age    –    43.4)]   +   0.0345(spleen size    –    7.51)   

+   0.188[(platelet count/700) 2     –    0.563]   +   0.0887(percentage 

of blasts    –    2.10)  
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vitro  its nearest counterpart, variously designated  ‘ long - term 
culture - initiating cells ’ ,  ‘ high - proliferative capacity progenitor 
cells ’  or  ‘ blast colony - forming cells ’ . In general, the numbers of 
such cells seem to be moderately increased (threefold to tenfold) 
in CML marrow compared with normal marrow, but results are 
inconsistent. In contrast, the numbers of committed progeni-
tors (i.e. CFU - GEMM, BFU - E and CFU - GM) are greatly 
increased compared with normal, and this increase is propor-
tionately much larger in the blood than in the marrow of 
untreated CML patients. BFU - E and CFU - GM numbers in the 
blood are signifi cantly correlated with the leucocyte count; their 
numbers are restored to normal or subnormal levels by appro-
priate treatment. 

 Theoretically, an apparently autonomous proliferation of 
myeloid progenitors could be due to increased responsiveness 
to one or more physiological stimulators of haemopoiesis or to 
loss of sensitivity to a normal inhibitor. As a consequence of 
this, many efforts have been directed to assessing the response 
of CML progenitors to haemopoietic growth factors, notably 
granulocyte colony - stimulating factor (G - CSF), granulocyte/
macrophage colony - stimulating factor (GM - CSF), interleukin 
(IL) - 3, stem cell factor and erythropoietin. There is some evi-
dence that the autonomous proliferation could be due to an 
autocrine loop involving G - CSF and IL - 3. It may also be due to 
increased production of elastase by the leukaemia cells that 
inhibits the response of normal but not leukaemia cells to 
G - CSF. 

 CML progenitors in  in vitro  culture systems adhere less well 
to preformed marrow stromal layers than their normal coun-
terparts. This may be due to an abnormality of an integrin or 
absence of a glycosylphosphatidylinositol - anchored protein 
that has not yet been defi ned. Thus, it is possible that the exces-
sive proliferation of CML progenitors is due partly to their 

in  1998  and called the Hasford or Euro score (Figure  27.1 ); it 
makes use of eosinophil and basophil numbers in addition to 
the values included in the Sokal system.     

 In practice, patients who have a low leucocyte doubling time 
probably survive longer than those with more rapid doubling 
times. Moreover, the patient ’ s response to initial treatment does 
give some information about duration of survival; for example, 
a complete cytogenetic response to interferon alfa or rapid 
reduction in  BCR – ABL1  transcript numbers in patients starting 
treatment with imatinib are both good prognostic factors. 
Conversely, other possible adverse prognostic factors, such as 
those that predict a poor response to TKI, may in the future be 
integrated into systems for staging patients with CML. However, 
it is likely that the results of gene expression profi ling or char-
acterization of genome - wide aberrations will eventually be the 
most informative approach for predicting overall duration of 
disease.   

  Cell  b iology 

 It is presumed that the leukaemic stem cell replicates and that 
its progeny give rise to increased numbers of myeloid progeni-
tor cells and also of differentiated progeny. Thus, the normal 
marrow is gradually replaced by a leukaemic myeloid mass that 
expands to fi ll normal fat spaces and encroaches on areas of 
long bones that are normally devoid of haemopoiesis in the 
adult. The increased myelopoiesis involves primarily the granu-
locyte series, but megakaryocyte and platelet numbers are also 
usually increased. Obvious erythroid hyperplasia and poly-
cythaemia occur only rarely. 

 In the absence of a convincing assay for human haemopoietic 
stem cells, a number of efforts have been made to quantify  in 
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cance remained uncertain until the identifi cation of the  BCR –
 ABL1  chimeric gene on the Ph chromosome in the 1980s. About 
15% of patients have small deletions of chromosomal material 
on der9q+, which usually include the reciprocal  ABL1 – BCR  
gene. Such deletions are thought to occur contemporaneously 
with the formation of the  BCR – ABL1  gene on the Ph chromo-
some and denoted a relatively poor overall prognosis in the era 
before imatinib; however, patients with 9q+ deletions respond 
as well to TKIs as those lacking such deletions. A small propor-
tion of patients with clinically classical CML lack the Ph chro-
mosome and have a normal karyotype; however, these do have 
a typical  BCR – ABL1  gene expressed as a p210 oncoprotein (see 
below) on a normal - appearing chromosome 22 (or very occa-
sionally on a normal chromosome 9). 

 Some, but not all, patients acquire additional clonal cytoge-
netic abnormalities during the course of the chronic phase. 
There was suspicion that some such changes might be caused 
in part by administration of alkylating agents, but they can 
undoubtedly occur spontaneously. The observation of non -
 random changes, typically +8, +Ph, iso - 17q or +19, sometimes 
means that such new clones will expand and that blastic trans-
formation will manifest itself within weeks or months, but these 
new clones (other than iso - 17q) can remain clinically unimpor-
tant for many years. In overt blastic transformation, 80% of 
patients have clonal cytogenetic changes in addition to the Ph 
translocation. 

premature escape from physiological inhibitory infl uences in 
the stem cell niche.  

  Cytogenetics 

 The Philadelphia (originally designated Ph 1 , now der22q –  or 
Ph) chromosome (see Chapter  29 ) is an acquired cytogenetic 
abnormality that characterizes all leukaemic cells in CML. It is 
formed as a result of a reciprocal translocation of chromosomal 
material between the long arms of one chromosome 22 and one 
chromosome 9, an event referred to as t(9;22)(q34;q11) (Figure 
 27.2 ). The (9;22) translocation generates the  BCR – ABL1  fusion 
gene on the Ph chromosome (see below) and also a reciprocal 
fusion gene, designated  ABL1 – BCR , on the derivative 9q+ chro-
mosome. Such translocations involving just two chromosomes 
are described as simple, whereas about 10% of patients have 
complex translocations involving chromosomes 9, 22 and one 
or sometimes two other chromosomes.   

 In CML patients, the Ph chromosome is present in all myeloid 
cell lineages, in some B cells and in a very small proportion of 
T cells. It is found in no other cells of the body. This distribution 
is not altered by traditional treatment with busulfan or hydrox-
ycarbamide (hydroxyurea). Although valuable since the 1960s 
as a marker of the leukaemic cell, its true pathogenetic signifi -

BCR-ABL1 oncogene
t(9;22)(q34;q11)

BCR-ABL1 oncoprotein

BCR-ABL1 mRNA transcripts

e13a2 junction

9

22

9q+

Ph
(22q–)

e14a2 junction

p210

DD P-S/T
(SH2 binding)

Rho-GEF SH1
SH2

DNA-bindingSH3
Actin-binding

Y177 Y412

     Figure 27.2     The t(9;22) translocation and its products: the 

 BCR – ABL1  oncogene on the Ph chromosome and the reciprocal 

 ABL1 – BCR  gene on the derivative 9q+ chromosome. In classic 

CML,  BCR – ABL1  is transcribed into mRNA molecules with 

e13a2 or e14a2 junctions, which are then translated into the 

p210 BCR – ABL1  oncoprotein. This oncoprotein is a hybrid containing 

functional domains from the N - terminal end of BCR 

(dimerization domain, DD), SRC - homology 2 (SH2) - binding 

and the Rho GTP – GDP exchange factor (GEF) domains and the 

C - terminal end of ABL1. [Only SRC - homology regions 2, 3 and 1 

(SH2, SH3 and SH1 respectively) and the DNA -  and actin -

 binding domains are shown.] Tyrosine 177 (Y177) in the BCR 

portion of the fusion oncoprotein and tyrosine 412 (Y412) in the 

ABL1 portion are important for the docking of adapter proteins 

and for BCR – ABL1 autophosphorylation respectively. P - S/T 

denotes phosphoserine and phosphothreonine.  
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designated  BCR – ABL , or better  BCR – ABL1 , that is transcribed 
as an 8.5 - kb mRNA and encodes a protein of 210   kDa. This 
p210 BCR – ABL1  oncoprotein has far greater tyrosine kinase activity 
than the normal  ABL1  gene product.   

 In CML, there are two variants of the  BCR – ABL1  transcript, 
depending on whether the break in M - BCR occurs in the intron 
between exons e13 and e14, or in the intron between exons e14 
and e15. A break in the former intron yields an e13a2 mRNA 
junction and a break in the latter intron yields an e14a2 junc-
tion. (It should be noted that exon e13 was previously termed 
exon b2 and exon e14 was previously b3; thus the two RNA 
junctions were known until recently as b2a2 and b3a2 respec-
tively.) Most patients have transcripts with features of either 
e13a2 or e14a2, but occasional patients have both transcripts 
present in their leukaemia cells. The precise type of  BCR – ABL1  
transcript has no prognostic signifi cance for CML patients. 
Moreover, the reciprocal  ABL1 – BCR  gene on der9q+ is 
expressed in about 70% of patients, but its expression or lack 
of expression does not have prognostic signifi cance. 

 A minority of patients with Ph - positive acute lymphoblastic 
leukaemia (ALL), more often adults than children, also have 
 BCR – ABL1  fusion genes in their leukaemia cells (see Chapters 
 29  and  31 ). In about one - third of Ph - positive ALL patients, the 
molecular features of the  BCR – ABL1  gene are indistinguishable 
from those of CML; in the remaining two - thirds the genomic 
breakpoint occurs in the fi rst intron of the  BCR  gene (a zone 
designated  ‘ minor breakpoint cluster region ’  or m - BCR) and 
the  BCR – ABL1  gene results from fusion of the fi rst exon (des-
ignated e1) of the  BCR  gene with the second exon (a2) of the 
 ABL1  gene. The mRNA is designated e1a2 and encodes a protein 
of 190   kDa (p190 BCR – ABL1 ). Very rare patients with CML have a 
p190 protein instead of the usual p210. Equally rare is the 
fi nding of a Ph chromosome in association with chronic neu-
trophilic leukaemia. Such patients may have an mRNA formed 
from an e19a2 fusion gene associated with a p230 BCR – ABL1  
oncoprotein. 

 The  BCR – ABL1  gene has been cloned and inserted into a 
retroviral vector that has been used to transfect murine haemo-
poietic stem cells; these transduced stem cells can generate a 
disease resembling human CML in mice. Thus, the  BCR – ABL1  
gene is thought to play a pivotal role in the genesis of chronic -
 phase CML. 

 The mechanism by which the BCR – ABL1 oncoprotein alters 
stem cell kinetics remains ill - defi ned. It undoubtedly aberrantly 
autophosphorylates and also phosphorylates a wide range of 
intracellular proteins that would not normally be phosphor-
ylated, including Crkl, Mek 1/2, Rac and Jnk. It may act by 
activating the RAS or STAT signal transduction pathways. 
Alternatively, it may activate the phosphatidylinositol 3 - kinase/
AKT pathway involved in facilitating apoptosis (Figure  27.4 ). 
As an activated ABL1 opposes cellular apoptosis, the  BCR –
 ABL1  gene might act by impeding programmed cell death in 
target stem cells.   

 In the majority of patients at diagnosis all marrow met-
aphases show the Ph chromosome. In the past treatment with 
interferon alfa reduced the proportion of Ph - positive met-
aphases in a minority of patients. Since the introduction of 
TKIs, serial measurement of the percentage of Ph - positive 
marrow metaphases has become an important tool in assessing 
the level of response in individual patients (Table  27.3 ).    

  Molecular  b iology 

 It was shown in the early 1980s that the  ABL1  proto - oncogene, 
which encodes a non - receptor tyrosine kinase, was normally 
located on chromosome 9 but was translocated to chromosome 
22 in CML patients. In 1984 the precise positions of the genomic 
breakpoint on chromosome 22 in different CML patients were 
found to be clustered in a relatively small 5.8 - kb region to which 
the name  ‘ breakpoint cluster region ’  (BCR) was given. Later, it 
became clear that this region formed the central part of a rela-
tively large gene now known as the  BCR  gene, whose normal 
function is not well defi ned, and the breakpoint region was 
renamed  ‘ major breakpoint cluster region ’  (M - BCR) (see Table 
 27.3 ). In contrast, the position of the genomic breakpoint in the 
 ABL  gene (now often referred to as the  ABL1  gene to distinguish 
it from the ABL1 - related gene,  ARG  or  ABL2 ) is very variable, 
but it always occurs upstream of the second (common) exon 
(a2). Thus, the Ph translocation results in juxtaposition of 5 ′  
sequences from the  BCR  gene with 3 ′   ABL1  sequences derived 
from chromosome 9 (Figure  27.3 ). It produces a chimeric gene, 

  Table 27.3    Defi nitions of cytogenetic and molecular responses. 

    Cytogenetic response       

  Designation    Percentage of 

Ph - positive 

marrow 

metaphases  

  Molecular response 

( BCR – ABL1  transcript 

numbers expressed on the 

international scale)  

  Complete    0    Baseline, 100%  

  Partial    1 – 35    Cytogenetic response,  ∼    1%  

  Minor    36 – 65    Major molecular response, 

0.1%  

  Minimal    66 – 95    Complete molecular 

response,  ∼    0.001%  

  None     > 95      

 Note:   The term  ‘ major cytogenetic response ’  is used to refer to 

the sum of patients who achieve complete cytogenetic response 

and those who only achieve a partial cytogenetic response. The 

level of complete molecular response must depend on the 

sensitivity of the assay and the term  ‘  BCR – ABL1  transcripts 

undetectable ’  is formally more precise. 
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  Clinical  f eatures 

 In the past, the majority of patients presented with symptoms, 
usually attributable to splenomegaly, haemorrhage or anaemia. 
In recent years, CML has been diagnosed in almost 50% of 
patients before the onset of symptoms as a result of routine 
blood tests performed as part of medical examinations in 
healthy persons, for pregnancy, before blood donation or in the 
course of investigation for unrelated disorders. When present, 
symptoms may include lethargy, loss of energy, shortness of 
breath on exertion or weight loss or haemorrhage from various 
sites. Increased sweating is characteristic. Spontaneous bruising 
or unexplained bleeding from gums, intestine or urinary tract 
are relatively common. Visual disturbances may occur. Fever 
and lymphadenopathy are rare in chronic phase. The patient 
may have severe pain or discomfort in the splenic area, often 
associated with splenic infarction, or may have noticed a lump 
or mass in the right upper abdomen. Visual disturbances may 

 The molecular basis of disease progression is still obscure, but 
it seems reasonable to infer that one or, more probably, a series 
of additional genetic events occurs in the Ph - positive clone. 
When the critical combination of additional events is achieved, 
clinically defi nable transformation ensues. At this stage, the 
leukaemia cells usually harbour one or other of the additional 
cytogenetic changes referred to above. About 20% of patients 
with CML in myeloid transformation have point mutations or 
deletions in the coding sequence of the  TP53  tumour - suppres-
sor gene, a gene implicated in progression of a variety of solid 
tumours, notably colonic carcinoma. The retinoblastoma ( RB ) 
gene is deleted in rare cases of CML in megakaryoblastic trans-
formation, and changes in the  LYN ,  EVI1  and  MYC  genes are 
described. About half of the patients with lymphoid blast trans-
formations have homozygous deletions in the p16 ( CDKN2A ) 
gene, whose normal function is to inhibit cyclin - dependent 
kinase 4, and others have deletions of the  IKZF1  (Ikaros) gene. 
Molecular changes underlying the non - random cytogenetic 
changes described above have not been identifi ed.  
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     Figure 27.3     The structure of the normal  BCR  and  ABL1  genes 

and the fusion transcripts found in CML and Ph - positive ALL. 

The  ABL1  gene contains two alternative 5 ′  exons (named Ib and 

Ia) followed by 10  ‘ common ’  exons numbered a2 – a11 (orange 

boxes). Breakpoints in CML and Ph - positive ALL usually occur 

in the introns between exons Ib and Ia or between exons Ia and 

a2 (as shown by vertical arrows). The  BCR  gene comprises a total 

of 23 exons, 11 exons upstream of the M - BCR region, fi ve exons 

in the M - BCR that were originally termed b1 – b5 and now 

renamed e12 – e16, and seven exons downstream of M - BCR. For 

convenience, only exons e1, e12 – e16 and e23 are shown. 

Breakpoints in CML usually occur between exons e13 (b2) and 

e14 (b3) or between exons e14 (b3) and e15 (b4) of the M - BCR 

(as shown by two vertical arrows placed centrally). The majority 

of patients with Ph - positive ALL have breakpoints in the fi rst 

intron of the gene, between e1 and e2 (not shown) (arrow at 

left). Three possible  BCR – ABL1  mRNA transcripts are shown 

below. The fi rst two (e13a2 and e14a2 respectively) are 

characteristic of CML. The bottom mRNA (e1a2) is found in the 

majority of patients with Ph - positive ALL (see text).  
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develop fever, lymphadenopathy or very rarely lytic lesions of 
bone.  

  Laboratory  h aematology 

  Chronic  p hase 

 Patients with splenomegaly are usually anaemic, while the hae-
moglobin concentration may be normal in patients with  ‘ early ’  
disease. The leucocyte count at diagnosis is usually in the range 
20 – 200    ×    10 9 /L, but the diagnosis of CML can be established by 
appropriate investigations in patients with persistent leucocy-
tosis in the range 10 – 20    ×    10 9 /L; at the other extreme, occasional 
patients may present with leucocyte numbers in the range 200 –
 800    ×    10 9 /L. The blood fi lm shows a full spectrum of cells in the 
granulocyte series, ranging from blast forms to mature neu-

be due to retinal haemorrhages. Sudden hearing loss occurs very 
rarely. Patients may present with features of gout or priapism 
in males, both of which are also rare. 

 At diagnosis, 50 – 70% of patients have splenomegaly. The 
spleen varies from just palpable to being so large that it occupies 
all the left side of the abdomen and is palpable also in the right 
iliac fossa. The liver is frequently also enlarged but with a soft 
edge that is diffi cult to defi ne. There may be no other abnormal 
fi ndings. Ecchymoses of varying sizes and ages may be present 
and may form discoloured subcutaneous lumps. Some patients 
have asymptomatic retinal haemorrhages. Patients with very 
high leucocyte counts may have features of leucostasis, with 
retinal vein engorgement and respiratory insuffi ciency. 

 Patients presenting with more advanced disease nearly always 
have some of the features described above. In addition, they 
may have bone tenderness or signs of infection. In established 
blastic transformation, the spleen is frequently enlarged and 
may be painful. The liver may become very large. Patients may 
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     Figure 27.4     Signal transduction pathways affected by BCR –

 ABL1. The cellular effects of BCR – ABL1 are exerted through 

interactions with various proteins that transduce the oncogenic 

signals responsible for the activation or repression of gene 

transcription, of mitochondrial processing of apoptotic responses, 

of cytoskeletal organization and of the degradation of inhibitory 

proteins. The key pathways implicated so far are those involving 

RAS, mitogen - activated protein kinases, signal transducers and 

activators of transcription (STAT), phosphatidylinositol 3 - kinase 

(PI3 - K) and MYC. Most of the interactions are mediated through 

tyrosine phosphorylation and require the binding of BCR – ABL1 

to adapter proteins such as growth factor receptor - bound protein 

2 (GRB - 2), DOK, CRK, CRK - like protein (CRKL), SRC 

homology - containing protein (SHC) and casitas B - lineage 

lymphoma protein (CBL). As we start to dissect these various 

interactions, we can design drugs aimed at disrupting specifi c 

branches of these pathways in an attempt either to kill the CML 

cell or to cause its phenotype to revert to normal. It is obvious 

that the best target is BCR – ABL1 itself, as this is the only protein 

that is exclusive to the leukaemic clone. The second - best 

approach is to target key downstream effectors of BCR – ABL1; 

however, this approach might, in principle, adversely affect 

normal haemopoiesis as well. P, phosphate.  
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  Advanced  p hases 

 The haematological picture in acceleration is very variable. It 
may differ little from chronic phase but blast cell numbers may 
be increased disproportionately (Table  27.4 ). There may be 
anaemia in the presence of a normal leucocyte count. Platelet 
numbers may be greatly increased ( > 1000    ×    10 9 /L) or reduced 
( < 100    ×    10 9 /L) in a manner not accounted for by treatment. 
The marrow also shows a picture no longer consistent with 
chronic - phase disease, often with increased numbers of blast 
cells or promyelocytes and/or increased fi brosis.   

 Blastic transformation is defi ned by the presence of more 
than 20% blasts or blasts plus promyelocytes in the blood or 
marrow. Frequently, this criterion is irrelevant because blast cell 
numbers in both sites have risen abruptly to exceed 80%. Their 
morphology is very variable. About 70% of patients have blasts 
classifi able generally as myeloid, which resemble to a degree the 
cells that characterize acute myeloid leukaemia (AML) (see 
Chapter  29 ). Such cells may be predominantly myeloblastic, 
monoblastic, erythroblastic or megakaryoblastic, and blast cells 
of different myeloid lineages frequently coexist. These cells are 
best defi ned by their cytochemical and immunophenotypic 

trophils, with intermediate myelocytes and neutrophils pre-
dominating (Figure  27.5 ). The percentage of blast cells is loosely 
related to the absolute number of leucocytes, but a value higher 
than 12% suggests that the patient may already be in accelera-
tion or transformation. The percentages of eosinophils and 
basophils are usually increased, and the absence of basophilia 
casts doubt on the diagnosis. Absolute numbers of lymphocytes 
and monocytes are slightly increased, but both are reduced as 
percentages in the differential count. Platelet numbers are 
usually increased in the range 300 – 600    ×    10 9 /L but may be 
normal or even reduced. Occasional nucleated red cells are 
present in the circulation in some patients. The alkaline phos-
phatase content of the neutrophil cytoplasm is diminished or 
absent.  BCR – ABL1  transcripts can be demonstrated in the 
blood with ease, using real - time quantitative polymerase chain 
reaction (RQ - PCR). In a minority of patients, the leucocyte 
count, if left untreated, shows cyclical variation, but the overall 
trend is upwards.   

 Examination of the bone marrow by aspiration or trephine 
biopsy is not necessary to confi rm the diagnosis of CML, but is 
usually carried out to assess the degree of marrow fi brosis, 
perform cytogenetic analysis on marrow cells and exclude 
incipient transformation. The marrow aspirate may show mul-
tiple small hypercellular fragments but is often so hypercellular 
that fragments cannot easily be discerned. When spread on a 
glass slide, the trails show a cellular composition resembling 
that of CML blood. Blast cells in chronic phase number 2 – 10%. 
Eosinophils and basophils are usually prominent; megakaryo-
cytes are small, hypolobated and very numerous. Occasionally, 
Gaucher - like cells are present. The marrow biopsy shows com-
plete loss of fat spaces with dense hypercellularity. The reticulin 
content may be normal or modestly increased.  

     Figure 27.5     Peripheral blood appearances of a patient with CML 

at diagnosis. Note increased numbers of leucocytes including 

immature granulocytes and occasional blast cells.  

  Table 27.4    Criteria for distinguishing the chronic, accelerated 

and blastic phases of CML based on proposals published by 

WHO (2001). 

   Chronic phase   

  Ability to reduce spleen size and restore and maintain a  ‘ normal ’  

blood count with appropriate therapy  

   Accelerated phase (defi ned by one or more of the following features)   

  Blasts 10 – 19% of white blood cells in peripheral blood and/or of 

nucleated bone marrow cells  

  Peripheral blood basophils  ≥    20%  

  Persistent thrombocytopenia ( < 100    ×    10 9 /L) unrelated to 

therapy, or persistent thrombocytosis ( > 1000    ×    10 9 /L) 

unresponsive to therapy  

  Increasing spleen size and increasing white blood cell count 

unresponsive to therapy  

  Megakaryocyte proliferation in sheets or clusters in association 

with marked reticulin or collagen fi brosis  

   Blastic phase (defi ned by one or more of the following features)   

  Blasts  > 20% of peripheral blood leucocytes or of nucleated bone 

marrow cells  

  Extramedullary blast proliferation  

  Large foci or clusters of blasts in the bone marrow biopsy  

 Note:   In this classifi cation, unlike some other classifi cations, the 

acquisition of new cytogenetic abnormalities in addition to the 

Ph chromosome is not by itself a criterion for  ‘ promoting ’  a 

chronic - phase patient to accelerated phase. 
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drogenase is usually raised. Serum K +  may be spuriously raised 
due to leakage of intracellular potassium from platelets or, less 
commonly, from leucocytes after the blood is drawn. In such 
cases, the K +  level in freshly drawn citrated blood is usually 
normal, as is the electrocardiogram. The serum vitamin B 12  and 
B 12  - binding capacity are greatly increased due to raised levels of 
transcobalamin I. 

 In transformation, the serum uric acid may be raised, some-
times substantially, and tests of liver function are usually mod-
erately abnormal. Hypercalcaemia is present occasionally and is 
usually due to bone destruction; very rarely, it may be attribut-
able to a parathormone - like material ectopically produced by 
the blast cells.   

  Management of  c hronic  m yeloid 
 l eukaemia in  c hronic  p hase 

 The management of the newly diagnosed CML patient has 
changed very greatly in the last decade. In the 1970s, it was 
conventional for the physician to start treatment soon after 
diagnosis with busulfan and then to await further develop-
ments. The patient received little information about prognosis. 
Today, in most, but not all, countries, the patient is informed 
of the diagnosis and given as much information as possible 
about the disease and its prognosis. The various options for 
treatment are usually discussed at this stage, which for the 
younger patient include the possible need for allogeneic SCT at 
some stage in the disease. This means that the patient, all sib-
lings and other family members should be HLA typed. The issue 
of gonadal function is important and men who have not com-
pleted their families should be offered semen cryopreservation 
before any treatment is started. 

 There is no urgency to start treatment immediately in 
asymptomatic patients with leucocyte counts below 100    ×    10 9 /L. 
This means that leucapheresis with cryopreservation of blood 
stem cells can be performed before anti - leukaemia treatment is 
instituted. Such stored cells may be used for autografting at a 
later date. However, drug treatment should ideally be started 
soon after the diagnosis is confi rmed. The best single agent for 
patients in chronic phase who are not enrolled in a Phase III 
study is imatinib. Hydroxycarbamide is a reasonable alternative 
in the very short term if imatinib is not immediately available. 
Interferon alfa, until the advent of TKIs the treatment of 
choice, and busulfan should both be reserved for special 
indications. 

  Imatinib  m esylate 

 Imatinib mesylate (Glivec or Gleevec; previously known as 
STI571), a 2 - phenylaminopyrimidine compound, is an ABL1 
tyrosine kinase inhibitor that entered clinical trials in 1998. It 
was thought originally to act by occupying the ATP - binding 

characteristics, although they do not usually fi t neatly into the 
French – American – British (FAB) classifi cation for AML. About 
20% of patients have lymphoid blast cells; these may resemble 
the FAB L1 cells that typify childhood ALL or, more commonly, 
have L2 appearances (Figure  27.6 ). Immunophenotyping shows 
the typical membrane markers of a precursor B - cell ALL, 
namely CD10 (CALLA) and CD19 positivity, and further 
studies may show nuclear positivity for terminal deoxynucleoti-
dyltransferase. Molecular studies show clonal rearrangement of 
immunoglobulin chains and occasionally of T - cell receptor 
genes. The remaining 10% of blast cell transformations have 
mixed myeloid and lymphoid characteristics.   

 The clinical features associated with advanced disease are 
quite variable. In some cases, the patient is initially completely 
asymptomatic and the diagnosis is based entirely on blood and 
marrow fi ndings. In other cases, the patient may develop fevers, 
excessive sweating, anorexia and weight loss or bone pain. 
Rarely, there are localized lytic lesions of bone, which may be 
single or multiple. Occasionally, patients present with general-
ized lymphadenopathy; biopsy shows nodal infi ltration with 
blast cells that may be myeloid or lymphoid. Localized skin 
infi ltrates may be seen. Discrete masses of immature leukaemia 
cells may develop at almost any site; these are sometimes 
referred to as chloromas or granulocytic sarcomas. Patients 
with lymphoid blast cells in the blood and marrow may have 
involvement of the cerebrospinal fl uid at the same time, or 
central nervous system (CNS) involvement may become symp-
tomatic only at a later stage.  

  Biochemical  c hanges 

 The biochemical changes seen in CML are non - specifi c. Patients 
diagnosed in chronic phase may have a slightly raised serum 
uric acid but the level is frequently normal. The serum alkaline 
phosphatase is usually normal or slightly raised. Lactate dehy-

     Figure 27.6     Peripheral blood appearances of a patient with CML 

in lymphoid blast cell transformation.  
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In some cases, isolated neutropenia may be managed simply by 
adding G - CSF (300 – 480    µ g subcutaneously on alternate days or 
less often) for a fi nite period, after which it may be possible to 
reduce or stop the drug. In other cases, G - CSF works less well 
and it may be necessary to reduce or stop imatinib. If throm-
bocytopenia develops, it may be necessary to reduce the dose, 
although some believe that the drug may expedite development 
of resistance at daily doses below 300   mg. Conversely, throm-
bocytosis sometimes persists in a patient whose leucocyte count 
is well controlled by imatinib; in such cases, the addition of 
hydroxycarbamide or anagrelide usually controls the platelet 
count. 

 The issue of how long to continue imatinib remains unre-
solved. For the patient who has achieved complete cytogenetic 
remission, stopping the drug usually leads to recurrence of Ph 
positivity and eventually leucocytosis in the majority of cases, 
although on occasion the cytogenetic remission continues 
without treatment for many months or even longer. A small 
proportion of the patients who achieved a complete molecular 
response that lasted more than 2 years have stopped taking 
imatinib without evidence of subsequent relapse, an interesting 
observation that raises the possibility that imatinib may have 
the capacity to eradicate CML in some cases. At present, the 
best advice for the responding patient is to continue the drug 
indefi nitely. 

 A prospective randomized Phase III trial (the IRIS trial) 
designed to compare imatinib as a single agent with the 
combination of interferon alfa and cytarabine in previously 

pocket of the ABL1 kinase component of the BCR – ABL1 onco-
protein, thereby blocking the capacity of the enzyme to phos-
phorylate downstream effector molecules; it is now thought to 
act also by binding to an adjacent domain in a manner that 
holds the ABL1 component of the BCR – ABL1 oncoprotein 
molecule in an inactive or  ‘ closed ’  conformation (Figure  27.7 ). 
The drug rapidly reverses the clinical and haematological 
abnormalities and induces major cytogenetic responses in over 
80% of previously untreated chronic - phase patients. It is usually 
administered orally at a dose of 400   mg daily, although pilot 
studies suggest that initial treatment with 600   mg or even 
800   mg daily gives more rapid responses.   

 Side - effects include nausea, headache, rashes, infraorbital 
oedema, bone pains and, sometimes, more generalized fl uid 
retention. The rashes can from time to time be treated by tem-
porarily interrupting imatinib and then reinstituting it under 
short - term corticosteroid cover. Hepatotoxicity characterized 
by raised serum transaminases is occasionally seen and may 
necessitate stopping the drug. Some caution must also be exer-
cised in the light of very rare reports of potentially fatal cerebral 
oedema. Patients with black skin may sustain areas of depig-
mentation. An interesting non - sinister effect, repigmentation of 
grey hair, has been reported in a small group of responders. The 
toxicity in general seems to be appreciably less than that associ-
ated with interferon alfa. 

 A signifi cant minority of patients experience neutropenia 
and/or thrombocytopenia within the fi rst few months of start-
ing treatment with imatinib at standard dosage (400   mg daily). 
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     Figure 27.7     Schematic representation of the relationship between 

measurable parameters (blood leucocyte numbers, Ph - positive 

marrow metaphases and  BCR – ABL1  transcript numbers) and 

presumed number of residual leukaemia cells in a patient 

responding to treatment with a tyrosine kinase inhibitor. CCyR, 

complete cytogenetic response; MMR, major molecular response.  
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a given laboratory to a value on the International Scale where 
100% is the value for a specifi c cohort of untreated patients 
studied in 2002. Patients who achieve a transcript number of 
0.1% on the International Scale, equivalent to a 3 - log reduction 
from the baseline for untreated patients, are said to have 
achieved a major molecular response, while those without 
detectable transcripts have achieved a complete molecular 
response (Figure  27.8 ). The use of fl uorescence  in situ  hybridi-
zation to detect a  BCR – ABL1  gene in interphase cells is more 
sensitive than metaphase cytogenetics but much less sensitive 
than RQ - PCR.    

  Defi ning  r esponse and  f ailure to  r espond to  i matinib 
 In 2005 a group of haematologists convened under the aegis of 
the European LeukemiaNet produced a series of recommenda-
tions designed to help clinicians identify patients with newly 
diagnosed CML in chronic phase started on imatinib 400   mg 
daily and subsequently judged to have achieved only a subop-
timal response or to have failed treatment. The implication was 
that patients who failed should have their treatment changed 
and those satisfying criteria for suboptimal response should 
be monitored closely with the expectation that they too might 
fail. These original recommendations were updated in 2009 
(Table  27.5 ).    

untreated patients started in June 2000. Analysis after 6 years of 
follow - up showed that 74% of the patients treated with imat-
inib achieved complete cytogenetic remission compared with 
14% of those in the control arm. The cumulative best complete 
cytogenetic response rate was 82%, and 63% of all patients 
randomized to receive imatinib were still on study and in com-
plete cytogenetic remission. The event - free survival was 83% 
and overall survival 88%. A substantial proportion of the 
patients in complete cytogenetic remission also achieved a 
major molecular response (equivalent to a 3 - log reduction 
in  BCR – ABL1  transcript numbers) and this proportion has 
continued to increase steadily with time on imatinib. A large 
proportion of the patients in the control arm discontinued 
interferon alfa and cytarabine for various reasons and thus a 
formal comparison of survival in the two arms could not be 
performed. However, comparison of survival of patients treated 
with imatinib with that of historical control patients treated 
predominantly with interferon - containing regimens showed 
highly signifi cant superiority for those who received imatinib. 

  Predicting  r esponse to  i matinib 
 Efforts are now being made to predict an individual patient ’ s 
response to imatinib 400   mg daily but results are not yet totally 
reliable. This said, patients whose leukaemia cells tested  in vitro  
have a low IC 50  for imatinib seem to respond better than those 
with higher IC 50  values. Patients with normal or high levels of 
the human organic cation transporter (hOCT) - 1, which is 
responsible for cellular infl ux of imatinib, also seem to fare 
better than those with lower levels. Efforts have been made to 
predict response to imatinib on the basis of gene expression 
profi ling but the results of the different studies are somewhat 
inconsistent and this method is not yet suitable for clinical 
application. It is interesting that the Sokal score based on a 
population of patients treated with busulfan more than 25 years 
ago still has predictive value for response to imatinib.  

  Monitoring  r esponses to  t reatment 
 The quantity of leukaemic cells remaining in a patient ’ s body 
while responding to treatment with TKIs can be monitored with 
considerable precision by use of three modalities in sequence, 
namely examination of the peripheral blood, bone marrow 
metaphase cytogenetics and the number of  BCR – ABL1  tran-
scripts in the circulation. Thus for an individual patient the fi rst 
target is normalization of the blood count, the second elimina-
tion of dividing cells in the bone marrow that show Ph - positive 
metaphases and fi nally elimination of  BCR – ABL1  transcripts 
in the blood or marrow.  BCR – ABL1  transcript numbers are 
usually measured by RQ - PCR and the results may be expressed 
either as a ratio of  BCR – ABL1  copy numbers to copy numbers 
of a control gene ( × 100% on a log scale) or as a log 10  reduction 
from standardized value of 0 for untreated patients. In practice 
the recommended way to express the results is to use a labora-
tory - specifi c conversion factor to convert the value obtained in 
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     Figure 27.8     The presumed mechanism of action of imatinib. 

(a) The phosphorylation of a substrate is shown schematically. 

ATP occupies the pocket in the ABL1 component of the 

BCR – ABL1 oncoprotein, whence it donates a phosphate (P) 

group to a tyrosine (Y) residue on an unspecifi ed substrate. The 

substrate then detaches itself from the BCR – ABL1 oncoprotein 

and makes functional contact with a further downstream effector 

molecule. (b) Imatinib occupies the ATP - binding site and 

thereby prevents phosphorylation of the substrate. This molecule 

in turn fails to make contact with the effector protein and the 

signal transduction pathway that would otherwise transmit the 

 ‘ leukaemia signal ’  is interrupted.  
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are clearly the cause of the resistance. Each mutation encodes a 
different amino acid substitution in the ABL1 kinase compo-
nent of the BCR – ABL1 oncoprotein. Cells with one such sub-
stitution, the replacement of threonine by isoleucine at position 
315 (referred to as the T315I mutation), seem to be especially 
resistant to the inhibitory action of imatinib and all other TKIs. 
Cells with other substitutions are relatively less resistant. It is 
probable that some of these subclones exist before the admin-
istration of imatinib but are allowed to expand when the unmu-
tated oncoprotein molecule is inhibited by imatinib; in other 
cases the mutation may develop  de novo  after initiation of 
imatinib.   

  Second -  g eneration  t yrosine  k inase  i nhibitors 

 The remarkable success of imatinib in chronic - phase CML led 
rapidly to development of other TKIs, notably dasatinib, nilo-
tinib and bosutinib, all of which are clearly more potent than 
the original TKI. With each of these drugs the largest experience 
has been gained in treating patients who have failed imatinib, 
but all are now being tested as up - front treatment for newly 
diagnosed individuals with promising early results. 

  Resistance to  i matinib 
 Resistance to imatinib may be primary or secondary. A very 
small proportion of patients with newly diagnosed chronic -
 phase CML fail to achieve a haematological response and a 
small proportion never achieve a complete cytogenetic response. 
In these cases the resistance seems to be primary. A larger pro-
portion of patients respond initially at the haematological or 
cytogenetic level and then lose their responses; such secondary 
resistance occurs most commonly in the fi rst 2 years after start-
ing treatment and appears to be increasingly rare in patients 
who have taken imatinib for more than 2 years. The cause of 
primary resistance is essentially unknown but is likely to refl ect 
the underlying heterogeneity of CML at diagnosis. Similarly, the 
cause of secondary resistance is poorly defi ned. It has been 
associated with a variety of diverse mechanisms, including 
overexpression of the BCR – ABL1 oncoprotein and overexpres-
sion of P - glycoprotein, which expedites effl ux of the drug from 
individual cells, and the acquisition of point mutations in the 
ABL1 kinase domain. Thus far, Ph - positive subclones with at 
least 50 different point mutations have been identifi ed in leu-
kaemia cells obtained from patients with variable degrees of 
resistance to imatinib, and some of these, but by no means all, 

  Table 27.5    Evaluation of overall response to front - line imatinib in early chronic - phase CML. 

        Optimal response     Suboptimal response     Failure     Warnings  

  3 months    CHR and at least minor 

cytogenetic response 

(Ph +     ≤    65%)  

  No cytogenetic response 

(Ph +     >    95%)  

  Less than CHR    NA  

  6 months    At least partial cytogenetic 

response (Ph +     <    35%)  

  Less than partial 

cytogenetic response 

(Ph +     >    35%)  

  No cytogenetic response 

(Ph +     >    95%)  

  NA  

  12 months    Complete cytogenetic 

response  

  Partial cytogenetic 

response (Ph +     ≤    35%)  

  Less than partial 

cytogenetic response 

(Ph +     >    35%)  

  Less than major 

molecular response  *    

  18 months    Major molecular response    Less than major 

molecular response  

  Less than complete 

cytogenetic response  

  NA  

  Any time    Stable or improving major 

molecular response  

  Loss of major molecular 

response 

 Mutations   †     

  Loss of CHR 

 Loss of complete 

cytogenetic response 

 Mutations   ‡    

 Additional chromosome 

abnormalities in 

Ph - positive cells   §     

  Any rise in transcripts 

level 

 Other chromosome 

abnormalities in 

Ph - negative cells  

    * Major molecular response denotes  BCR – ABL1 / ABL1  or other housekeeping genes  ≤ 0.1% on the international scale.  

    †   BCR – ABL1  kinase domain mutations highly insensitive to imatinib (see Table  27.3 ).  

    ‡   BCR – ABL1  kinase domain mutations still sensitive to imatinib (see Table  27.3 ).  

    §  Additional chromosome abnormalities in Ph - positive cells are a warning factor at diagnosis, while their occurrence during treatment 

(clonal progression) is a marker of failure. Two consecutive cytogenetic tests are required, showing the same additional chromosome 

abnormalities in at least two Ph - positive cells.  

  CHR, complete haematological response; NA,   not applicable.   
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reverse all features of CML within 4 – 8 weeks of starting treat-
ment with hydroxycarbamide. The dosage can then be titrated 
against the leucocyte count, the usual maintenance dose being 
1.0 – 1.5   g daily. In a patient whose leucocyte count is controlled, 
any reduction in the dose leads to a rapid increase in leucocyte 
numbers, a phenomenon that disturbs the patient but has no 
ominous signifi cance. The drug has relatively few side - effects. 
At high dosage it may cause nausea, diarrhoea or other gastroin-
testinal disturbance. Some patients get ulcers of the buccal 
mucosa. Skin rashes are seen. Most patients develop megalob-
lastic changes in the marrow with macrocytosis in the blood. 
The drug remains useful today for rapid cytoreduction in the 
newly diagnosed patient and may also be useful in patients 
unable to tolerate imatinib, but it rarely causes any degree of 
reduction in Ph - positive cells in the bone marrow and must 
therefore be regarded as second -  or third - line therapy.  

  Interferon  a lfa 

 Interferon alfa, like hydroxycarbamide, can no longer be 
regarded as fi rst - line therapy for CML, but may still have a role 
in management of patients who have failed TKIs. It is a member 
of a large family of glycoproteins of biological origin with anti-
viral and antiproliferative properties. Studies in the early 1980s 
using material purifi ed from human cell lines showed that it 
was active in reducing the leucocyte count and reversing all 
features of CML in 70 – 80% of CML patients. Of particular 
interest at the time was the observation that 5 – 15% of patients 
achieved major reduction in the percentage of Ph - positive 
marrow metaphases with restoration of Ph - negative (putatively 
normal) haemopoiesis. It raised the important question of 
whether these  ‘ cytogenetic responders ’  would have their life 
prolonged by treatment with interferon alfa, and prospectively 
randomized controlled studies were initiated. Compared with 
hydroxycarbamide, interferon alfa offered a survival advantage 
that was maximal for those who achieved complete cytogenetic 
remissions. These observations meant that interferon alfa 
replaced hydroxycarbamide and busulfan in the 1980s as 
primary treatment for CML in chronic phase, and remained so 
until the introduction of imatinib. 

 Interferon alfa must be administered by subcutaneous injec-
tion at daily doses ranging from 3 to 5 million units/m 2 . There 
is no good evidence that the higher doses are clinically superior. 
Toxicity is common in older patients, but is generally mild and 
reversible. Almost all patients experience fevers, shivers, muscle 
aches and general fl u - like features on starting the drug; these 
last usually 2 – 3 weeks but may be alleviated by paracetamol. 
They recur when dosage is increased. A signifi cant minority of 
patients cannot tolerate the drug on account of lethargy, 
malaise, anorexia, weight loss, depression and other affective 
disorders or alopecia. Autoimmune syndromes, such as thyro-
toxicosis, may also occur. A long - acting form of interferon alfa, 
peginterferon alfa, has been introduced recently, but other than 

  Dasatinib 
 Dasatinib (Sprycel) was fi rst used to treat CML in 2003. 
Somewhat surprisingly it bears little chemical resemblance to 
imatinib but acts, like imatinib, by occupying the phosphate -
 binding pocket and blocking access for ATP. Unlike imatinib it 
is active with the kinase activation loop in both closed and open 
confi gurations. It differs also from imatinib in being active 
against a wide range of tyrosine kinases in addition to ABL1, of 
which the most notable are SRC and so - called SRC family 
kinases. It has therefore been termed a dual inhibitor, on the 
assumption that its value in CML could be based on its rela-
tively wide spectrum of activity. The original dose was 70   mg 
twice daily but the recommended dose for patients is now 
100   mg once daily. For patients who have failed imatinib, dasat-
inib induces complete cytogenetic responses in about 50% of 
patients and some of these responses seem very durable. It is 
defi nitely more myelosuppressive than imatinib and treatment 
must occasionally be interrupted or dosage reduced on account 
of neutropenia or thrombocytopenia Other side - effects 
observed include nausea, gastrointestinal disturbances, rashes 
and pleural effusions, which may or may not be asymptomatic. 
The latter usually resolve on stopping the drug.  

  Nilotinib 
 Nilotinib (Tasigna) was developed by chemical modifi cation of 
imatinib with the intention of increasing its activity. Nilotinib 
is about 30 times more active  in vitro  but the recommended oral 
dose, 400   mg twice daily, does not refl ect the  in vitro  ratio. Like 
dasatinib, it induces complete cytogenetic responses in about 
50% of patients who fail imatinib. It is usually well tolerated but 
side - effects have included headaches, nausea, gastrointestinal 
disturbances, pancreatitis, raised levels of bilirubin, and abnor-
mal liver function tests. Prolongation of the QT interval has 
been observed in rare instances.  

  Bosutinib 
 The third second - generation TKI in clinical practice is bosuti-
nib, which also targets a relatively wide spectrum of tyrosine 
kinases. It is also active in patients deemed to have failed imat-
inib and is being tested in a Phase III study of previously 
untreated chronic - phase patients. It principal toxic effect is 
diarrhoea, which may be severe but usually responds to stand-
ard antidiarrhoeal agents.   

  Hydroxycarbamide 

 Hydroxycarbamide (also known as hydroxyurea) is a ribonu-
cleotide reductase inhibitor that targets relatively mature 
myeloid progenitors in proliferative cycle. Its pharmacological 
action is rapid and readily reversible. Treatment for patients in 
chronic phase usually starts with 1.0 – 2.0   g daily by mouth and 
continued indefi nitely. The leucocyte count starts to fall within 
days and the spleen reduces in size. It is usually possible to 
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  Homoharringtonine 

 Another drug of interest for CML in chronic phase is homohar-
ringtonine (omecetaxine), a semisynthetic plant alkaloid that 
enhances apoptosis of CML cells. It produces haematological 
responses in 60 – 70% of patients and major cytogenetic 
responses in 25% in small series of patients in chronic phase. 
The results appear to improve with the addition of interferon 
alfa. For the moment, it remains an investigational agent.  

  Allogeneic  s tem  c ell  t ransplantation 

 Younger patients with suitable stem cell donors who fail treat-
ment with TKIs may be offered the option of allogeneic SCT 
(see Chapter  24 ). Most specialist centres exclude from consid-
eration patients who are over the age of 50 or 55 years. The 
major factors infl uencing survival are patient age, disease phase 
at time of SCT, disease duration, degree of histocompatibility 
between donor and recipient, and gender of donor. In general, 
patients are  ‘ conditioned ’  for transplant with cyclophospha-
mide at high dosage followed by total body irradiation, or with 
the combination of busulfan and cyclophosphamide at high 
dosage. If all goes well, reasonable marrow function is achieved 
in 3 – 4 weeks after the infusion of donor haemopoietic stem cells 
and the patient leaves the hospital. 

 The possible major complications include graft - versus - host 
disease (GVHD), reactivation of infection with cytomegalovirus 
or other viruses, idiopathic pneumonitis and veno - occlusive 
disease of the liver. For patients with CML treated by SCT with 
marrow from HLA - identical siblings, the overall leukaemia - free 
survival at 5 years is now 60 – 80% (Figure  27.9 ). There is a 
roughly 20% chance of transplant - related mortality and a 15% 

ease of administration it seems to have little advantage over 
conventional formulations.  

  Busulfan 

 Busulfan (1,4 - dimethanesulfonyloxybutane) is a polyfunctional 
alkylating agent that is now infrequently used (except as condi-
tioning before transplant procedures). It targets a relatively 
primitive stem cell and the effects of administration are pro-
longed for some weeks after stopping the drug. It was the main-
stay of treatment for CML in the period 1960 – 80. Treatment 
was conventionally started with 8   mg daily by mouth and the 
dosage was reduced as the leucocyte count began to fall. It 
was essential to reduce the dosage substantially or to stop the 
drug before the leucocyte count fell below 20    ×    10 9 /L because 
profound and prolonged leucopenia might otherwise be 
produced. 

 Busulfan could be administered either in fi nite courses 
lasting up to 4 weeks or continuously at a maintenance dose 
between 0.5 and 2.0   mg daily. Occasional patients were hyper-
sensitive to the effects of busulfan and developed severe, some-
times irreversible, pancytopenia with marrow hypoplasia on 
standard dosage. Overdosage could achieve the same effect in 
any patient. Gonadal failure (as mentioned above) invariably 
occurred within a few months of starting treatment and was 
almost always irreversible. Other toxic effects included cutane-
ous pigmentation, pulmonary fi brosis and a wasting syndrome 
resembling hypoadrenalism. These points notwithstanding, 
the drug may be useful in older patients whose compliance is 
uncertain as it can also be given orally in the clinic as a single 
dose of 50 or 100   mg, to be repeated as necessary after 4 weeks 
or longer.  

P = 0.0001
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     Figure 27.9     Probability of survival for 

patients with CML in chronic phase 

who received allogeneic stem cell 

transplants from an HLA - identical 

sibling or matched unrelated donor 

according to whether or not the 

transplant was performed within 1 year 

of diagnosis.  (Data reproduced from 

the International Bone Marrow 

Transplant Registry, Milwaukee, 

Wisconsin, USA, with permission.)   
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another donor, or lymphocyte transfusions from the original 
donor. Such donor lymphocyte infusion (DLI) has gained pop-
ularity in recent years, and is believed to refl ect the capacity of 
lymphoid cells collected from the original transplant donor to 
mediate a GVL effect, even though they may have failed to 
eradicate the leukaemia at the time of the original transplant. 
In practice, mononuclear cells are collected from the transplant 
donor in one or two leucapheresis procedures and transfused 
to the patient (who receives no other conditioning and usually 
no prophylaxis for GVHD). Within 3 – 6 months the leukaemia 
is restored to complete cytogenetic remission in about 80% of 
CML patients treated in this way and these responders also 
achieve PCR negativity. Some responding patients sustain 
marrow aplasia, which can be reversed by transfusion of marrow 
cells from the donor. However, severe GVHD may occur and 
can, on rare occasions, prove lethal. However, the incidence and 
severity of GVHD can be greatly reduced by starting the lym-
phocyte transfusions at relatively low cell dose and repeating 
the transfusion with a higher cell dose at intervals of 4 – 12 weeks 
as required, a technique usually referred to as  ‘ escalating - dose ’  
DLI. 

 At present, opinions are evenly divided on the optimal man-
agement of the patient who relapses with increasing  BCR – ABL1  
transcript numbers or increasing Ph positivity after allogeneic 
SCT. Some feel that escalating - dose DLI is the best approach, 
whereas others prefer to resume treatment with imatinib. It may 
be possible to resolve this issue with a suitably designed pro-
spective study.  

  Treatment  d ecisions for  n ewly  d iagnosed 
 p atients in  c hronic  p hase 

 Whereas until recently there was still controversy about whether 
a newly diagnosed chronic - phase patient should be treated ini-
tially with a TKI or by allogeneic SCT if he or she had a suitable 
donor, there is now general agreement that such new patients 
should fi rst receive treatment with a TKI. There are perhaps two 
exceptions to this general rule. First, some paediatricians feel 
that the results of allogeneic SCT in children are so compara-
tively good that it is reasonable to offer children with matched 
donors an allograft as initial treatment or after cytoreduction 
for a fi nite period with imatinib. Others feel that a child 
responding well to imatinib should be continued indefi nitely 
on this agent. For treating children there seems at present no 
general consensus. Second, a case can be made for transplanta-
tion as initial therapy in patients for whom the cost of imatinib 
continued over many years would be totally prohibitive. For 
such patients a one - off procedure involving allografting might 
be a better option (Figure  27.10 ).   

 For an adult the question whether to start treatment with 
imatinib 400   mg daily or to embark on treatment with a second -
 generation TKI cannot currently be resolved. We have more 
than 10 years ’  experience with imatinib and 65% of patients 

chance of relapse. Patients surviving without haematological 
evidence of disease can be monitored by serial cytogenetic 
studies and by use of the much more sensitive RQ - PCR, which 
can detect very low numbers of  BCR – ABL1  transcripts in the 
blood or marrow. These studies suggest (but do not prove) that 
in the majority of long - term survivors the CML may truly have 
been eradicated.   

 The recognition that the graft - versus - leukaemia (GVL) effect 
plays a major role in eradicating CML after allografting led to 
the concept that the toxicity of the transplant procedure could 
be substantially reduced by decreasing the intensity of pretrans-
plant conditioning. The strategy is thus to focus predominantly 
on the use of immunosuppressive rather than myeloablative 
agents in order to maximize the numbers of haemopoietic stem 
cells transfused and to exploit the GVL effect mediated by 
donor alloreactive immunocompetent cells to eliminate the 
leukaemia cells. Such procedures have been termed variously 
non - myeloablative SCT, reduced - intensity conditioning SCT 
or mini - SCT, and refl ect advances in our understanding of how 
SCT actually works (see Chapter  24 ). It is still too early to say 
whether non - myeloablative SCT will prove superior to conven-
tional transplantation in the longer term for the younger 
patient, but the technique could make SCT more widely avail-
able to higher risk and perhaps also to older patients. 

 The qualifi ed success of conventional SCT using matched 
siblings led in the late 1980s to increasing use of matched unre-
lated donors for SCT for patients with CML. At present, sero-
logically matched unrelated donors can be identifi ed for about 
50% of white patients and for lower percentages of patients of 
other ethnic origins. However, molecular methods for typing 
HLA class I and II have now largely superseded serological 
techniques, and complete matches for a given patient for fi ve 
gene pairs (HLA - A,  - B,  - C,  - DR and  - DQ) are relatively rare. 
Thus, in the absence of a perfect match the clinician has to 
decide what degree of mismatch may be acceptable for a given 
transplant. In general, the results of transplants using such 
unrelated donors are less good at present than results using 
HLA - identical siblings, but some patients will probably prove 
to be cured. 

 About 10 – 30% of patients submitted to allogeneic SCT 
relapse within the fi rst 3 years after transplant. The relapse is 
usually insidious and characterized fi rst by rising levels of  BCR –
 ABL1  transcripts, then by increasing numbers of Ph - positive 
marrow metaphases and, fi nally (if untreated), by haematologi-
cal features of chronic - phase disease. This provides some 
rationale for the recommendation that patients should be mon-
itored after transplant by regular RQ - PCR and cytogenetic 
studies. Rare patients in cytogenetic remission relapse directly 
to advanced - phase disease without any identifi ed intervening 
period of chronic - phase disease. 

 There are various options for the management of relapse to 
chronic - phase disease, including use of interferon alfa, hydrox-
ycarbamide, imatinib, a second transplant using the same or 
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  Experimental  a pproaches 

  Immunotherapy 
 The demonstration of a powerful GVL effect in CML has 
renewed interest in the possibility that some form of immuno-
therapeutic manipulation could be effective in CML. Some 
evidence suggests that patients vaccinated with peptides 
corresponding to the junctional region of the BCR – ABL1 
protein may generate immune responses that may be of clinical 
benefi t. Other targets for vaccine therapy now under study 
include Wilms tumour (WT)1 protein, proteinase - 3 (PR1) and 
PRAME, all of which are overexpressed in CML cells. Studies 
have been initiated in which two vaccines, WT1 and PR1, are 
combined.  

  Autografting in  c hronic  p hase 
 Because only a minority of patients are eligible for allogeneic 
SCT, much interest has focused on the possibility that life 
may be prolonged and some cures effected by autografting 
CML patients still in chronic phase. It is possible that the pool 
of leukaemic stem cells can be substantially reduced by an 
autograft procedure, and autografting may confer a short - term 
proliferative advantage on Ph - negative (presumably normal) 
stem cells. In practice, some patients have achieved temporary 
Ph - negative haemopoiesis after autografting. Preliminary 
studies have been reported in which patients have been 
autografted with Ph - negative stem cells collected from the 
peripheral blood in the recovery phase following high - dose 
combination chemotherapy; some such patients achieved 
durable Ph negativity.    

  Management of  c hronic  m yeloid 
 l eukaemia in  a dvanced  p hase 

  Accelerated -  p hase  d isease 

 It is diffi cult to make general statements about the optimal 
management of patients in accelerated - phase disease as the cri-
teria for this diagnosis are so very varied. Some patients can be 
managed merely with a minor alteration in their cytotoxic drug 
regimen. Those who have not been treated previously with 
imatinib may obtain benefi t from the introduction of this agent. 
Other patients may benefi t from splenectomy or regular red cell 
transfusion. Patients whose disease seems to be moving towards 
overt blastic transformation may benefi t from appropriate cyto-
toxic drug combinations. Allogeneic SCT should certainly be 
considered for younger patients if suitable donors can be identi-
fi ed. Reduced - intensity conditioning allografts are probably not 
indicated, as the effi cacy of the GVL effect in advanced - phase 
CML is not clearly established.  

appear to be doing remarkably well. We have only very limited 
experience with use of the second - generation TKIs as initial 
therapy but preliminary results seem to be somewhat superior 
to those of imatinib. Would it be benefi cial to start all new 
patients on a second - generation TKI? A number of Phase III 
studies are now in progress to address this question and the 
answer should become clear in the foreseeable future. 

 The decision - making process is especially complicated when 
CML is diagnosed in an asymptomatic patient presenting to an 
antenatal clinic. For a woman in the fi rst trimester of pregnancy 
it is probably best to delay treatment, avoiding if possible all 
forms of chemotherapy, including imatinib. Leucapheresis and/
or blood transfusion could be undertaken if essential. The same 
might apply to patients in the second trimester of pregnancy, 
but administration of interferon alfa is probably safe at this 
stage. It is clear that for the patient who conceives while taking 
imatinib, there is a low but fi nite risk that the fetus will sustain 
congenital abnormalities, such as hypospadias, defects in bone 
formation and exomphalos. The issue whether to recommend 
termination of pregnancy or to permit the pregnancy to con-
tinue will challenge the prospective mother and her medical 
adviser.  

Start imatinib 
at 400 mg/day

Leucapheresis and stem cell
cryopreservation

Diagnosis

Young with a
well-matched donor

Good response –
maintained

Poor response or
initial response
followed by loss

of response

Consider for 
allograft

Add or substitute
other agents,

allo-SCT if possible,
 or autograft

Allo-SCT –
conventional 

or RIC

Continue
imatinib

indefinitely

     Figure 27.10     Algorithm showing a possible approach to the 

management of a patient with newly diagnosed CML in chronic 

phase. Children with HLA - identical siblings (or possibly 

well - matched unrelated donors) may be eligible for initial 

treatment by allografting. The great majority of newly diagnosed 

patients should be treated fi rst with imatinib. Those who respond 

well and maintain their response should continue on the drug 

indefi nitely. Patients who respond less well or who lose their 

response should be considered for other therapy including SCT. 

SCT, stem cell transplantation; RIC, reduced - intensity 

conditioning.  
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mortality and may therefore be considered for allogeneic SCT 
with a view to eliminating both chronic disease and residual 
blastic disease provided that a suitable donor can be identifi ed.   

  Variants of  c hronic  m yeloid  l eukaemia 
 ( s ee also Chapter  28 )  

  Ph -  n egative  c hronic  m yeloid  l eukaemia 

 About 6% of patients with haematologically acceptable CML 
lack the Ph chromosome (see above). About half of these 
patients have a  BCR – ABL1  gene that is molecularly identical to 
the  BCR – ABL1  gene of Ph - positive CML; this gene is usually on 
the morphologically normal chromosome 22q but may occa-
sionally be found on chromosome 9q. Such patients have a 
clinical course similar to those with Ph - positive disease. 
Conversely, patients with no  BCR – ABL1  gene frequently have 
haematological features that are subtly different from Ph -
 positive disease. They may lack basophilia, lack blast and myelo-
cyte peaks in the leucocyte differential, or show dysplastic 
features. They are more likely to have some degree of monocy-
tosis. These patients respond poorly to imatinib, interferon alfa 
or hydroxycarbamide, and overall their survival is inferior to 
that of Ph - positive patients.  

  Chronic  m yelomonocytic  l eukaemia 

 This is a rare myeloproliferative condition affecting predomi-
nantly elderly men but found at all ages (see Chapter  28 ). The 
patient may present with features of anaemia or haemorrhage. 
The spleen is typically enlarged and thus the clinical picture 
superfi cially resembles CML. However, the blood and marrow 
are quite different. Marrow cells lack a Ph chromosome. Blood 
monocytosis is prominent and monocyte numbers may be as 
high as 50    ×    10 9 /L. Thrombocytopenia is common. Basophilia 
and eosinophilia are absent. Dysplastic changes are usually 
present in the granulocyte and erythroid series. Consequently, 
the disease is included in the FAB classifi cation of the myelod-
ysplastic syndromes (see Chapter  28 ). 

 Very rare patients have been described with a chronic myelo-
monocytic leukaemia - like blood picture associated with cytoge-
netic abnormalities in their leukaemia cells other than t(9;22). 
Most of these patients have either t(5;12) associated with fusion 
of the  ETV  and  PDGFRB  genes or t(8;13) associated with fusion 
of  ZNF198  and  FGFR1  genes, but in fact other fusion partners 
have also been reported (Table  27.6 ).  PDGFRB  and  FGFR1  both 
encode receptor tyrosine kinases and are presumably  ‘ activated ’  
by mechanisms analogous to those that activate the  ABL1  gene 
in  BCR – ABL1  - positive CML. The t(5;12) and t(8;13) leukae-
mias are both characterized by prominent eosinophilia but 
basophilia is usually absent. The t(5;12) leukaemias respond 

  Blastic  t ransformation 

 Patients in blastic transformation may be treated with combina-
tions of cytotoxic drugs in the hope of prolonging life but cure 
can no longer be a realistic objective. Conversely, it is not unrea-
sonable to use a relatively innocuous drug such as hydroxycar-
bamide at higher dosage to restrain blast cell numbers and 
maintain the patient at home for as long as possible. If the 
patient has a myeloid transformation, he or she can be treated 
with drugs that are appropriate to the induction of remission 
in AML, namely daunorubicin and cytarabine with or without 
other agents. Blast cell numbers will be reduced substantially in 
most cases but their numbers usually increase again within 3 – 6 
weeks. Perhaps 20% of patients are restored to a situation 
resembling chronic - phase disease and this benefi t may last for 
3 – 6 months. A very small minority, probably less than 10%, 
may achieve substantial degrees of Ph - negative haemopoiesis. 
This is most likely in patients who entered blastic transforma-
tion very soon after diagnosis. 

 Patients in lymphoid transformation may be treated, with a 
little more optimism, with drugs applicable to the management 
of adult ALL (e.g. prednisolone, vincristine, daunorubicin 
and methotrexate with or without  l  - asparaginase). More than 
50% of patients will be restored to  ‘ second ’  chronic phase, 
at which point this status can be maintained with daily 6 - 
mercaptopurine and weekly methotrexate. Because leukaemia 
involving the CNS is so relatively common in responding 
patients, those who achieve second chronic phase should have 
neuroprophylaxis with intrathecal methotrexate weekly for six 
consecutive weeks, but the administration of cranial irradiation 
is probably excessive. Some patients treated for lymphoid trans-
formation of CML may sustain long periods of apparent 
 ‘ remission ’ . 

 Imatinib may be remarkably effective in controlling the clini-
cal and haematological features of CML in advanced phases in 
the very short term. In some patients in established myeloid 
blastic transformation, who received 600   mg daily, massive 
splenomegaly was entirely reversed and blast cells were elimi-
nated from the blood and marrow, but such responses are 
almost always short - lived. Thus, imatinib should be incorpo-
rated into a programme of therapy that also involves use of 
conventional cytotoxic drugs and possibly also allogeneic SCT. 

 Allogeneic SCT using HLA - matched sibling donors can be 
performed in accelerated phase; the probability of leukaemia -
 free survival at 5 years is 30 – 50%. SCT performed in overt blastic 
transformation is nearly always unsuccessful. The mortality 
resulting from GVHD is extremely high and the probability 
of relapse in those who survive the transplant procedure is 
very considerable. The probability of survival at 5 years is 
consequently 0 – 10%. However, patients who can be restored 
to  ‘ second ’  chronic phase by combination chemotherapy or 
by imatinib may have a relatively low risk of transplant - related 
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  Table 27.6    Cytogenetic abnormalities 

associated with deregulated tyrosine 

kinases in chronic myeloproliferative 

disorders. 

extremely well to low doses of imatinib but the t(8;13) leukae-
mias do not.    

  Chronic  n eutrophilic  l eukaemia 

 This is an exceedingly rare disorder that is usually diagnosed 
incidentally. The patient has a raised blood neutrophil count, 
often with band forms but without more immature granulo-
cytes, and without basophilia or eosinophilia. The marrow is 
hypercellular with neutrophil proliferation. The diagnosis is 
based largely on exclusion of other identifi able causes for the 
leucocytosis. Marrow cytogenetics are usually normal but clonal 
abnormality such as +8, +9, del(21q) may be present (see also 
Chapter  36 ). Very rare patients have a Ph chromosome and a 
 BCR – ABL1  fusion gene that codes for an oncoprotein larger 
than that usually seen in CML, namely 230   kDa (p230 BCR – ABL1 ). 
These cases have been called neutrophilic CML. Most patients 
have no symptoms referable to the neutrophilia and no physical 
signs, although some have minor degrees of splenomegaly. 
Treatment may not be required. Chronic neutrophilic leukae-
mia is discussed more fully in Chapter 36.  

  Chronic  e osinophilic  l eukaemia 

 Most cases of raised eosinophil counts without identifi able 
primary cause have in the past been classifi ed as examples of 

hypereosinophilic syndrome (see Chapter  17 ). However, it 
has been shown recently that some such patients respond well 
to treatment with imatinib, and some of these responding 
patients have evidence of a new fusion gene designated  FIP1L1 –
 PDGFRA , resulting from an interstitial deletion on chromo-
some 4 in their myeloid cells (see Table  27.6 ). In other cases in 
which no fusion gene has been identifi ed, the number of imma-
ture cells in the blood and marrow is increased and the fi nding 
of a clonal cytogenetic abnormality in myeloid cells is strong 
evidence for a diagnosis of eosinophilic leukaemia or chronic 
eosinophilic leukaemia. It seems likely therefore that many, if 
not all, cases previously classifi ed as hypereosinophilic syn-
drome may turn out to be due to a fusion gene and thus be 
classifi ed more correctly as examples of eosinophilic leukaemia. 
Occasional patients with eosinophilic leukaemia progress to 
blastic transformation in a manner similar to Ph - positive 
CML. Patients with the  FIP1L1 – PDGFRA  fusion gene usually 
respond well to relatively low doses of imatinib (see Chapters 
 17  and  36 ).  

  Juvenile  m yelomonocytic  l eukaemia 
 ( s ee also Chapter  28 )  

 Juvenile myelomonocytic leukaemia (Table  27.7 ) is a rare 
disease affecting children under the age of 12 years. It represents 
about 2% of all childhood leukaemias. It includes a heterogene-
ous spectrum of myelodysplastic/myeloproliferative diseases 

   Cytogenetic abnormality     Fusion protein     Leukaemia  

  t(9;22)(q34;q11)    BCR – ABL1    CML or acute lymphoblastic leukaemia  

  t(8;22)(p11;q11)    BCR – FGFR1     BCR – ABL1  - negative CML  

  t(4;22)(q12;q11)    BCR – PDGFRA    Atypical CML  

  t(8;13)(p11;q12)    ZNF198 – FGFR1    8p Myeloproliferative syndrome  

  t(6;8)(q27;p11)    FOP – FGFR1    8p Myeloproliferative syndrome  

  t(8;9)(p12;q33)    CEP110 – FGFR1    8p Myeloproliferative syndrome  

  t(8;19)(p12;q13)    HERV/K – FGFR1    8p Myeloproliferative syndrome  

  t(5;12)(q31 – 33;p13)    TEL – PDGFRB    CMML/atypical CML  

  t(5;7)(q33;q11)    HIP1 – PDGFRB    CMML/atypical CML  

  t(5;17)(q33;p13)    RAB5 – PDGFRB    CMML/atypical CML  

  t(5;10)(q33;q21)    H4 – PDGFRB    CMML/atypical CML  

  t(9;12)(q34;p13)    TEL – ABL1    Atypical CML/ BCR – ABL1  - negative 

CML  

  t(9;12)(p24;p13)    TEL – JAK2    Atypical CML/ BCR – ABL1  - negative 

CML  

  t(9;22)(p24;q11)    BCR – JAK2    Atypical CML/ BCR – ABL1  - negative 

CML  

  del(4)(q12)    FIP1L1 – PDGFRA    Hypereosinophilic syndrome  

   CML, chronic myeloid leukaemia; CMML, chronic myelomonocytic leukaemia.   
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that may be diffi cult to classify. The cause is unknown but there 
seems to be a genetic predisposition. There is also an important 
association with neurofi bromatosis type 1 with  NF1  mutations 
and Noonan syndrome characterized by  PTPN11  mutations. 
Patients usually have symptoms of anaemia with lymphaden-
opathy and hepatosplenomegaly. There is a variety of skin 
rashes. Leucocyte numbers are increased with variable numbers 
of blast cells in the peripheral blood. Such cells are hypersensi-
tive to GM - CSF  in vitro . The HbF level may be elevated. The 
marrow is hypercellular but usually lacks chromosomal abnor-
malities, although monosomy 7 may be present. The disease 
responds poorly to standard cytotoxic drugs but patients may 
benefi t from allogeneic SCT. Relapse after SCT is relatively 
common but relapses may be treated successfully with DLI.     
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leukaemia. 

  Peripheral blood monocytosis  > 1    ×    10 9 /L  

  Blasts including promonocytes are  < 20% of the leucocytes in the 

blood and  < 20% of the nucleated cells in the marrow  

  No Ph translocation of  BCR – ABL1  fusion gene  

   Plus two or more of the following   

  Haemoglobin F level increased for patient ’ s age  

  Immature granulocytes present in the blood  

  White blood cell count  > 10 9 /L  
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  GM - CSF hypersensitivity of myeloid progenitors cultured  in vitro   
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  Introduction 

 The myelodysplastic syndromes are a heterogeneous group of 
clonal stem cell disorders characterized by cytopenias due to 
impaired blood cell production, a hypercellular and dysplastic 
bone marrow, and an increased risk of leukaemic transforma-
tion. They each exhibit various morphological abnormalities of 
the blood and bone marrow that are indicative of defective 
haemopoiesis in one or more lineages. A majority of patients 
with a myelodysplastic syndrome (MDS) are over the age of 60 
years, with the median onset occurring in the seventh decade 
of life. There is a variable clinical course refl ecting the diverse 
pathobiology of the disease, with some patients having a more 
indolent progression and longer life expectancy while others 
present with aggressive disease that evolves rapidly into acute 
myeloid leukaemia (AML). Overall, approximately 40% of 
patients will transform to AML during the course of their 
disease. This broad heterogeneity of clinical course, which is 
refl ected by the diversity of morphological features, provides 
the basis for the classifi cation schemes and prognostic scoring 

systems that guide patient management. Recent developments 
continue to broaden our understanding of the molecular patho-
genesis of MDS and provide the rationale for exploring novel 
therapeutic strategies for patients with this disease.  

  History 

 The fi rst description of MDS was in 1900 by Leube who used 
the term  leukanamie  to describe a patient with severe megalob-
lastic anaemia that progressed to acute leukaemia. In the 1930s, 
the term  ‘ refractory anaemia ’  was coined to refer to a group of 
patients with a macrocytic anaemia that was unresponsive to 
iron or other dietary haematinics. While some of these anae-
mias were apparently attributable to coexisting chronic dis-
eases, others arose  de novo  in otherwise healthy individuals. 
Bone marrow analysis often revealed a spectrum of abnormali-
ties, notably aberrant maturation of marrow precursors, a vari-
able increase in marrow blasts and, in some patients, the 
presence of ring sideroblasts. In the 1950s, it was appreciated 
that AML in the elderly was often preceded by a preleukaemic 
state characterized by peripheral blood cytopenias and increased 
numbers of blasts in the marrow. However, the term  ‘ pre - 
leukaemia ’  fell away in the 1970s when it became apparent that 
many patients never developed leukaemia but died instead of 
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between series, with some reports as high as 12%. Most cases 
develop within 5 years of transplantation, with the major risk 
factors being the duration and amount of pretransplant chemo-
therapy and whether the patient received total body irradiation. 
By comparison with primary MDS, these cases of therapy -
 related MDS are associated with a higher incidence of trilineage 
dysplasia, genetic abnormalities, evolution to AML and poor 
response to treatment.  

  Classifi cation 

   FAB   c lassifi cation 

 In 1982, the French – American – British (FAB) group proposed 
a morphological classifi cation of MDS that divided the disease 
entity into fi ve subgroups (Table  28.1 ). The FAB system was 
based on the percentage of blasts and ringed sideroblasts in the 
bone marrow and the presence or absence of a peripheral blood 
monocytosis. Refractory anaemia (RA) was defi ned as anaemia 
with a hypercellular marrow exhibiting dyserythropoiesis but 
minimal granulocytic or megakarocytic abnormalities and a 
marrow blast count of less then 5%. If the proportion of ring 
sideroblasts exceeded 15% of erythroid cells, the patient was 
diagnosed as having refractory anaemia with ring sideroblasts 
(RARS). Patients with increased numbers of marrow blasts were 
diagnosed as having refractory anaemia with excess blasts 
(RAEB) if the blast percentage fell between 5 and 19% or refrac-
tory anaemia with excess blasts in transformation (RAEBt) if 
the blast percentage fell between 20 and 29%. A blast percentage 

complications arising directly from the cytopenias. These 
included anaemia, infectious problems and bleeding complica-
tions. In the 1980s, the term  ‘ myelodysplasia ’ , or more properly 
 myelodysplastic syndromes  to refl ect the heterogeneity of the 
disease, became more widely used. Indeed, it was the recogni-
tion that MDS is a heterogeneous entity of related disorders of 
haemopoiesis that provided the rational basis for devising diag-
nostic classifi cation schemes that have evolved over the last 
three decades.  

  Incidence 

 According to European registry data, the overall annual inci-
dence rate for MDS in adults is 3 – 4 per 100   000. However, this 
rate increases markedly with age, exceeding 30 per 100   000 for 
individuals over the age of 80 years. Over 60% of patients are 
over the age of 70 at diagnosis, with males more likely to be 
diagnosed with MDS than females by a ratio of 1.4   :   1. MDS in 
childhood is rare with an annual incidence of 2 – 3 per million, 
or less than 5% of paediatric haematological malignancies, 
tending to occur in children less than 5 years old.  

  Aetiology 

 The aetiology of primary MDS remains largely unknown. 
Various causes have been postulated including ionizing radia-
tion, exposure to benzene, solvents and pesticides, and smoking, 
but case – control studies are inconsistent. There is some evi-
dence to suggest that polymorphic variation in certain genes 
may increase susceptibility to MDS, particularly where the role 
of the encoded protein is to counter environmental insults to 
the cell. Examples include enzymes responsible for the metabo-
lism of carcinogens, proteins involved with oxidative stress, and 
the proteins that function to repair damaged DNA. 

 In approximately 15% of patients, MDS occurs following 
prior exposure to cytotoxic chemotherapy and/or wide - fi eld 
radiotherapy, when it is referred to as therapy - related MDS. 
These cases of MDS typically arise in patients who have received 
previous cancer treatment or prolonged immunosuppressive 
therapy. The most commonly implicated cytotoxic agents are 
the alkylating agents, such as cyclophosphamide, and the topoi-
somerase II inhibitors, such as etoposide, as well as ionizing 
radiation and antimetabolite drugs. The latency period between 
exposure to the mutagenic event and the onset of disease tends 
to be 5 – 6 years for the alkylating agents and for radiation but 
2 – 3 years for the topoisomerase II inhibitors, but the range can 
vary from 1 to 10 years and beyond. The risk increases with age 
and with prolonged exposure to low - dose chemotherapy, such 
as prescribed for controlling vasculitic and other autoimmune 
disorders. The risk of developing therapy - related MDS follow-
ing autologous transplantation for lymphoma varies widely 

  Table 28.1    The  FAB  classifi cation of  MDS . 

   Subtype     Blood     Bone marrow  

  Refractory anaemia 

(RA)  
   < 1% blasts    Dysplasia 

  < 5% blasts  

  Refractory anaemia 

with ringed 

sideroblasts 

(RARS)  

   < 1% blasts    As for RA and  > 15% 

ringed sideroblasts  

  Refractory anaemia 

with excess blasts 

(RAEB)  

   < 5% blasts    Dysplasia 

 5 – 19% blasts  

  Refractory anaemia 

with excess blasts 

in transformation 

(RAEBt)  

   < 5% blasts    Dysplasia 

 20 – 29% blasts or 

Auer rods  

  Chronic 

myelomonocytic 

leukaemia 

(CMML)  

   > 1    ×    10 9 /L 

monocytes  

  Dysplasia 

  < 30% blasts  
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multilineage dysplasia and ring sideroblasts (RCMD - RS) were 
introduced for patients with bicytopenia or pancytopenia whose 
marrows exhibited dysplastic features affecting more than 10% 
of cells in two or more myeloid lineages. Those patients with 
pure erythroid dysplasia but otherwise lacking evidence of a 

greater than 30% was diagnostic of AML. Finally, chronic mye-
lomonocytic leukaemia (CMML) encompassed all cases where 
the circulating monocyte count exceeded 1    ×    10 9 /L. However, 
this subgroup was particularly heterogeneous, comprising a 
spectrum of patients whose clinical course varied from more 
typical MDS to more proliferative states characterized by high 
monocyte counts and splenomegaly.    

   WHO   c lassifi cation 

 The World Health Organization (WHO) classifi cation was fi rst 
published in 2001 and more recently in a revised form in 2008 
(Tables  28.2  and  28.3 ). It emerged through an international 
collaborative effort to improve the FAB classifi cation by incor-
porating more recent clinical and genetic data. In particular, it 
recognized the fact that patients with RA but less than 5% 
marrow blasts had a poorer clinical prognosis if there was 
evidence of multilineage dysplasia as opposed to unilineage 
erythroid dysplasia. New diagnoses of refractory cytopenia with 
multilineage dysplasia (RCMD) and refractory cytopenia with 

  Table 28.2    The revised  WHO  classifi cation of  MDS . 

   Subtype     Blood     Bone marrow  

  Refractory cytopenias with unilineage dysplasia (RCUD) 

    Refractory anaemia (RA) 

    Refractory neutropenia (RN) 

    Refractory thrombocytopenia (RT)  

  Unicytopenia or 

bicytopenia  
  Dysplasia in  > 10% of cells of one myeloid lineage 

only 

  < 5% blasts 

  < 15% ring sideroblasts  

  Refractory anaemia with ring sideroblasts (RARS)    Anaemia    Erythroid dysplasia only 

  > 15% ring sideroblasts  

  Refractory cytopenia with multilineage dysplasia (RCMD)    Cytopenia(s)    Dysplasia in  > 10% of cells in two or more myeloid 

lineages 

  < 5% blasts 

  < 15% ring sideroblasts  

  Refractory cytopenia with multilineage dysplasia and ring 

sideroblasts (RCMD - RS)  

  Cytopenia(s)    Dysplasia in  > 10% of cells in two or more myeloid 

lineages 

  < 5% blasts 

  > 15% ring sideroblasts  

  Refractory anaemia with excess blasts - 1 (RAEB - 1)    Cytopenia(s) 

  < 5% blasts  

  Unilineage or multilineage dysplasia 

 5 – 9% blasts 

 No Auer rods  

  Refractory anaemia with excess blasts - 2 (RAEB - 2)    Cytopenia(s) 

 5 – 19% blasts  

  Unilineage or multilineage dysplasia 

 10 – 19% blasts 

  ±  Auer rods  

  Myelodysplastic syndrome  –  unclassifi ed (MDS - U)    Cytopenia(s) 

  < 1% blasts  
  Dysplasia in  < 10% of cells in one or more myeloid 

lineage 

 Cytogenetic abnormality supportive of diagnosis 

  < 5% blasts  

  MDS associated with isolated del(5q)    Anaemia 

  ±  thrombocytosis 

  < 1% blasts  

  Prominent megakaryocytes with hypolobated nuclei 

 Isolated del(5q) cytogenetic abnormality 

  < 5% blasts  

  Table 28.3    Relative frequency of  MDS  subtypes. 

   Subtype of MDS     Approximate 

percentage of 

MDS cases  

   Cytogenetic 

abnormalities  

   Median 

survival 

(months)  

  RA    10    25    66  

  RARS    10     < 10    72  

  RCMD    25    50    33  

  RCMD - RS    10    50    33  

  RAEB - 1    25    30 – 40    18  

  RAEB - 2    15    40 – 50    10  

  Isolated del(5q)    5    100    116  
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poor - risk cytogenetics and refractoriness to chemotherapy. In 
addition, patients with recurrent leukaemic chromosomal 
translocations typical of  de novo  AML, namely t(15;17), t(8;21), 
and inv(16) or t(16;16), are considered to have AML regardless 
of the percentage of blasts in the bone marrow. 

 In the revised version of the WHO classifi cation, there has 
been some refi nement of the system to include patients present-
ing with monocytopenia or bicytopenia and whose bone 
marrows exhibit dysplasia restricted to a single lineage. This 
category is denoted refractory cytopenia with unilineage dyspla-
sia (RCUD), which includes RA, refractory neutropenia and 
refractory thrombocytopenia. There remains the entity of MDS 
unclassifi able (MDS - U) to denote patients with pancytopenia 
who fail to fi t one of the other categories. Finally, childhood 
MDS has been incorporated as a separate entity to cover all 
forms of paediatric myelodysplasia, including a new subgroup 
of refractory cytopenia of childhood (RCC) to cover cases that 
fail to meet the criteria for the RAEB subgroups, specifi cally 
where there is evidence of dysplasia but fewer than 5% blasts in 
the marrow. 

 Finally, the WHO recognizes two additional histological 
subtypes of MDS, namely hypoplastic MDS and myelofi brotic 
MDS, each of which account for approximately 10% of cases. 
Hypoplastic MDS has no independent prognostic signifi cance 
and may be diffi cult to distinguish from aplastic anaemia, 
although both may respond similarly to immunosuppression 
with antithymocyte globulin. Myelofi brotic MDS, which must 
be diagnosed from a trephine biopsy that often reveals an 
excess of blasts, generally follows an aggressive clinical course. 
Both hypoplastic and myelofi brotic MDS are histological 

(a) (b)

clonal karyotypic abnormality should be reassessed after 6 
months to ensure persistence of these features before making a 
diagnosis of MDS.   

 A new subgroup recognized by the WHO classifi cation was 
MDS with isolated deletion of the long arm of chromosome 5, 
so - called MDS with isolated del(5q). This was deemed to merit 
its own separate group based on the consistent clinical and 
morphological features associated with this cytogenetic abnor-
mality (Figure  28.1 ). It occurs more usually in elderly women 
and is characterized by marked macrocytic anaemia and throm-
bocytosis that is commonly referred to as 5q –  syndrome. The 
bone marrow is typically hypercellular with prominent meg-
akaryocytes that are slightly decreased in size with conspicu-
ously non - lobated or hypolobated nuclei. Erythroid activity is 
often reduced but dysplasia is generally minimal and myelob-
lasts comprise less than 5% of cells.   

 The RAEB entity was also refi ned to include two subgroups 
based on the precise percentage of blasts present. The term 
 ‘ blast cell ’  here refers to myeloblasts, monoblasts, promono-
cytes and megakaryoblasts, but not erythroblasts. CD34 - positive 
cells, defi ned immunophenotypically, are not considered to be 
synonymous with the blast cell. The two subgroups were 
denoted as RAEB - 1 (blast count  < 5% in peripheral blood and 
5 – 9% in marrow) and RAEB - 2 (blast count 5 – 19% in periph-
eral blood and 10 – 19% in marrow), with the latter having a 
worse prognosis than the former. The morphological fi nding of 
Auer rods is also suffi cient for making a diagnosis of RAEB - 2. 
The FAB entity RAEBt, defi ned originally by a blast count in 
the marrow of over 20%, was abolished in favour of a diagnosis 
of AML with multilineage dysplasia that commonly yields 

     Figure 28.1     Diagnostic fi ndings in 5q –  syndrome demonstrating 

(a) chromosomal abnormality and (b) typical morphology. Note 

loss of material from long arm of chromosome 5 and 

characteristic marrow features (arrows) including hypolobated 

megakaryocytes with occasional blasts.  
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cell niche is a restatement of the  ‘ seed and soil ’  hypothesis pro-
posed many years ago to explain how the cellular microenviron-
ment plays a vital role in the pathogenesis of diseases such as 
MDS. Interfering with this niche by targeting the molecular 
interactions between the stem cell and its microenvironment 
represents a novel therapeutic strategy. Such targets include 
homing molecules such as CD44 or the ligand – receptor interac-
tions between CXCR4 on stem cells and its chemokine ligand 
SDF - 1 (CXCL12) and between Tie - 2 on stem cells and angi-
opoietin - 1 on osteoblasts. Murine models of MDS and xenograft 
transplantation may shed light on the role of the stem cell niche 
and how it might be disrupted.  

  Immunological  a bnormalities in  MDS  

 Immunological abnormalities are commonly encountered in 
MDS, suggesting that they may play a role in the aetiology and 
pathogenesis of the disease. This is particularly apparent in cases 
of hypoplastic MDS that share a number of features in common 
with aplastic anaemia, notably clinical presentation with mac-
rocytosis and varying levels of dyserythropoiesis. A hypocellular 
bone marrow is encountered in approximately 10% of cases of 
MDS and may indeed represent one end of the MDS spectrum 
that overlaps biologically with aplastic anaemia. Both disorders 
are characterized by a clonal expansion of T cells that are 
antigen driven, and there is also an association with HLA - DR15. 
While the full pathogenesis of hypoplastic MDS and aplastic 
anaemia remains unknown in detail, both these entities appear 
to be characterized by a pathological immune response trig-
gered by abnormal haemopoietic stem cells that results in the 
autoimmune destruction of normal stem cells and/or their 
niche. In addition, acquired mutations in the  PIGA  gene char-
acteristic of paroxysmal nocturnal haemoglobinuria (PNH) are 
also encountered, presumably through expansion of small 
clones in an otherwise hypoplastic marrow, suggesting that 
PNH similarly is part of this spectrum. Conversely, dysplastic 
clones carrying cytogenetic abnormalities can emerge in both 
aplastic anaemia and PNH after treatment and can evolve into 
frank MDS over time. 

 A role for the immune system in the pathogenesis of MDS is 
also borne out by the higher incidence of autoimmune disease 
in these patients. T - cell - mediated inhibition of haemopoieis 
appears to be an important aspect of this mechanism, with 
oligoclonal CD8 +  cytotoxic T cells being found in many patients. 
However, the antigens produced by the MDS cells that lead to 
these T - cell responses are largely unknown although, interest-
ingly, WT1 - specifi c CD8 +  cells are often detectable in the 
peripheral blood of MDS patients with trisomy 8. Sometimes, 
the expanded T cells in MDS can themselves become neoplastic, 
resulting eventually in the diagnosis of T - cell large granular 
lymphocytic leukaemia that also falls into this overlap spectrum 
of bone marrow failure states. Recently, analysis of self - reactive 
T cells in MDS has focused on the regulatory T cells that play 

entities based on trephine fi ndings rather than diagnostic 
entities per se.   

  Pathogenesis 

 MDS is a complex disease and its pathogenesis is poorly under-
stood. Many molecular abnormalities have been identifi ed from 
genetic, cytogenetic and epigenetic analyses of the dysplastic 
cells and these are discussed in the following section. There are 
also important functional abnormalities relating to the haemo-
poietic stem cell, its microenvironmental niche, the propensity 
for apoptosis and the role of host immunity, all of which are 
undoubtedly relevant to the emergence and progression of the 
disease. 

   MDS : a  s tem  c ell  d isorder 

 In trying to understand the pathogenesis of MDS, most atten-
tion has focused on identifying defects in the haemopoietic 
stem/progenitor compartment. This largely refl ects the fact that 
MDS is a clonal disorder which commonly affects all three 
myeloid lineages (i.e. megakaryocytic, erythroid and granulo-
cytic/monocytic). Indeed, the presence of trilineage dysplasia 
and cytogenetic abnormalities provides irrefutable evidence for 
a multipotent stem/progenitor cell origin. However, whether 
this is a true haemopoietic stem cell or a myeloid progenitor 
cell, or indeed a lineage - committed cell in cases of unilineage 
dysplasia, is not entirely clear. Irrespective of the cell of origin, 
it is clear that these cells must be capable of suffi cient self -
 renewal in order to perpetuate the disease. Studies using inter-
phase fl uorescence  in situ  hybridization (FISH) analysis have 
recently yielded some insights into the nature of the target cell 
in MDS and shown, perhaps unsurprisingly, that the situation 
is complicated and varies from one type of MDS to another. 
Thus, in 5q –  syndrome, the cytogenetic abnormality can 
be found in both CD34 + CD38  −   myeloid progenitors and 
CD34 + CD19 +  pro - B cells, indicative of a true haemopoietic 
stem cell origin, while in patients with trisomy 8 the cytogenetic 
abnormality is often absent from the CD34 + CD38  −   fraction sug-
gesting that there might be a different initiating event occurring 
within the haemopoietic stem cell. If so, then this would support 
the multistep theory of disease progression by which the dys-
plastic clone evolves over time through acquisition of additional 
mutational hits, allowing selection of more proliferative 
subclones. 

 If indeed the cell of origin in MDS is an aberrant stem or 
progenitor cell with the capacity for indefi nitely perpetuating 
the dysplastic clone, then no less important is the bone marrow 
microenvironment in which the cells live. This is termed the 
stem cell niche, which comprises the stromal, endosteal and 
vascular environment responsible for maintaining the stem cell 
through intimate cell – cell contact. In many regards, the stem 
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evolves towards AML, with upregulation of NF -  κ B, altered 
expression of adapter molecules such as Flice inhibitory protein 
(FLIP), and enhanced activity of members of the BCL - 2 and 
IAP (inhibitors of apoptosis protein) families. This is borne out 
by a murine model of MDS/AML in which BCL - 2 is condition-
ally overexpressed alongside an activating  NRAS  mutant gene 
resulting in a disease entity reminiscent of MDS. In this model, 
using a stronger promoter to drive BCL - 2 gene expression leads 
to more rapid AML progression, providing experimental insight 
into the process of leukaemogenesis.   

  Molecular  b asis of  MDS  

 Despite the fact that the molecular basis of MDS is poorly 
understood, recent discoveries have provided important insights 
into the pathogenesis of the disease. MDS is a preleukaemic 
disorder characterized by impaired cellular differentiation that 
has the potential to transform to AML if this abnormality is 
coupled to enhanced survival and proliferation. Conversely, the 
myeloproliferative syndromes, including the myelodysplastic –
 myeloproliferative overlap, are characterized by enhanced sur-
vival and proliferation that has the potential to transform to 
AML if coupled to a block in differentiation. Thus, conceptually 
at least, both MDS and myeloproliferative disorders represent 
different routes to acquiring the multiple hits necessary for 
development of AML. 

  Cytogenetic  a bnormalities 

 Cytogenetic analysis of marrow samples plays an important role 
in the evaluation of MDS with regard to establishing clonality 
and determining prognosis. Clonal abnormalities are observed 
in approximately half of all primary MDS cases and in up to 
90% of cases of secondary therapy - related MDS (Table  28.4 ). 
Defi ning such abnormalities and their clonal evolution over 

a central role in maintaining immune tolerance. This has 
revealed a correlation between expanded numbers of 
CD4 + CD25 high FoxP3 +  regulatory T cells and more aggressive 
forms of MDS as defi ned by their blast cell percentage, possibly 
due to suppression of host antitumour mechanisms. However, 
the most persuasive evidence for immune dysregulation in 
MDS arguably comes from the recognition that some forms of 
the disease, notably hypocellular MDS, like aplastic anaemia 
can respond well to immunosuppressive therapy with antithy-
mocyte globulin and/or ciclosporin resulting in durable haema-
tological recovery and abrogation of T - cell clones.  

  Apoptosis in  MDS  

 One of the defi ning, albeit paradoxical, features of MDS is the 
presence of cytopenias despite a typically hypercellular bone 
marrow. For those patients undergoing leukaemic transforma-
tion, the cytopenias arise due to maturation block of the malig-
nant cells. However, in cases of MDS that lack an excess of 
blasts, the cytopenias are a refl ection of the ineffective haemo-
poiesis that is a hallmark of the disease. The mechanism appears 
to be one of increased apoptosis of haemopoietic precursors in 
the marrow, as demonstrated using  in situ  end - labelling of frag-
mented DNA to reveal cells undergoing programmed cell death. 
Apoptosis is more prominent in early MDS, such as RA and 
RARS, than in advanced MDS with excess myeloblasts. Indeed, 
for the blasts to overcome this apoptotic tendency indicates that 
they have lost their G 2 /M checkpoint control that appears to be 
a necessary requirement for progression to leukaemia. This pro-
gression is accompanied by a change in favour of pro - apoptotic 
proteins such as c - Myc in CD34 - positive precursors at diagno-
sis to anti - apoptotic proteins such as Bcl - 2 in leukaemic blasts 
at time of transformation. Moreover, patients with higher rates 
of apoptosis have a considerably better overall survival than 
patients with lower rates of apoptosis, likely refl ecting the clonal 
evolution of the MDS towards AML. This fi nding is corrobo-
rated by fl ow cytometry analysis of MDS marrow samples to 
measure relative levels of apoptosis (by annexin V staining) 
versus proliferation (by Ki67) that demonstrates a shift from 
apoptosis to proliferation as the disease progresses. These fi nd-
ings underpin the theory that apoptosis plays a major role in 
the pathophysiology of MDS. 

 Apoptosis can be initiated by various cytokines, notably 
tumour necrosis factor (TNF) -  α , Fas - ligand, and TNF - related 
apoptosis inducing ligand (TRAIL). Indeed, all these cytokines 
and related other ones are typically upregulated in the marrow 
in MDS, serving as negative regulators of haemopoiesis. 
Apoptosis can also be triggered by cytotoxic T cells and by 
signals from marrow stromal cells, probably via activation of 
similar pathways, and intrinsically following DNA damage and 
mitochondrial dysfunction that leads in turn to cytochrome  c  
release and caspase activation. This balance of pro - apoptotic to 
anti - apoptotic signals swings in favour of the latter as the MDS 

  Table 28.4    Cytogenetic abnormalities in  MDS  with approximate 

frequency. 

   Abnormality     Primary 

MDS (%)  

   Therapy - related 

MDS (%)  

  Complex karyotype    15 – 20    80 – 90  

  del(5q)/monosomy 5    15 – 20    30 – 40  

  del(7q)/monosomy 7    10 – 15    40 – 50  

  Trisomy 8    10 – 15    10 – 15  

  del(20q)    5 – 10     –   

  del(17p)     < 5     –   

  del(13q)     < 5     –   

  del(11q)     < 5     –   

  del(12p)     < 5     –   
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ous candidate genes. However, it was not known whether 5q –  
syndrome required the loss of heterozygosity for a particular 
gene locus or could arise through haploinsuffi ciency alone of a 
particular gene. 

 The best candidate gene for 5q –  syndrome was recently iden-
tifi ed by way of a functional screening study that used RNA 
interference (RNAi) to systematically  ‘ knock down ’  expression 
of 40 genes in the 5q32 region in normal CD34 - positive cells. 
These cells were cultured in conditions promoting either eryth-
roid or megakaryocytic differentiation. Partial RNAi knock-
down of the ribosomal protein S14 gene ( RPS14 ) was found to 
cause a block in erythroid differentiation but preservation of 
megakaryocytic differentiation that recapitulates the phenotype 
of 5q –  syndrome. Moreover,  RPS14  was able to rescue the 5q –  
phenotype by re - expression in CD34 - positive cells from 5q –  
syndrome patients. If this result is confi rmed, then there would 
appear to be a remarkable similarity between 5q –  syndrome and 
the congenital bone marrow disorders of Diamond – Blackfan 
anaemia and Schwachman – Diamond syndrome that arise due 
to inherited abnormalities of related ribosomal protein genes, 
namely  RPS19  and  SBDS  respectively. However, while haploin-
suffi ciency of  RPS14  may indeed explain the key clinical features 
of the 5q –  phenotype, this hypothesis fails to account for the 
growth advantage of the 5q –  clone and therefore may not 
represent the complete genetic pathogenesis of the disease. 
Nonetheless, with the discovery that the immunomodulatory 
drug lenalidomide is an effective treatment in 5q –  syndrome, 
studies are ongoing to see whether this drug works by correcting 
the ribosomal defect caused by defi ciency of  RPS14 .  

  Chromosome 7  a bnormalities 
 Monosomy 7 is the second most common chromosomal abnor-
mality, occurring in up to 20% of MDS cases overall. It can 
present as a total or partial monosomy and may be an isolated 
abnormality or part of a complex karyotype. Clinically, mono-
somy 7 MDS is characterized by a lower median age of affected 
patients compared with deletions of 5q, severe refractory cyto-
penias, and tendency to life - threatening infections. Monosomy 
7 confers a poor prognosis that ranges from 14 months as an 
isolated abnormality down to 7 months if the karyotype is 
complex and involves other abnormalities. At least two distinct 
regions of common deletions have been identifi ed: the band 
7q22 and the more telomeric regions of 7q31 – 32 and 7q36. This 
suggests the presence of more than one gene having tumour -
 suppressive functions located within these disparate regions of 
7q. Whether the monosomy 7 MDS phenotype arises due to 
functional deletion through loss of heterozygosity of a particu-
lar gene locus or simply due to genetic haploinsuffi ciency is not 
known. There are a number of candidate genes within this 
region such as  MLL5 , a member of the Hox family, and genes 
involved with DNA repair. In addition, microRNAs involved in 
regulation of signalling pathways have been implicated as have 
associated mutations in  RAS  and  AML1  that commonly coexist 

time has contributed to our broader understanding of the 
mechanistic basis of MDS and how it transforms into AML. 
However, apart from the 5q –  syndrome, cytogenetic abnor-
malities are not specifi c for particular clinico - morphological 
subtypes of MDS. Generally, the loss or gain of genetic material, 
through chromosomal deletions, unbalanced translocations 
and aneuploidy, is more characteristic of MDS than AML. 
Conversely, balanced translocations that are typical of  de novo  
AML are rarely seen in MDS.   

 The common chromosomal abnormalities found in MDS 
include loss of Y, 5q –  or monosomy 5, 7q –  or monosomy 7, 
trisomy 8, 20q – , abnormalities of 11q23, and deletions of 
17p, 12p, 13q and 11q among others. None of these is specifi c 
for MDS as they can also occur in AML and myeloproliferative 
states. Cytogenetic analysis is required for calculating a risk 
score according to established prognostic scoring systems, 
with normal,  – Y, del(5q) and del(20q) recognized as good - risk 
karyotypes while chromosome 7 anomalies, complex (more 
than three abnormalities) and very complex (more than fi ve 
abnormalities) are recognized as poor - risk karyotypes. For the 
three chromosomes (5, 7 and 20) that are commonly wholly 
or partially lost in MDS, it remains unknown whether the 
dysplastic phenotype arises due to a haploinsuffi cient dosage 
reduction of one or more genes or the complete functional 
loss of a key tumour - suppressor gene. Similarly, for trisomy 
8, it is not clear if this simply causes a dosage increase of a 
number of normal genes or the gain of function of a mutant 
oncogene. 

  5q –   s yndrome 
 The 5q –  syndrome was originally described in 1974 by Van den 
Berghe and was the fi rst entity within the group of refractory 
cytopenias to be associated with a consistent chromosomal 
aberration, namely the interstitial deletion of 5q. The syndrome 
is associated with macrocytic anaemia, thrombocytosis, unilob-
ular megakaryocytes and a low propensity to develop into AML. 
It is more common in females than males. However, not all 
patients with 5q abnormalities have this syndrome since del(5q), 
and indeed monosomy 5, are also found in more typical cases 
of MDS, frequently as part of a complex karyotype with other 
cytogenetic abnormalities. 

 The 5q –  syndrome, with del(5q) as the sole cytogenetic 
abnormality, has provided an opportunity to defi ne precisely 
the molecular defect(s) underlying the pathogenesis of this 
disease. The search for a minimal common deleted region on 
the long arm of chromosome 5 has spanned three decades and 
relied on physical mapping methods. Using FISH analysis, this 
region has been narrowed down to a 1.5 - Mb interval located on 
5q32. The advent of high - resolution single - nucleotide poly-
morphism (SNP) arrays has provided greater refi nement of 
the limits of this deleted region. The search for a tumour - 
suppressor gene located within this region has involved many 
different approaches over recent years and resulted in numer-
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Another recurrent cytogenetic abnormality in MDS that is 
associated with characteristic morphological features is isolated 
del(20q), which typically involves erythroid and megakaryo-
cytic lineages. Deletions of 20q generally carry a favourable 
prognosis although the implicated gene, which is likely to 
reside within the commonly deleted region 20q12, remains 
unknown. 

 Activating mutations of  RAS , usually involving  NRAS , are 
found in up to 20% of cases of MDS, especially CMML, and are 
often associated with  AML1  point mutations. Other genes occa-
sionally found to harbour mutations in MDS include those 
encoding various cell - surface receptors with kinase activity such 
as  FMS  (now called  CSF1R ),  KIT ,  FLT3 ,  PDGFRB  and  GCSFR , 
and those encoding transcription factors such as  GATA1 ,  PU.1  
( SPI1 ),  CEBPA ,  MLL  and  TP53 . Mutations of the  ATRX  gene 
located on the X chromosome are associated with the rare phe-
nomenon of acquired HbH disease, also termed acquired  α  
thalassaemia in MDS, in which the dysplastic red cells are mark-
edly microcytic and hypochromic with HbH inclusions. 

 Recently, the V617F mutation of the  JAK2  gene has been 
demonstrated in up to 50% of patients with the overlap condi-
tion of RARS with thrombocytosis (denoted RARS - T) that 
exists as a provisional new entity in the updated WHO classifi -
cation. This mutation, which is more commonly associated 
with the myeloproliferative disorders, causes constitutive acti-
vation of the JAK2 protein and downstream signalling. Similarly, 
mutations of the  MPL  gene, which are described in essential 
thrombocythaemia, have also been identifi ed in patients with 
RARS - T. 

 A number of state - of - the - art techniques are increasingly 
being used to further refi ne our understanding of the molecular 
pathogenesis of MDS. These include gene expression profi ling 
to identify expressed transcripts and comparative genomic 
hybridization (CGH) to identify small regions of DNA gain or 
loss. More recently, high - resolution SNP genotyping microar-
rays have been used to detect cytogenetically cryptic genomic 
aberrations (Figure  28.2 ). These SNP microarrays use chromo-
somal markers to identify regions of loss of heterozygosity, 
which occurs either through genetic deletion or functionally via 
copy - neutral uniparental disomy (UPD), leading to regions of 
hemizygosity or homozygosity respectively. One study of 119 
low - risk MDS patients revealed that UPD occurs in 46% of 
cases, while deletions and amplifi cations occur in 10% and 8% 
of cases respectively. A number of state - of - the - art techniques 
are increasingly being used to further refi ne our understanding 
of the molecular pathogenesis of MDS. These include gene 
expression profi ling using cDNA microarray analysis to identify 
expressed transcripts, and comparative genomic hybridization 
(CGH) to identify small regions of DNA gain or loss. More 
recently, high - resolution single - nucleotide polymorphism 
(SNP) genotyping microarrays have been used to detect cytoge-
netically cryptic genomic aberrations (Figure 2). These SNP 
microarrays use chromosomal markers to identify regions of 

with monosomy 7. However, the precise mechanism relating 
monosomy 7 to MDS remains obscure.   

  Genetic  a bnormalities in  MDS  

 Recurrent abnormalities in a large number of genes have been 
identifi ed in MDS and continue to provide important insights 
into the disease. These include genes coding for cell surface 
molecules, signal transduction proteins, transcriptional factors, 
epigenetic modifi ers, protein degradation pathways and many 
genes of unknown function (Table  28.5 ).   

 Mutations of the  AML1  gene (also known as  RUNX1 ) have 
recently been recognized to occur in MDS, particularly where 
it is treatment - related or radiation - induced. In contrast with 
the mutations of  AML1  found in M0 AML that are often bial-
lelic, those found in MDS are generally monoallelic and result 
in  AML1  haploinsuffi ciency rather than a dominant - negative 
protein. Moreover, while the mutations in AML tend to occur 
in the Runt domain and affect DNA binding, mutations in MDS 
occur more frequently in the C - terminus of the protein causing 
truncation and loss of its transactivating domain. Interestingly, 
individuals who inherit one abnormal copy of the  AML1  gene 
commonly exhibit congenital thrombocytopenia with a pro-
pensity to develop AML, suggesting the gene might be acting as 
a tumour suppressor in this setting. 

 The  AML1  gene is also involved in one of the few examples 
of a recurrent MDS - associated chromosomal lesion to be 
molecularly deciphered, namely the t(3;21) translocation found 
in some cases of MDS (and in blast crisis in chronic myeloid 
leukaemia). This translocation rearranges the  AML1  and  EVI1  
(also known as  MDS1 ) genes, fusing the N - terminus of AML1 
with a small portion of MDS1 and nearly all of EVI - 1 and result-
ing in a fusion protein that appears to deregulate normal hae-
mopoiesis. EVI - 1 is a zinc fi nger protein that when overexpressed 
can block erythroid differentiation and promote transforma-
tion. Translocations that involve only chromosome 3, namely 
t(3;3) and inv(3), both cause overexpression of  EVI1  and are 
associated with MDS and AML with abnormal megakaryocytes. 

  Table 28.5    Recurrent mutated genes in  MDS  according to their 

major function. 

   Gene function     Abnormal gene  

  Cell surface receptor     KIT ,  FMS ,  PDGFRB ,  GCSFR ,  MPL , 

 FLT3   

  Signal transduction     NRAS ,  JAK2   

  Transcription factor     AML1 ,  GATA - 1 ,  PU.1 ,  CEBPA , 

 TP53   

  Epigenetic factor     MLL ,  ATRX   

  Protein degradation     CBL   

  Unknown function     TET2   
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AML that has recently been shown to catalyse the conversion 
of 5 - methylcytosine to 5 - hydoxymethylcytosine. However, 
unlike  TET1 ,  TET2  lacks a DNA binding domain and its func-
tion remains largely unknown, although it is clearly implicated 
in the control of normal myelopoiesis. Of particular interest is 
the fact that the  TET2  mutation appears to be an early genetic 
lesion identifi able in haematopoietic stem cells that is generally 
acquired before other mutations, such as the  JAK2  V617F muta-
tion, as evidenced by the fact that  TET2  + ve/ JAK2  + ve myelopro-
liferative states frequently transform into  TET2  + ve/ JAK2  - ve 
AML.   

 The  CBL  gene at chromosomal position 11q23.3 is another 
candidate tumour suppressor gene recently implicated in MDS. 
It was identifi ed through demonstration of a recurrent UPD at 
11q in 12 of 301 patients (4%) with various myeloid malignan-
cies, including MDS/MPN, CMML and related disorders. Of 

loss of heterozygosity, which occurs either through genetic 
deletion or functionally via copy - neutral uniparental disomy 
(UPD), leading to regions of hemizygosity or homozygosity, 
respectively. One study of 119 low - risk MDS patients revealed 
that UPD occurs in 46% of cases, whereas deletions and ampli-
fi cations occur in 10% and 8% of cases, respectively. This 
approach has been used to identify a number of recurrent muta-
tions involving various genes not previously implicated in the 
pathogenesis of MDS. Most notable amongst these is the  TET2  
gene which is located within a region of UPD at chromosomal 
position 4q24 and is a candidate tumour suppressor gene 
mutated in 19% of patients with MDS. Importantly,  TET2  has 
also been shown to be defective in patients with other myeloid 
malignancies, including CMML (22%), secondary AML (24%) 
and myeloproliferative disorders (12%).  TET2  shares sequence 
homology with  TET1 , a fusion partner of the MLL oncogene in 

     Figure 28.2     Representative examples of genomic mutations 

identifi ed in MDS patients using single - nucleotide polymorphism 

analyses with high - density microarrays. BM denotes bone 

marrow cells and CD3 denotes T lymphocytes. CN, copy 

number; LOH, loss of heterozygosity; UPD, uniparental disomy. 

(From Maciejewski  &  Mufti 2008 with permission.)  
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  Diagnosis 

  Clinical  f eatures 

 Approximately 20% of cases of MDS are detected incidentally 
in patients who have a routine blood count taken for unrelated 
reasons that reveals unexpected cytopenia or dysplasia. The 
majority of the remainder present with symptoms and signs of 
bone marrow failure, notably fatigue due to anaemia in up to 
80% and infections or bleeding in up to 20%. Among the most 
common infections are bacterial pneumonias and skin abscesses, 
occurring particularly in patients with a neutrophil count of less 
than 1    ×    10 9 /L. Features of lymphadenopathy, splenomegaly 
and hepatomegaly are rarely found. There is a recognized asso-
ciation between MDS and several rare disorders that seem to 
have an immunological basis, including neutrophilic dermato-
sis (Sweet syndrome), pyoderma gangrenosum and cutaneous 
vasculitis.  

  Blood  c ount 

 Anaemia is the predominant fi nding in most patients at pres-
entation, occurring as pancytopenia in 30 – 50% or in combina-
tion with neutropenia or thrombocytopenia in 20 – 30%. Isolated 
neutropenia or thrombocytopenia is rarer, accounting for 
5 – 10% of presentations. Occasionally, the blood count is 
normal and the diagnosis is suggested by abnormal parameters 
generated by automated cell counters that refl ect aberrant mor-
phology, such as the erythrocyte distribution width that can 
itself become a useful marker of MDS.  

  Peripheral  b lood  m orphology 

 Morphological abnormalities in the peripheral blood, while 
generally non - specifi c for MDS, can nonetheless be very helpful 
in arriving at a diagnosis. There is commonly marked anisocy-
tosis/poikilocytosis and the red cells tend to be macrocytic and 
oval - shaped. In sideroblastic anaemia, the blood fi lm is classi-
cally dimorphic, containing a minority population of hypochro-
mic microcytic cells; Pappenheimer bodies, which can be 
confi rmed with an iron stain, and basophilic stippling may also 
be seen. Microcytosis is present in the rare variant of acquired 
HbH disease. Some patients have occasional circulating eryth-
roblasts in the peripheral blood that are often dysplastic or 
megaloblastic. 

 Neutropenia is common and neutrophils often exhibit 
reduced granulation and the acquired Pelger – Hu ë t anomaly. 
Hypogranular neutrophils arise due to defective formation of 
secondary granules, with the agranular ones being highly spe-
cifi c for MDS. The pseudo - Pelger – Hu ë t neutrophil is one that 
exhibits dense clumping of the chromatin and hypolobulation 
of the nucleus that is classically bilobed (resembling a pair of 
spectacles) or even non - lobed (resembling a dumb - bell). This 

these, seven patients were found to carry mutations of the  c -
 CBL  gene, which functions as an E3 ubiquitin ligase involved 
with ubiquitination and degradation of active protein tyrosine 
kinases. Interestingly, mutations involving  CBL  appear to be 
particularly common in myeloproliferative states, showing fea-
tures of transformation. Finally, one additional gene, the poly-
comb gene  ASXL1 , has also been shown to be mutated in 4 out 
of 35 patients with MDS (11%) and 17 out of 39 patients with 
CMML (43%) in one study and 2 out of 20 patients with 
RARS - T (10%) in another study. Although the specifi c function 
of  ASXL1  remains largely unknown, it appears to be a chroma-
tin - binding protein important for regulating gene expression 
through epigenetic transcriptional control.  

  Epigenetic  a bnormalities 

 Epigenetics refers to various molecular modifi cations of chro-
matin that, without altering the DNA sequence, play a critical 
role in genomic regulation and control of gene expression. 
There are two important epigenetic modifi cations relevant to 
MDS, namely DNA methylation and histone modifi cation. 
DNA methylation refers to the addition of a methyl group to 
cytosine, which can occur wherever this is followed by a guanine 
within a CpG dinucleotide pair. Such CpG pairs are under -
 represented in the human genome but cluster together within 
so - called CpG islands that tend to be located in the proximity 
of gene promoter regions. In normal cells, these CpG islands 
are typically unmethylated, allowing genes to be expressed. 
However, if a CpG island is methylated, then transcriptional 
activity at the promoter is impeded and the gene becomes 
silenced. Thus, aberrant promoter methylation leads to inacti-
vation of the gene, thereby providing an alternative mechanism 
whereby tumour - suppressor genes can be functionally 
deleted. This is the paradigm that underpins the rationale for 
using hypomethylating agents as a novel therapeutic strategy in 
MDS. 

 The other major epigenetic control mechanism that works in 
conjunction with DNA methylation is histone modifi cation. 
Histones form the chromatin scaffold and closely regulate 
whether the DNA exists locally in a repressed or permissive 
state. Biochemical alterations to the tails of the histone mole-
cules infl uence the degree of compaction of the nucleosomes 
and hence the level of transcriptional activity of nearby genes. 
Unlike DNA methylation, which is largely irreversible, histone 
modifi cations are more dynamic, particularly acetylation/
deacetylation of lysine residues of histones H3 and H4. 
Moreover, there is a close and cooperative interplay between 
these two epigenetic control mechanisms that together can 
render a gene permanently silenced. The signifi cance of this 
is that combination epigenetic therapies that comprise a 
hypomethylating agent with a histone deacetylase inhibitor may 
be more effective than single agents in reawakening silenced 
tumour - suppressor genes.   
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acquired abnormality, which resembles the inherited Pelger –
 Hu ë t anomaly, is suffi ciently characteristic of MDS to be almost 
pathognomonic. 

 Monocytosis is present, by defi nition, in CMML and mono-
cytes can often be morphologically abnormal. While often 
reduced in MDS, basophils and eosinophils might also be raised 
in the proliferative overlap syndromes. Circulating blasts may 
be found in all categories of MDS but if present in signifi cant 
numbers are more usually indicative of RAEB. Finally, the 
platelet count is often reduced and platelets may show dysplasia 
such as hypogranulated and giant forms.  

  Bone  m arrow  m orphology 

 The ability to diagnosis MDS according to the presence of dys-
plastic morphology is critically dependent on optimal staining 
of the marrow slides with a Romanowsky stain (Figure  28.3 ). 
Ideally, only a small volume of marrow should be aspirated 
to avoid excess dilution with peripheral blood. There is often 
considerable interobserver variation, particularly where the 
dyserythropoiesis or neutrophil hypogranularity is subtle, but 
better consistency among observers in identifying frankly 
abnormal cells such as ring sideroblasts, pseudo - Pelger – Hu ë t 
cells, micromegakaryocytes and increased blasts.   

 The bone marrow is hypercellular in the majority of patients, 
due to erythroid and/or granulocytic hyperplasia, but can be 
normocellular or, in 10 – 20% of cases, hypocellular. Dysplastic 
features can be recognized in any number of lineages and a 
minimum of 500 cells should be scrutinized to gain an accurate 
and representative differential of cells present. 

 Erythropoiesis is usually normoblastic but may exhibit meg-
aloblastic - like features. In patients with sideroblastic anaemia, 
the erythroblasts are often poorly haemoglobinized or show 
cytoplasmic vacuolation. The list of dysplastic features is con-
siderable and may include binuclearity and multinuclearity, 
internuclear bridging, nuclear budding and fragmentation, 
increased pyknosis, and basophilic stippling. Cytochemical iron 
staining should be performed in all cases of suspected MDS in 
order to quantify iron stores and to detect and enumerate ring 
sideroblasts and pathological non - ring forms. 

 Granulopoiesis is usually hyperplastic. Dysplasia of the gran-
ulocytic series is often quite diffi cult to appreciate and includes 
defective granulation and nuclear lobulation. There may be 
prominent basophilic and eosinophilic differentiation and 
increased numbers of blasts may be present. 

 Megakaryopoiesis is commonly dysplastic, of which the most 
specifi c feature is the micromegakaryocyte. This is typically the 
size of a myeloblast with an ill - defi ned or blebbed periphery and 
a single monolobed nucleus. Other megakaryocytes may exhibit 
hypolobulation or contain multiple disparate nuclei due to 
aberrant maturation. In the acquired 5q –  syndrome, there are 
often increased numbers of megakaryocytes that are variably 
sized and contain a large non - lobulated nucleus.  

  Bone  m arrow  h istology 

 Histological analysis of the bone marrow can yield diagnostic 
information not apparent by morphology, particularly regard-
ing architectural disorder, and should be undertaken routinely 
whenever a biopsy is being taken in suspected cases of MDS. 
The majority of patients with MDS will have hypercellular 
marrows but a signifi cant minority will have a hypocellular 
marrow. Cytological evidence of dysplasia can be found in all 
lineages but is most easily detected in the erythroid precursors. 
Abnormal clustering of megakaryocytes is often seen as are 
micromegakaryocytes that can be more easily detected by 
immunohistochemical staining. Reticulin can be modestly 
increased. Abnormal localization of immature precursors is a 
much - debated fi nding that refers to the clustering of promyelo-
cytes and myelocytes in an intertrabecular position. Their pres-
ence tends to correlate with the blast percentage in MDS and as 
such they may signify propensity to leukaemic transformation, 
but this fi nding is inconsistent.  

  Other  i nvestigations 

 Immunophenotyping does not play a major role in the diagno-
sis of MDS and need not be routinely performed. However, 
various abnormalities are sometimes discernible, notably low 
side - scatter, reduced expression of normal myeloid markers, 
and aberrant patterns of expression of other markers. CD34 
expression, and to a lesser degree CD117, often correlates with 
the blast percentage, while coexpression of CD7 is signifi cant 
for conferring a worse prognosis. 

 There are a number of further laboratory tests that are com-
monly abnormal in MDS but which are rarely indicated for 
purposes of diagnosis. These include the following. 
   •      Granulocyte function tests to demonstrate defective phagocy-
tosis, cell killing and motility.  
   •      Platelet function tests to demonstrate reduced aggregation 
and prolonged bleeding time.  
   •      Haemoglobin electrophoresis, or HPLC, to detect HbH 
(raised in acquired HbH disease) and HbF (raised in juvenile 
myelomonocytic leukaemia).  
   •      Ferrokinetics to assess erythropoiesis.  
   •      Autoantibodies (found in up to 50% of CMML patients).  
   •      Serum protein electrophoresis to assess immunoglobulins 
and detect paraprotein.  
   •      Lymphocyte populations to detect altered numbers of T - cell 
subsets and natural killer cells.      

  Natural  h istory and  p rognostic  f actors 

  Natural  h istory 

 The natural history of MDS is highly variable due to the con-
siderable biological heterogeneity of the disease. The median 
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(a) (b)

(c) (d)

(e) (f)

           Figure 28.3     (a) Marrow aspirate showing erythroid dysplasia 

(nuclear irregularity, binucleate pro - erythroblast) and myeloid 

dysplasia (neutrophil hypogranularity, pseudo - Pelger – Hu ë t cell). 

(b) Marrow aspirate from a patient with CMML showing 

monocytes, promonocytes and blast cells. (c) Marrow aspirate 

stained with Perls stain from a patient with RARS showing 

ring sideroblasts. (d) Marrow aspirate stained with Perls ’  stain 

from a patient with RARS, showing ring sideroblasts. (e) 

Peripheral blood from a patient with RAEB, ring sideroblasts 

and acquired haemoglobin H, showing a grossly dimorphic 

picture. (f) Dysplastic megakaryocyte with widely separated 

nuclei. 
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(g) Large mononuclear megakaryocyte. 

(h) Micromegakaryocyte. (i) Marrow trephine biopsy showing an 

abnormal localization of immature precursors (ALIP)  (courtesy 

of Dr Bridget Williams, Department of Histopathology, Royal 

Victoria Infi rmary, Newcastle upon Tyne) . (j) Marrow trephine 

stained for neutrophil elastase showing a  ‘ true ALIP ’   (courtesy of 

Dr Bridget Wilkins, Department of Histopathology, Royal 

Victoria Infi rmary, Newcastle upon Tyne) . (k) Peripheral blood 

from a patient with CMML showing monocytes and 

promonocytes. (l) CMML marrow showing immature myeloid 

and monocytic cells. 

(g)

(h)

(i)

(j)

(k)

(l)

Figure 28.3 Continued 
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studied and these fell collectively within the good - risk group. 
For these patients, alternative techniques will be required to 
further delineate the genetic abnormalities, for instance high -
 resolution SNP microarrays. One such study of low - risk MDS 
patients with normal karyotypes identifi ed UPD in 46% of cases 
analysed compared with deletions in 10%, both of which result 
in cryptic loss of heterozygosity and potential predisposition 
to development of MDS. In the future new analytical tools, 
including matrix CGH, microarray gene expression analyses, 
proteomics and methylation profi ling, will no doubt add further 
to our understanding of the pathogenesis of MDS, identifi ca-
tion of therapeutic targets, and individualization of prognosis 
and therapy. Until such time, we are left with a long list of 
clinical and laboratory criteria by which to determine prognosis 
and optimal management for an individual diagnosed 
with MDS.  

  International Prognostic Scoring System 

 The International Prognostic Scoring System (IPSS) was pub-
lished in 1997 by an International MDS Risk Analysis Workshop 
(Tables  28.6 – 28.8 ). It was based on the retrospective evaluation 
of a clinical, morphological and cytogenetic dataset obtained 
from 816 patients with MDS that was compiled from seven 
large risk - based studies. These patients were either untreated or 
had received only short courses of low - dose oral chemotherapy 
or haemopoietic growth factors. The study included those 
patients diagnosed with MDS according to the FAB criteria, 
except for those patients with proliferative CMML defi ned as 
having a white cell count greater than 12    ×    10 9 /L. A global 
analysis was performed and critical prognostic variables were 
evaluated to generate a consensus prognostic scheme, particu-
larly using more refi ned bone marrow cytogenetic information. 
In addition to patient age, univariate analysis indicated that the 
major variables having an impact on disease outcome for evolu-

survival of adult patients with primary MDS is approximately 
20 months but this varies from only a few months for patients 
with high - risk disease up to nearly 12 years for patients with 
low - risk disease. At one end of the MDS spectrum are patients 
whose disease rapidly transforms into AML, while at the other 
end are patients with modest levels of anaemia not requiring 
transfusion support. Many factors infl uence the clinical course 
of the disease, including the subtype of MDS, the levels of dys-
plasia and blast percentage, and the number of cytopenias 
present. The biology of the disease, which dictates the rates of 
clonal expansion and leukaemic evolution, clearly involves 
genetic and epigenetic abnormalities, although these are diffi -
cult to identify in individual patients. 

 Cytogenetic analysis represents the most important investi-
gation at diagnosis, both for understanding the biology of the 
disease and for making prognostic recommendations for the 
patient. Indeed it is possible to construct a prognostic scheme 
in MDS based solely on the cytogenetic abnormalities. This 
was recently carried out by the German – Austrian MDS Study 
Group using data generated from 1202 patients treated with 
supportive care only. Their analysis was based on a total of 24 
different karyotypic abnormalities, ranked according to the 
median survival of patients with each abnormality, that were 
then grouped into four risk subgroups. The most common 
cytogenetic abnormality in each of the four karyotypic sub-
groups, along with their respective median survival, were as 
follows: 5q –  in good - risk group (55 months); trisomy 8 in inter-
mediate I risk group (29 months); chromosome 7 anomalies in 
intermediate II risk group (15 months); and complex (more 
than three anomalies) in poor - risk group (8 months). However, 
normal karyotype accounted for just over 50% of all the cases 

  Table 28.6    International Prognostic Scoring System ( IPSS ). 

   Variable     Score value  

   0     0.5     1.0     1.5     2.0  

  Bone marrow 

blasts (%)  
   < 5    5 – 10     –     11 – 20    21 – 30  

  Karyotype  *      Good    Intermediate    Poor     –      –   

  Cytopenias   †       0/1    2/3     –      –      –   

    * Karyotype status: good category includes normal,  – Y, del(5q), 

del(20q); poor category includes complex (three or more) 

abnormalities, chromosome 7 anomalies; intermediate category 

includes other abnormalities.  

    †  Cytopenias defi ned as haemoglobin  < 10   g/dL, neutrophils 

 < 1.8    ×    10 9 /L and platelets  < 100    ×    10 9 /L.   

(m) Marrow aspirate showing erythroid 

dysplasia (nuclear irregularity, binucleate pro - erythroblast) and 

myeloid dysplasia (neutrophil hypogranularity, pseudo - P ë lger 

cell) from a patient with RCMD.  

(m)

Figure 28.3 Continued 
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  Table 28.7    Prognostic outcomes of 

 MDS  patients according to  IPSS  risk 

score. 

  Table 28.8    Median survival of  MDS  patients according to  IPSS  risk score and age. 

   Risk group     IPSS score     Median survival (years)  

    < 60 years old      > 60 years old      < 70 years old      > 70 years old  

  Low    0    11.8    4.8    9    3.9  

  Intermediate - 1    0.5 – 1.0    5.2    2.7    4.4    2.4  

  Intermediate - 2    1.5 – 2.0    1.8    1.1    1.3    1.2  

  High    2.5    0.3    0.5    0.4    0.4  

   Outcome measure     IPSS risk category  

   Low     Intermediate - 1     Intermediate - 2     High  

  Combined score    0    0.5 – 1.0    1.5 – 2.0    2.5  

  Leukaemic death    19%    30%    33%    45%  

  Median time to AML (years)    9.4    3.3    1.1    0.2  

  Median survival (years)    5.7    3.5    1.2    0.4  

   The median survival for each of these groups is stratifi ed according to age at diagnosis but 

broadly ranges from 4 to 12 years for low risk, 2 to 4 years for intermediate - 1, 1 to 2 years for 

intermediate - 2, and to  < 1 year for high risk across all age groups.   

tion to AML were cytogenetic abnormalities, percentage of 
myeloblasts in the marrow, and number of cytopenias.   

 The IPSS generates an overall score using three criteria, 
namely blast percentage, number of cytopenias and karyotype 
risk. Based on this score, patients are allocated into one of four 
risk groups, namely low, intermediate - 1, intermediate - 2 or 
high. The median survival for each of these groups is stratifi ed 
according to age at diagnosis, but broadly ranges from 5 – 7 years 
for low risk, 3 – 5 years for intermediate - 1, 1 – 2 years for inter-
mediate - 2, to 4 – 8 months for high risk. The value of such a 
prognostic scoring system is clearly dependent on the type of 
treatment that a patient receives. The IPSS has been validated 
in patients undergoing allogeneic transplantation, but the 
outcome of patients receiving intensive chemotherapy is more 
dependent on cytogenetic data than the percentage of marrow 
blasts and the IPSS appears less helpful in this setting. More 
recently, an alternative prognostic scoring system based on the 
WHO classifi cation scheme has been promoted to address some 
of the shortcomings of the IPSS.  

   WHO  Classifi cation -  b ased Prognostic 
Scoring System 

 One of the major shortcomings of the IPSS is the fact that the 
system was designed to be used only at diagnosis and may not 
be suitable for serial assessment of patients whose disease can 
evolve over time. In addition, the IPSS pre - dated the revised 
classifi cation of MDS according to WHO criteria and therefore 

incorporated some entities, notably CMML, that are now cat-
egorized as myeloproliferative overlap disorders. Finally, the 
IPSS fails to refl ect whether or not the patient is dependent on 
transfusional support, which along with cytogenetics is one of 
the main prognostic factors affecting survival. For these reasons, 
the WHO Classifi cation - based Prognostic Scoring System 
(WPSS) was developed based on the retrospective analysis of 
467 Italian patients and validated against 620 German patients 
(Tables  28.9  and  28.10 ). All patients had a diagnosis of MDS 
according to one of the WHO subgroups, but CMML and other 
overlap disorders were excluded. Analysis of the data showed 
that the most signifi cant variables for the model were WHO 
subgroup, the cytogenetic abnormalities and the transfusional 
requirements of the patient (Figure  28.4 ). These were incorpo-
rated into a scoring system that allowed stratifi cation into fi ve 
distinct risk groups showing signifi cantly different overall sur-
vival and probability of leukaemic progression (Figure  28.5 ). 
The median survival (in months) of these fi ve groups was 136 
(very low), 63 (low), 44 (intermediate), 19 (high) and 8 (very 
high). The likelihood of developing leukaemia ranged from a 
10 - year probability of 7% in the very low risk group to a 50% 
probability at 8 months in the very high risk group.     

 The major difference from the IPSS is that the WPSS provides 
prognostic information from initial evaluation through treat-
ment to follow - up. Thus, the WPSS permits a dynamic estima-
tion of survival and risk of AML transformation at multiple 
time points during the natural course of MDS and is therefore 
more versatile than the IPSS in clinical decision - making and 
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  Table 28.9     WHO  Classifi cation - based Prognostic Scoring System ( WPSS ). 

   Variable     Score value  

   0     1     2     3  

  WHO category    RA, RARS, 5q –     RCMD, RCMD - RS    RAEB - 1    RAEB - 2  

  Karotype  *      Good    Intermediate    Poor     –   

  Transfusion requirement   †       No    Regular     –      –   

    * Karyotype status: good category includes normal,  – Y, del(5q), del(20q); poor category includes complex (three or more) abnormalities, 

chromosome 7 anomalies; intermediate category includes other abnormalities.  

    †  Transfusion dependency defi ned as having at least one transfusion every 8 weeks over a period of 4 months.   

  Table 28.10    Median survival of  MDS  

patients according to  WPSS  risk score. 
   Criteria     WPSS risk category  

   Very low     Low     Intermediate     High     Very high  

  Combined score    0    1    2    3 – 4    5 – 6  

  Median survival (months)    136    63    44    19    8  
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     Figure 28.4     Cumulative survival of MDS patients according to 

(a) WHO subtype diagnosis and (b) transfusion dependence. 

(From Cazzola  et al .  2005  with permission.)  
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selection of appropriate treatment options. Notably, patients 
with normal blast counts and those with only erythroid dyspla-
sia have a better prognosis according to the WPSS model but 
this requires validation. No doubt further revisions will emerge 
in the future that incorporate additional discriminatory risk 
factors.   

  Management and  t reatment 

 Traditionally, the management of patients with MDS has been 
largely unsatisfactory. However, the advent of newer treatment 
options coupled with better prognostication systems has 
resulted in some improvements for patients diagnosed with 
MDS today. Nonetheless, for many such patients who are com-
monly elderly and with other signifi cant comorbidities, man-
agement often consists solely of supportive care, which remains 
the cornerstone of treatment in MDS. Indeed, for some patients 
who present with transforming disease or whose health is oth-
erwise very poor, the only realistic option is the palliative relief 
of their symptoms. On the other hand, some patients may 
require observation only or may respond to growth factors, thus 
obviating the need for transfusion support. At the other end of 
the spectrum are younger fi tter patients for whom more inten-
sive treatment options might be considered, including high -
 dose cytotoxic therapy and stem cell transplantation (SCT). In 
addition, certain criteria in MDS are now becoming established 
that predict likelihood of clinical response to newer treatment 
options including immunosuppression, immunomodulatory 
drugs and hypomethylating agents. 

 Three important considerations should be borne in mind in 
arriving at an appropriate management plan for a patient with 
MDS: fi rstly, in asymptomatic patients, a period of observation 
can be extremely helpful in determining the rate of disease 
progression; secondly, it can be unwise to base the treatment 
plan on blood and marrow results during an acute infective 
episode since neutrophil and blast counts may be transiently 
increased; and thirdly, the patient ’ s own wishes and expecta-
tions, as well as his or her health and social circumstances, 
should all be part of the overall consideration before arriving at 
a management plan. The British Committee for Standards in 
Haematology (BCSH) has produced some consensus guidelines 
based on an evidence - based review of the published literature 
to guide optimal treatment of patients with MDS. The manage-
ment recommendations in this chapter are drawn partly from 
these guidelines but have also sought to include newer treat-
ment options that have emerged since the guidelines were 
published. 

  Supportive  c are 

 Patients who exhibit symptoms or signs of clinical anaemia 
should receive red cell transfusions in order to improve quality 

of life. However, the potential risks of blood transfusions should 
always be considered, notably iron overload in multitransfused 
patients. Therefore, transfusions should only be used to allevi-
ate symptoms of anaemia and not simply to maintain the hae-
moglobin above an arbitrary level. Other factors that might 
accentuate anaemia, such as nutritional haematinic defi ciencies, 
haemorrhage, haemolysis or infection, should be sought and 
treated as appropriate. 

 Bleeding is a common and potentially serious complication 
of MDS resulting from both thrombocytopenia and the effect 
of functionally defective platelets. Platelet transfusions are 
indicated in MDS patients in the treatment of acute bleeding 
episodes, or as prophylaxis prior to surgery or following chemo-
therapy. However, their long - term use, for instance in the pre-
vention of recurrent epistaxis or oral bleeding in elderly patients 
with persistent thrombocytopenia, presents signifi cant logistical 
(and fi nancial) issues. Moreover, as for red cell transfusions, 
platelet transfusions are not without potential com plications 
including allosensitization that can lead to future refractoriness. 
Antifi brinolytic agents such as tranexamic acid can be useful on 
occasion but are not routinely recommended.  

  Chelation  t herapy 

 The decision to implement iron chelation in a transfusion -
 dependent MDS patient is not straightforward. There is a 
paucity of published literature to suggest that this expensive and 
inconvenient treatment improves overall survival in MDS. 
Current BCSH recommendations state that iron chelation 
should be considered once a patient has received 5   g iron 
(approximately 25 units of red cells) but only in younger 
patients for whom long - term transfusion therapy is likely, 
such as those with sideroblastic anaemia, or in those with 
good - prognosis disease without signifi cant comorbidities. 
Desferrioxamine 20 – 40   mg/kg should be administered by sub-
cutaneous infusion over 10 – 12 hours for 5 – 7 days per week with 
annual audiometry and ophthalmology review. The target fer-
ritin concentration should be below 1000    µ g/L and vitamin C 
100 – 200   mg daily can be added after 1 month to enhance chela-
tion. However, these recommendations are likely to be revised 
in view of the increasing use of the oral iron chelator, defera-
sirox, in younger transfusion - dependent MDS patients, espe-
cially those awaiting allogeneic transplantation for whom iron 
overload, refl ected by a high ferritin level, can adversely infl u-
ence the outcome of the procedure. Early experience with 
deferasirox shows that it is well tolerated and controls or reduces 
iron levels in chronically transfused MDS patients when used 
at a daily dose of 20 – 40   mg/kg.  

  Growth  f actors 

 The aim of using recombinant erythropoietin in the treatment 
of anaemia in MDS is to normalize the haemoglobin level and 
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marrow hypocellularity are both associated with better out-
comes. Indeed, for young fi t patients presenting with hypoplas-
tic MDS, a trial of immunosuppression with ATG should be 
considered fi rst - line treatment before proceeding to allogeneic 
transplantation. This conclusion is supported by another study 
of patients with MDS from the National Institutes of Health 
cohort, which has demonstrated for the fi rst time that immu-
nosuppressive therapy with ATG and ciclosporin can confer a 
survival advantage in younger patients with low IPSS scores. 
Two predictors of response in this study were HLA - DR15 posi-
tivity and trisomy 8, with 9 of 12 patients with this cytogenetic 
fi nding achieving transfusion independence. Other reports have 
even documented benefi t in some patients to ciclosporin alone, 
or with corticosteroids, presumably through its immunosup-
pressive effect, although the benefi ts appear small and are rarely 
durable.  

  Intensive  c hemotherapy 

 Treatment of MDS patients with intensive chemotherapy regi-
mens generally yields low remission rates and high relapse rates. 
AML induction regimens often result in protracted chemother-
apy - related hypoplasia with remission rates that are consider-
ably lower than for  de novo  AML. Indeed, marrow samples from 
patients with AML should be rigorously scrutinized for the 
presence of morphological dysplasia, which suggests antecedent 
MDS and predicts poor response to standard chemotherapy. 
The reasons for this are not clear but may be related to intrinsic 
drug resistance, lower mitotic rate or expanded pool of malig-
nant stem cells. 

 Studies from the mid to late 1990s reported remission rates 
for high - risk MDS of 38 – 79% but these were generally short -
 lived, lasting 5 – 15 months. The karyotype appears to be the 
major determinant of response to intensive chemotherapy in 
MDS, with normal karyotype associated with high complete 
remission (CR) rate and longer remissions while complex 
karyotypes, particularly loss of chromosome 5 or 7, are associ-
ated with low CR rate and shorter remissions. Similarly, 
patients with therapy - related MDS have a particularly poor 
prognosis. 

 There is some evidence from  in vitro  studies that fl udarabine 
is better than daunorubicin when combined with cytarabine. 
Daunorubicin is a substrate for the P - glycoprotein commonly 
overexpressed in transforming MDS, resulting in drug resist-
ance. Conversely, fl udarabine is an effective DNA terminator 
that can potentiate the effect of cytarabine by increasing its 
intracellular concentration. The addition of G - CSF to this 
regimen in order to sensitize the cells to these drugs has not 
been shown to confer any signifi cant clinical benefi t. 

 Consolidation of remission by way of autologous SCT is only 
applicable to a minority of patients due to the diffi culty in 
harvesting CD34 - positive progenitors from patients with MDS. 
Moreover, despite achieving stable engraftment after myeloab-

achieve transfusion independence with enhanced quality of life. 
However, those patients who stand to benefi t the most are also 
those least likely to respond. Predictors of response include low 
serum erythropoietin concentration of less than 200   mU/mL 
(usually raised in MDS) and low transfusion requirements (two 
or less units per month). In such patients, there is evidence that 
cytokines can act on haemopoietic progenitor cells to reduce 
apoptosis and improve erythropoiesis. 

 Several small studies have demonstrated that erythropoietin 
is more likely to improve the haemoglobin level in patients with 
RA or RAEB, while patients with RARS rarely respond unless 
granulocyte colony - stimulating factor (G - CSF) is also used. A 
trial of erythropoietin alone at a dose of 10   000   units daily for 6 
weeks should be undertaken to determine response. For non -
 responders, consideration should be given to the addition of 
daily G - CSF, to doubling the dose of erythropoietin, or both for 
a further 6 weeks. The synergism achieved by adding G - CSF to 
erythropoietin can improve response rates in RARS from 8% 
up to 50%. The precise role of both these cytokines in low - risk 
MDS patients is currently being assessed in a multicentre ran-
domized trial in the UK to study quality of life, effect on survival 
and disease progression, and pharmacoeconomics. 

 The administration of G - CSF to patients with MDS typically 
results in a dose - dependent improvement in neutrophil 
numbers and function and is usually reserved for patients with 
severe sepsis or recovering from intensive chemotherapy. There 
is insuffi cient evidence to support its prophylactic use for pre-
venting neutropenic infection, although some patients whose 
quality of life is compromised by recurrent infective exacerba-
tions may respond to such an approach.  

  Immunosuppression 

 The serendipitous discovery that immunosuppression can 
sometimes yield responses in bone marrow failure states such 
as aplastic anaemia came from early experience of treating such 
patients with bone marrow transplantation and observing that 
some non - engrafters developed autologous haemopoietic 
recovery. In the case of MDS, there is accumulating evidence to 
implicate dysfunction of the immune system in the pathogen-
esis of the disease. Both these reasons provide the rationale for 
immunosuppression in the treatment of MDS, using either 
rabbit antithymocyte globulin (ATG) or horse antilymphocyte 
globulin (ALG), which are both polyclonal immunoglobulin 
preparations. A number of studies have shown that these treat-
ments can benefi t 30 – 60% of patients with MDS regardless of 
cellularity. Most clinically meaningful responses are in the 
erythroid lineage but bilineage and trilineage responses are 
also seen. 

 A number of studies have attempted to defi ne key criteria 
that predict likelihood of response to immunosuppression. One 
multicentre study that retrospectively analysed 96 patients with 
MDS treated with ATG demonstrated that low IPSS score and 



The myelodysplastic syndromes

521

advance in transplantation in MDS has been directed to address-
ing these issues. 

 There are three possible sources of stem cells in allogeneic 
transplantation: sibling donor, volunteer unrelated donor and 
umbilical cord blood. Approximately one - third of patients 
receive an HLA - identical sibling donor transplant and this is 
associated with slightly better survival compared with unrelated 
donor transplant, with lower rates of TRM and graft - versus -
 host disease (GVHD). Volunteer unrelated donor transplants 
do have the advantage of a lower relapse rate compared with 
sibling donor transplants, illustrating the enhanced graft - ver-
sus - leukaemia (GVL) effect that occurs with unrelated donors. 
As for umbilical cord transplants, these are generally reserved 
for patients without a suitable HLA - matched donor. They are 
associated with a lower rate of GVHD and greater tolerance of 
HLA mismatch but at the expense of possible engraftment 
failure. However, the use of tandem cord transplants has been 
found to improve engraftment rates, making this approach a 
feasible alternative to established SCT procedures. 

 The major development in allogeneic transplantation that is 
responsible for expanding the number of eligible patients is the 
use of RIC regimens. Indeed, the introduction of non - myelo-
ablative RIC has altered the landscape of SCT in MDS and 
rendered much of the outcome data from the SCT registries 
largely of historic interest (Table  28.11 ). Compared with stand-
ard conditioning, RIC regimens are characterized by reduced 
myelosuppression aimed at decreasing toxicity and related 
mortality. In addition, the RIC regimen must incorporate suf-
fi cient immunosuppression to prevent graft rejection by the 
host. A multitude of RIC protocols have been developed but 
typically they involve some combination of fl udarabine, mel-
phalan or busulfan, and alemtuzumab (Campath - 1H) or ATG, 
occasionally with low - dose total body irradiation also. 
Alemtuzumab is a humanized IgG1 monoclonal antibody 
directed against the CD52 antigen expressed on all lymphoid 
cells, dendritic cells and monocytes, while ATG is directed pri-
marily at T cells. Both alemtuzumab and ATG cause immuno-
suppression of the host and, because of their long half - lives, also 
of the donor graft resulting in  in vivo  T - cell depletion. This has 
the advantage of signifi cantly reducing the incidence of GVHD 
that remains the major cause of morbidity and mortality fol-
lowing standard conditioning transplants. However, the long -
 term GVL effect of the transplant is retained, thereby controlling 
any minimal residual disease but at the expense of increased 
incidence of life - threatening infections due to delayed immune 
reconstitution.   

 A recent single - centre follow - up of allogeneic RIC trans-
plants in 159 patients with MDS/AML (21 – 72 years, median age 
53) reported a TRM rate of 31% and 1 - year DFS rates for sibling 
donor and volunteer unrelated donor transplants of 61% and 
59%, respectively. These rates correlated strongly with IPSS risk 
category, with DFS at 1 year of 86% for intermediate - 1 patients, 
63% for intermediate - 2 patients and 33% for high - risk patients. 

lative high - dose chemotherapy, the graft is likely to be contami-
nated with residual disease cells that inevitably compromise any 
clinical benefi t. Data from the European Group for Blood and 
Marrow Transplantation (EBMT) on 114 patients who received 
autologous transplantation in fi rst CR have shown a 2 - year 
disease - free survival (DFS) rate of 34% and relapse rate of 64% 
that is signifi cantly worse than a 2 - year DFS rate of 51% for 
patients with  de novo  AML treated similarly.  

  Allogeneic  s tem  c ell  t ransplantation 

 Allogeneic SCT represents the only modality of treatment in 
MDS that has the potential for long - term cure. Historically, 
busulfan and cyclophosphamide, with or without total body 
irradiation, were used at high dose to condition the patient by 
way of total myeloablation allowing disease - free allogeneic stem 
cells to reconstitute the bone marrow. Over time, it became 
apparent that the curative potential of the transplant procedure 
was attributable to not only the toxic conditioning regimen 
but also the graft - versus - disease effect that clearly suppressed, 
or even eradicated, residual dysplastic/leukaemic cells. 
Traditionally, standard allografting was reserved for younger 
patients with good performance status and high - risk disease 
whose prognosis was otherwise very poor. Data from both the 
EBMT and the International Bone Marrow Transplant Registry 
(IBMT) confi rm that at least one - third of patients with MDS 
are cured by allogeneic SCT from HLA - identical sibling donors. 
The status of the underlying disease is a major contributing 
factor in determining DFS at 3 years after transplantation, 
which according to registry data prior to 1998 is 53 – 55% for 
RA/RARS and 28 – 36% for RAEB/RAEBt/AML. A number of 
other criteria are recognized as being poor prognostic factors 
for outcome following allogeneic SCT, including older age, 
poor - risk cytogenetics, high IPSS score, advanced disease, ther-
apy - related MDS, prolonged disease duration, and marrow 
fi brosis. However, advances in transplantation and supportive 
care are leading to a revision of the eligibility criteria for select-
ing suitable patients with MDS. The major driver for change 
over the last decade has been to address the extremely high 
transplant - related mortality (TRM) rate of 37 – 54% associated 
with standard allografting and this has resulted in the increasing 
use of reduced - intensity conditioning (RIC) regimens for MDS 
patients of all ages. 

 The optimal timing of transplantation in MDS is infl uenced 
by three factors, namely disease state, cytogenetics and age. 
Patients should be transplanted in a state of remission, after two 
or three cycles of intensive chemotherapy, since progressive or 
relapsed disease at time of SCT has a major adverse infl uence 
on outcome. Similarly, patients should be transplanted prior to 
cytogenetic evolution as poor - risk karyotypes are associated 
with poorer outcomes. Finally, the considerable TRM that 
accompanies SCT means that survival for older patients is con-
siderably worse than for younger patients. Indeed, much of the 
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further harnessed by use of donor lymphocyte infusions in the 
post - transplant setting. Donor lymphocyte infusions have been 
used to reinduce remission in patients with clinically relapsed 
haematological malignancy and to pre - emptively treat patients 
with molecular/cytogenetic evidence of mixed chimerism or 
relapsed disease. Durable remissions have been documented in 
cases of relapsed MDS/AML after transplantation, although 
results following morphological relapse are often poor. 
Considerable uncertainty remains regarding the optimal timing 
and dose of donor lymphocyte infusions in order to maximize 
the GVL effect while minimizing the risk of precipitating severe 
GVHD.  

  Hypomethylating  d rugs 

 Promoter hypermethylation leading to epigenetic silencing of 
tumour - suppressor genes is believed to be a key contributor to 
the molecular pathophysiology of MDS. This occurs by aber-
rant cytosine methylation at CpG dinucleotides, leading to 
inactivation of genes that control cell growth, differentiation 
and apoptosis. Hypomethylating agents are incorporated into 
the DNA where they covalently bind to the methyltransferase 
molecule, thereby inhibiting its function and leading to loss of 
methylation as DNA is replicated during mitosis. Currently, 
there are two hypomethylating agents that are approved for use 
in the treatment of MDS, namely 5 - azacytidine (azacitidine) 
and 5 - aza - 2 ′  - deoxycytidine (decitabine). Both of these drugs 
are cytosine nucleoside analogues that were initially developed 
as cytarabine analogues but had limited activity and unaccept-
able toxicities when used at high dose. However, at lower doses, 
they promote myeloid differentiation  in vitro  through gene 
activation. 

 The fi rst demonstration of clear therapeutic benefi t of 
hypomethylating agents came from a pivotal Phase III trial of 

In addition, DFS rates correlated strongly with disease status at 
time of transplantation, with poorer outcomes in patients with 
relapsed/progressive disease or in partial remission. The sur-
vival curve shows evidence of plateau at around 3 years, with 
overall survival at this time of 46% and a relapse rate of 41%, 
with 14% of patients experiencing extensive chronic GVHD 
(Figure  28.6 ). A more intensive conditioning regimen compris-
ing fl udarabine, cytarabine and amsacrine (FLAMSA) com-
bined with ATG, cyclophosphamide and 4 - Gy total body 
irradiation has recently been pioneered by a German group in 
patients with refractory disease at time of transplantation, with 
impressive 2 - year survival rates of 40%.   

 The GVL effect that is responsible for much of the therapeu-
tic success associated with allogeneic transplantation can be 

  Table 28.11    Comparative outcomes from standard myeloablative and reduced - intensity conditioning allogeneic stem cell 

transplantation in  MDS  patients from the European registry. 

   Criteria     Standard myeloablative conditioning 

( N    =   621 patients)  

   Reduced - intensity conditioning 

( N    =   215 patients)  

    P  - value  

  Patients over 50 years (%)    28    73     < 0.001  

  Acute GVHD (%)    58    43     < 0.001  

  Chronic GVHD (%)    52    45    Not signifi cant  

  NRM at 3 years (%)    32    22    0.04  

  Relapse at 3 years (%)    27    45     < 0.01  

  PFS at 3 years (%)    41    33    Not signifi cant  

  OS at 3 years (%)    45    41    Not signifi cant  

   Note that the 3 - year progression - free survival (PFS) and overall survival (OS) are comparable between the two groups despite signifi cant 

age differences, but that the risk of graft - versus - host disease (GVHD) and non - relapse mortality (NRM) are higher for standard 

transplants while the relapse rate is higher for transplants with reduced - intensity conditioning.   
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     Figure 28.6     Kaplan – Meier survival plot and data for 159 patients 

with advanced MDS/AML who received a reduced - intensity 

conditioned allogeneic transplant at King ’ s College Hospital, 

London. (Figure courtesy of Ziyi Lim.)  
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 Decitabine has also received FDA approval for the treatment 
of patients with MDS based on a Phase III evaluation of the 
drug that demonstrated a 35% overall response rate compared 
with best supportive care and a signifi cant prolongation of the 
time to AML or death in the high - risk/intermediate - 2 group of 
patients. However, unlike the azacitidine trial, decitabine failed 
to produce a statistically signifi cant survival advantage, possibly 
for dosage reasons, and therefore azacitidine should be consid-
ered the preferred therapeutic option. In lower - risk patients 
a shorter 5 - day regimen may yield adequate haematological 
improvements with acceptable toxicity profi le, while in higher -
 risk patients azacitidine offers an option for individuals who are 
not suitable for intensive therapy and allogeneic transplanta-
tion. Clinical trials are ongoing to study the benefi t of other 
epigenetic modifi ers, notably histone deacetylation inhibitors 
that might enhance the benefi t produced by hypomethylation 
agents.  

  Lenalidomide 

 Lenalidomide belongs to a class of compounds termed  ‘ immu-
nomodulatory drugs ’  that have shown broad activity on the 
bone marrow microenvironment, including anti - angiogenic 
activity and cytokine suppression. It has a superior toxicity 
profi le than its predecessor thalidomide, and appears to lack 
any signifi cant teratogenicity. Moreover, it causes enhancement 
of erythropoietin receptor signalling, making it an attractive 
candidate for studying in transfusion - dependent MDS. 
Lenalidomide was fi rst studied in an open - label single - centre 
trial in 43 patients with mostly lower - risk MDS; 63% of patients 
who were transfusion - dependent became independent of trans-
fusion, with the most marked responses observed in those 
patients with del(5q) compared with normal karyotype or other 
cytogenetic abnormalities (83% vs. 57% vs. 12%, respectively). 
A complete cytogenetic response was observed in 10 patients, 
all but one of whom had del(5q) and this provided the basis for 

azacitidine in patients with MDS conducted by the Cancer and 
Leukaemia Group B that has led to its approval by the US Food 
and Drug Administration (FDA). This study randomized 
patients to azacitidine 75   mg/m 2  administered subcutaneously 
daily for 7 days every 4 weeks or best supportive care with the 
option of crossover at 4 months. Responses were seen in all FAB 
subtypes, with 47% of patients achieving CR and 36% demon-
strating haematological improvement. The median time to 
AML transformation or death was 21 months for patients 
receiving azacitidine compared with 12 months for those receiv-
ing best supportive care. 

 A more recent Phase III trial in MDS patients with intermedi-
ate - 2 or high - risk disease, the AZA - 001 study (Figure  28.7 ), 
compared azacitidine with conventional care regimens (best 
supportive care, low - dose cytarabine or intensive chemother-
apy as deemed appropriate) and demonstrated that azacitidine 
confers a median survival benefi t of over 9 months (24.5 vs. 15 
months), with almost doubling of the survival at 2 years (51% 
vs. 26%). Moreover, the haematological improvements seen 
with azacitidine in this study were of longer duration than those 
of other care regimens, with higher rates of transfusion inde-
pendence, fewer infections and overall delay in progression to 
AML. In addition, subgroup analysis demonstrated that azaci-
tidine is associated with signifi cant benefi t in patients with 
adverse cytogenetics involving chromosome 7, with a 67% 
reduction in deaths and a survival advantage at 2 years of 33% 
compared with 8%. This latter fi nding has been confi rmed by 
another study that found a signifi cant survival advantage in 
high - risk patients, with median survival of 24.8 months for 
patients with monosomy 7 or 7q –  and 17.3 months for patients 
with complex cytogenetics. For this challenging group of 
patients, azacitidine may serve to induce cytogenetic remissions 
while transplant - eligible patients await donor selection. Current 
studies are seeking to explore alternative treatment regimens 
and also to study the role of azacitidine as maintenance therapy 
to prolong remissions following intensive chemotherapy.   
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     Figure 28.7     Kaplan – Meier plot 

comparing overall survival for MDS 

patients randomized to either 

azacitidine treatment or conventional 

care regimens (CCR) in the Phase III 

AZA - 001 study. Median survival 

favours azacitidine over CCR by 9.5 

months (24.5 vs. 15 months) with 

doubling of 2 - year survival (51% vs. 

26%). (From Fenaux  et al .  2009  with 

permission.)  
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another recent study of MDS patients lacking this abnormality 
that has shown a response rate of 43% with 26% achieving 
transfusion independence. Thus, lenalidomide represents a 
promising, albeit expensive, advance in the treatment of some 
forms of MDS.   

  Therapeutic  s trategy 

  Therapeutic  g oals 

 Arriving at the best management plan for an individual patient 
with MDS can be diffi cult (Figure  28.8 ). The initial decision to 
resolve is whether the goal of treatment should be to extend 
patient survival or to palliate symptoms with supportive care. 
This decision is helped by considering prognosis according to 
the IPSS/WPSS coupled to the patient ’ s age and performance 
status, always ensuring that any plan is fully in accordance with 
the patient ’ s own wishes. Treatment of MDS has historically 
been separated into low - intensity and high - intensity therapies, 
based on the risk of toxicities. Low - intensity therapies, which 
include immunosuppressive therapy, biological response modi-

a pivotal Phase II study in 148 transfusion - dependent patients 
who carried this abnormality. In this larger study, two - thirds of 
patients became transfusion - independent, with a median time 
of onset of 4.6 weeks and a median duration that had not been 
reached at 2 years of follow - up. Cytogenetic response was seen 
in 73% of patients, of whom 61% had a complete cytogenetic 
response and this strongly correlated with haematological 
improvement. No signifi cant difference in response was 
observed between the two dosing regimens of 10   mg daily or 
10   mg daily for 21 days of a 28 - day cycle. 

 Although the precise mechanism of action of lenalidomide 
in MDS remains unknown, there are a number of hypotheses. 
The evidence clearly supports the view that the drug directly 
targets the dysplastic clone given the cytogenetic response and 
normalization of haemoglobin and platelet levels. One mecha-
nism would be that lenalidomide corrects for the dosage 
haploinsuffi ciency caused by the 5q deletion, resulting in 
normalization of cell cycle arrest and apoptosis. However, lena-
lidomide is also known to have potent immunomodulatory and 
anti - angiogenic properties that may clearly be relevant to its 
therapeutic action. Indeed, clinical benefi t from lenalidomide 
is not only restricted to del(5q) patients, as demonstrated by 
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   IPSS   i ntermediate - 1 

 For older patients above the age of 65, or less if there are 
signifi cant comorbidities, supportive care should be offered 
as for low - risk patients. Immunosuppression with ATG and 
ciclosporin should be considered for cytopenic patients who are 
otherwise deemed unfi t for intensive chemotherapy, particu-
larly if the marrow is hypocellular with no excess of blasts or 
adverse cytogenetics. For younger patients below the age of 50 
who have either a sibling or unrelated donor available, alloge-
neic transplantation should be offered as a potentially curative 
procedure. Whether the conditioning regimen should be mye-
loablative or non - myeloablative is unclear and should be at the 
discretion of the local transplant unit. For patients between 50 
and 65 years of age, the optimal management is less straightfor-
ward given the signifi cant TRM associated with allogeneic SCT 
and the predicted median survival of 5.2 years for patients less 
than 60. The impressive data emerging for patients treated with 
RIC transplantation makes this an attractive treatment option, 
especially when a sibling donor is available, although unrelated 
donor transplants are also feasible. While trials demonstrate 
better outcomes if the transplantation is performed prior to 
disease progression, this is not always a straightforward decision 
and some patients may reasonably elect to reserve this option 
for when there is evidence of clonal evolution or early transfor-
mation. Iron overload should be avoided in those patients who 
remain transplant candidates, either by managing anaemia with 
erythropoietin with or without G - CSF or by using iron chela-
tion for those who are transfusion - dependent.  

   IPSS   i ntermediate - 2/ h igh 

 Patients in these poor prognostic categories are known to have 
median survivals of less than 2 years for intermediate - 2 to only 
a few months for high - risk individuals. Patients below the age 
of 65 years and without signifi cant comorbidities, particularly 
where a sibling donor is available, should be offered intensive 
chemotherapy and RIC transplantation, with myeloablative 
conditioning reserved for younger fi tter patients below 50 years 
at the discretion of the local transplant unit. However, if the 
patient fails to achieve at least a good partial remission follow-
ing intensive chemotherapy, then the prospects of successful 
outcome from allogeneic transplantation are minimal and pal-
liative treatment with supportive care may be a preferable 
option, although a FLAMSA - conditioned RIC transplant could 
be considered in some cases. 

 For patients over the age of 65 years, the best recommenda-
tion is not straightforward. The NCRI AML 16 trial is open for 
patients over 60 with high - risk MDS and AML, allowing rand-
omization to various treatment options on either intensive or 
non - intensive arms. However, this will depend on the patient ’ s 
performance status, comorbidities and own wishes. It is reason-
able to await the result of cytogenetic analysis, as patients with 

fi ers and cytokines, were reserved for lower - risk patients with 
the goal of improving cytopenias and quality of life without 
improving survival. Other low - intensity therapies such as low -
 dose chemotherapy and methyltransferase inhibitors aim to 
extend survival, whereas high - intensity therapies such as high -
 dose chemotherapy and allogeneic SCT aim to alter the course 
of the disease or even achieve cure.   

 Many patients with MDS receive supportive care alone, par-
ticularly lower - risk patients with chronic cytopenias or patients 
with higher - risk disease who are unable to tolerate high - inten-
sity therapy. Such patients often become dependent on frequent 
red cell or platelet transfusions and experience repeated infec-
tive and haemorrhagic complications. Regardless of disease 
status, many patients experience signifi cantly impaired quality 
of life simply as a consequence of the physical toll caused by 
frequent laboratory monitoring and transfusions, physician 
visits, and the fatigue that accompanies this. Thus, improve-
ment in quality of life and alleviation of disease - related symp-
toms are the key goals of therapy.  

  Assessing  r esponse 

 In 2000, the International Working Group (IWG) of investiga-
tors proposed standardization of response criteria by which to 
assess the results of different therapies in MDS. These criteria 
have been widely accepted into clinical practice and were 
updated in 2006. The investigators grouped patients into IPSS 
risk categories and recommended that the major goal of therapy 
for patients with lower - risk disease (low - risk and intermedi-
ate - 1 categories) is to achieve haematological improvement. For 
higher - risk patients (intermediate - 2 and high - risk categories), 
the focus turns to altering the natural history of the disease and 
prolonging life. The IWG criteria defi ne four specifi c aspects of 
responses based on treatment goals: haematological improve-
ment, cytogenetic improvement, alteration of disease progres-
sion, and quality of life. Haematological improvement is scored 
for each lineage according to whether there is a major or minor 
response, while cytogenetic improvement is scored according 
to whether there is a partial or complete response. Alteration of 
the natural course of the disease is determined according to 
various measures of disease progression and survival.  

   IPSS   l ow 

 The median survival for low - risk MDS is 4.8 years for those 
aged over 60 years to 11.8 years for those under 60 years. 
For this reason, intensive chemotherapy and SCT cannot be 
justifi ed given their potential for morbidity and mortality. 
Individuals should be monitored for disease progression and 
supported as necessary. Where possible, a trial of erythropoietin 
with or without G - CSF should be undertaken in patients with 
symptomatic anaemia, while those with del(5q) should ideally 
receive lenalidomide.  
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greater than 1    ×    10 9 /L and is usually in the range 2 – 5    ×    10 9 /L, 
but may exceed 80    ×    10 9 /L. The monocytes generally appear 
mature and morphologically unremarkable but may have 
agranular cytoplasm and/or abnormal nuclear lobulation. 
Promonocytes and monoblasts may also be seen but if they 
comprise more than 20%, then the diagnosis is AML rather 
than CMML. Evidence of dysgranulopoiesis is commonly 
present, including hypogranular and hypolobated neutrophils 
that are sometimes diffi cult to distinguish from dysplastic 
monocytes. The bone marrow is generally hypercellular, usually 
with striking granulocytic proliferation and invariably mono-
cytic proliferation that can be distinguished using cytochemical 
studies. Typical features of dysplasia can be identifi ed in all 
three lineages in over 80% of patients. 

 Cytogenetic analysis is important for confi rming clonality, 
although abnormalities are only found in 30 – 40% of cases, 
notably +8,  − 7/del(7q) and del(12p), and none is specifi c for 
CMML. Up to 40% of patients have point mutations of  RAS  
genes, which is higher than for other forms of MDS. 
Hypermethylation of the  CDKN2B  gene (which encodes the 
tumour suppressor p15INK4b), resulting in reduced expres-
sion, can be demonstrated in approximately 50% of patients. 
Recently, the  CBL  gene, which encodes the E3 ubiquitin ligase, 
has been implicated in progressive CMML by its presence 
within a region of UPD on chromosome 11q. It is important to 
exclude certain chromosomal translocations, by cytogenetic 
and polymerase chain reaction (PCR) analysis, that are indica-
tive of alternative diagnoses. These include chronic myeloid 
leukaemia diagnosed by the  BCR – ABL1  rearrangement and 
eosinophilia - related disorders associated with abnormalities of 
 PDGFRA ,  PDGFRB  and  FGFR1 . Mutations of the  JAK2  gene 
should also be excluded. 

 Approximately half of patients have splenomegaly, and often 
hepatomegaly, at diagnosis. Individuals with high monocyte 
counts may develop a maculopapular skin infi ltration, gum 
infi ltration, and monocytic pleural and pericardial effusions. 
Lymphadenopathy is uncommon but when it occurs it may 
signal a more acute phase with infi ltration of lymph nodes by 
myeloblasts. Weight loss, fevers and night sweats may occur in 
symptomatic patients. The number of blast cells plus promono-
cytes should account for less than 5% of peripheral blood leu-
cocytes and less than 10% of nucleated marrow cells to give a 
diagnosis of CMML - 1. If the blast/promonocyte count is higher 
than this but less than 20% in either the peripheral blood or 
bone marrow, or if Auer rods are present, then the diagnosis is 
CMML - 2. This identifi es a group of patients who have a worse 
prognosis and higher risk of transformation to AML, which is 
diagnosed when the blast/promonocyte count exceeds 20%. 
Immunophenotyping may be helpful for identifying myelo-
monocytic populations but can also give prognostic informa-
tion such as reduced CD14 expression indicating monocytic 
immaturity, aberrant expression of CD2 and CD56, and the 
CD34 - positive cell percentage.  

poor - risk karyotypes have low response rates to intensive AML -
 type induction chemotherapy. For such patients, and particu-
larly those with chromosome 7 abnormalities, azacitidine 
should be considered as an alternative low - intensive treatment 
option. 

 With the advent of further novel agents in the future, the 
most appropriate treatment option is likely to become more 
complex. However, as with all investigational therapies, patients 
should be treated within the context of clinical research trials.   

  Myelodysplastic/ m yeloproliferative 
 d iseases 

 The WHO classifi cation established a new diagnostic entity for 
those diseases that share features characteristic of both the 
myelodysplastic syndromes and the myeloproliferative neo-
plasms. This overlap category comprises disorders that at the 
time of initial presentation share clinical, laboratory or mor-
phological fi ndings indicative of underlying dysplastic and 
proliferative processes. They are usually characterized by hyper-
cellularity of the bone marrow due to proliferation in one or 
more of the myeloid lineages, with increased numbers of 
circulating cells that may be morphologically dysplastic. 
Simultaneously, one or more of the other lineages may exhibit 
ineffective proliferation so that cytopenias may also be present. 
The presence of excess blasts is closely correlated with the risk 
of leukaemic transformation. 

 The WHO recognizes three distinct entities, namely chronic 
myelomonocytic leukaemia, atypical chronic myeloid leukae-
mia and juvenile myelomonocytic leukaemia, and one provi-
sional entity of refractory anaemia with ring sideroblasts and 
thrombocytosis, with the remainder categorized as myelodys-
plastic/myeloproliferative neoplasms unclassifi able. 

  Chronic  m yelomonocytic  l eukaemia 
 ( s ee also Chapter  27 )  

 CMML constitutes 20 – 30% of cases of MDS. The hallmark 
feature is peripheral blood monocytosis accompanied by 
morphological dysplasia of other lineages. CMML is a clonal 
malignancy that has a male predominance and a median age of 
presentation of approximately 70 years; only 10% of CMML 
cases occur in individuals less than 60 years. While the aetiology 
is largely unknown, therapy - related cases of CMML are very 
rare. 

  Clinical and  l aboratory  f eatures 
 There is a spectrum of clinical and laboratory features found in 
CMML. The majority of patients present with a leucocytosis 
that is often accompanied by mild anaemia and thrombocyto-
penia. Reactive causes due to infection, notably tuberculosis, 
must be excluded. By defi nition, the monocyte count must be 
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sors often comprise more than 10% of cells but blasts are rarely 
more than 5%. Dysgranulopoiesis is prominent but multiline-
age dysplasia is also seen. 

 Patients usually present with anaemia and/or thrombocyto-
penia that accompany the leucocytosis. Splenomegaly is 
common and often causes symptoms because of its massive 
enlargement. Cytogenetic abnormalities can be identifi ed in 
80% of cases although none is specifi c. The outlook is generally 
poorer for atypical chronic myeloid leukaemia than for CMML, 
with a median survival of less than 20 months. The response to 
intensive chemotherapy is poor and the mainstay of manage-
ment is supportive care and hydroxycarbamide to control pro-
liferative elements of the disease.  

  Juvenile  m yelomonocytic  l eukaemia 
 ( s ee also Chapter  27 )  

 Juvenile myelomonocytic leukaemia (JMML) is a clonal hae-
mopoietic disorder of childhood characterized principally by 
proliferation of the granulocytic and monocytic lineages. It 
occurs with an incidence of 1.2 per million, comprising approx-
imately 2 – 3% of all childhood leukaemias but 40% of child-
hood MDS. The majority of cases of JMML occur in children 
under 3 years of age and twice as commonly in boys than girls. 
There are associations with neurofi bromatosis type 1 and 
Noonan syndrome due to germline mutations in the  NF1  and 
 PTPN11  or  KRAS  genes respectively. There is marked  in vitro  
hypersensitivity of myeloid progenitors to granulocyte/macro-
phage colony - stimulating factor that is a hallmark feature of 
JMML and suggestive of defective RAS – MAP kinase signalling 
that is often attributable to  RAS  mutations. Monosomy 7 is the 
most common chromosomal abnormality, found in 25% of 
cases. A marked increase in the synthesis of HbF is a recurrent 
fi nding that has poor prognostic implications. 

 Clinically, most patients present with constitutional symp-
toms or evidence of infection and are found to have marked 
hepatosplenomegaly. Lymphoid and tonsillar enlargement is 
also common. Typically, there is a leucocytosis comprising neu-
trophils, myeloid precursors and monocytes, with blasts consti-
tuting less than 5% of cells. The marrow is hypercellular and 
dysplastic features are minimal. The prognosis of JMML is vari-
able with a median survival of 1 year. It is usually rapidly fatal 
without treatment, causing organ failure, especially respiratory 
failure due to leukaemic infi ltration, while blast transformation 
occurs infrequently. Although responses are seen to cytarabine -
 containing regimens, allogeneic transplantation offers the only 
possibility of cure but with relapse rates of up to 50% in some 
series.  

  Refractory  a naemia with  r ing  s ideroblasts 
and  t hrombocytosis 

 The precise nature of refractory anaemia with ring sideroblasts 
and thrombocytosis (RARS - T) is a controversial and unre-

  Natural  h istory and  p rognosis 
 The clinical course of CMML is highly variable, with a median 
survival of approximately 2 years though occasional patients 
surviving beyond 8 years. There is an age - dependent prognosis 
that can be calculated using the IPSS according to the blast 
percentage, number of cytopenias, and karyotypic abnormali-
ties. The distinction between dysplastic and proliferative forms 
of the disease is unreliable and unhelpful but the separation 
between CMML - 1 and CMML - 2, which refl ects the marrow 
blast percentage ( < 10% and 10 – 19% respectively), is important 
and prognostically relevant. Similarly, anaemia and thrombo-
cytopenia are adverse prognostic factors, especially if the patient 
is transfusion - dependent. A rising lactate dehydrogenase level 
often refl ects a rising blast count, indicating progression to 
AML with leukaemic transformation occurring in approxi-
mately 15 – 30% of cases.  

  Management and  t reatment 
 Therapy of CMML is unsatisfactory with the vast majority of 
patients being elderly ( > 60 years). Supportive care by way of 
blood transfusions and antibiotics for infections are the main-
stay of management. When the proliferative phase prevails, 
causing symptomatic organomegaly, infi ltrative disease or esca-
lating monocytosis, then oral chemotherapy with hydroxycar-
bamide (hydroxyurea) is the treatment of choice. A European 
randomized study comparing hydroxycarbamide with etopo-
side gave a response rate and survival, respectively, of 60% and 
20 months for hydroxycarbamide and 36% and 9 months for 
etoposide. Intensive chemotherapy alone is of little benefi t in 
this age group. 

 In younger patients, particularly with adverse features, inten-
sive treatment and allogeneic transplantation represent the only 
possibility of cure. However, the EBMT data for adults with 
CMML shows poor long - term outcomes with this approach, 
with 5 - year overall survival after transplant (both related and 
unrelated) of only 21%. As with other forms of MDS, outcomes 
are better if the patient is transplanted before signifi cant disease 
progression but this must be weighed against the considerable 
TRM rate. AML - type induction chemotherapy regimens are 
unlikely to achieve long - lasting remission on their own unless 
consolidated with a transplant procedure. A deeper under-
standing of the biological basis of CMML may lead to targeted 
therapies analogous to that for chronic myeloid leukaemia and 
there is a strong case for entering younger patients into clinical 
trials that seek to test such drugs.   

  Atypical  c hronic  m yeloid  l eukaemia 

 Atypical chronic myeloid leukaemia is a poorly defi ned entity. 
Importantly, it is negative for the  BCR – ABL1  fusion gene asso-
ciated with the t(9;22) translocation diagnostic of typical 
chronic myeloid leukaemia (see Chapter  27 ). It is a leukaemic 
disorder with myelodysplastic and myeloproliferative features 
principally involving the neutrophil lineage. Myeloid precur-
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lidomide and azacitidine, have shown signifi cant clinical benefi t 
in Phase III trials, including improved survival and quality of 
life. In addition, increasing numbers of patients are receiving 
allogeneic transplants made possible through the use of RIC 
regimens that hold the potential for long - term remission or 
disease control through donor lymphocyte infusions. We still 
have a long way to go, but recent developments clearly show 
that better risk stratifi cation, novel targeted therapies and 
expanded transplant eligibility are all likely to signifi cantly 
improve the prospects for patients with MDS in the future.  
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solved issue. These patients meet the criteria for RARS but also 
have persistently elevated platelet counts over 450    ×    10 9 /L. The 
majority (50 – 60% of cases) carry the V617F mutation of the 
 JAK2  gene that is more commonly associated with myelopro-
liferative disorders. Whether RARS - T represents a  JAK2  -
 positive myeloproliferative neoplasm with acquired dysplastic 
features or, conversely, a form of MDS with an acquired prolif-
erative mutation remains partly a question of semantics and 
partly one of biology. For this reason, RARS - T exists as a 
provisional entity in the current version of the WHO 
classifi cation.   

  Myelodysplasia of  c hildhood 

 Childhood MDS is recognized as an entity of its own in the 
current version of the WHO classifi cation but excludes JMML, 
which is grouped within the myelodysplastic/myeloproliferative 
category. MDS associated with Down syndrome, which previ-
ously accounted for up to 25% of paediatric MDS, is now 
grouped within a new entity of Down syndrome - related myeloid 
leukaemia. Most remaining cases of childhood MDS fall within 
one of the subgroups of conventional MDS, namely RA, RARS, 
RCMD or RAEB - 1/RAEB - 2. The term  ‘ refractory cytopenia of 
childhood ’  is reserved for cases of MDS associated with persist-
ent cytopenia and less than 5% blasts in the marrow and less 
than 2% blasts in peripheral blood. About 75% of children with 
RCC show considerable hypocellularity of the bone marrow, 
making it diffi cult to differentiate from congenital bone marrow 
failure syndromes that can lead to secondary myelodysplasia 
in affected children. These congenital syndromes include 
disorders such as Fanconi anaemia, dyskeratosis congenita, 
Schwachman – Diamond syndrome, amegakaryocytic thrombo-
cytopenia, and pancytopenia with radioulnar synostosis. 
Understanding the mechanism by which they predispose chil-
dren to developing MDS has helped shed light on the aetiology 
of acquired MDS in adulthood. However, a discussion of the 
biology of these disorders is beyond the scope of this chapter.  

  Future  d irections 

 Traditionally, MDS has been viewed as an awkward collection 
of biologically related disorders mainly affecting elderly patients 
for whom treatment options were largely unsatisfactory. The 
last decade has completely changed this landscape. Today, the 
molecular pathogenesis of MDS is being revealed through 
newer technologies that allow better understanding of the 
biology of this clonal disease and its stem cell origin. The revised 
WHO classifi cation has helped resolve points of diagnostic 
ambiguity while large retrospective studies of patients have 
refi ned our ability to make accurate predictions about progno-
sis and survival. As for therapy, two new drug treatments, lena-



The myelodysplastic syndromes

529

    Mohamedali   AM  ,   Smith   A  ,   Gaken   J    et al . ( 2009 )  Novel TET2 muta-
tions associated with UPD4q24 in myelodysplastic syndrome . 
 Journal of Clinical Oncology   27 :  4002  –  6 .  

    Mufti   GJ  ,   Chen   TL   ( 2008 )  Changing the treatment paradigm in 
myelodysplastic syndromes .  Cancer Control   15  ( Suppl. ):  14  –  28 .  

    Mufti   GJ  ,   Bennett   JM  ,   Goasguen   J    et al . ( 2008 )  Diagnosis and clas-
sifi cation of myelodysplastic syndrome: International Working 
Group on Morphology of myelodysplastic syndrome (IWGM -
 MDS) consensus proposals for the defi nition and enumeration 
of myeloblasts and ring sideroblasts .  Haematologica   93 : 
 1712  –  17 .  

    Nimer   SD   ( 2008 )  Myelodysplastic syndromes .  Blood   111 : 
 4841  –  51 .  

    Nimer   SD   ( 2008 )  MDS: a stem cell disorder, but what exactly is 
wrong with the primitive haematopoietic cells in this disease?  
 Hematology. American Society of Hematology Education Program  
 43  –  51 .  

    Omidvar   N  ,   Kogan   S  ,   Beurlet   S    et al . ( 2007 )  BCL - 2 and mutant 
NRAS interact physically and functionally in a mouse model of 
progressive myelodysplasia .  Cancer Research   67 :  11657  –  67 .  

    Raj   K  ,   Mufti   GJ   ( 2006 )  Azacytidine (Vidaza) in the treatment of 
myelodysplastic syndromes .  Therapeutics and Clinical Risk 
Management   2 :  377  –  88 .  

    Schmid   C  ,   Schleuning   M  ,   Ledderose   G  ,   Tischer   J  ,   Kolb   HJ   ( 2005 ) 
 Sequential regimen of chemotherapy, reduced - intensity condi-
tioning for allogeneic stem - cell transplantation, and prophylac-
tic donor lymphocyte transfusion in high - risk acute myeloid 
leukaemia and myelodysplastic syndrome .  Journal of Clinical 
Oncology   23 :  5675  –  87 .  

    Silverman   LR  ,   Demakos   EP  ,   Peterson   BL    et al . ( 2002 )  Randomized 
controlled trial of azacitidine in patients with the myelodysplas-
tic syndrome: a study of the Cancer and Leukaemia Group B . 
 Journal of Clinical Oncology   20 :  2429  –  40 .  

    Sloand   EM  ,   Wu   CO  ,   Greenberg   P  ,   Young   N  ,   Barrett   J   ( 2008 ) 
 Factors affecting response and survival in patients with myelod-
ysplasia treated with immunosuppressive therapy .  Journal of 
Clinical Oncology   26 :  2505  –  11 .  

    Swerdlow   SH  ,   Campo   E  ,   Harris   NL    et al . (eds) ( 2008 )  WHO 
Classifi cation of Tumours of Haematopoietic and Lymphoid 
Tissues .  IARC Press ,  Lyon .  

    Van den   Berghe   H  ,   Cassiman   JJ  ,   David   G  ,   Fryns   JP  ,   Michaux   JL  , 
  Sokal   G   ( 1974 )  Distinct haematological disorder with deletion 
of long arm of no. 5 chromosome .  Nature   251 :  437  –  8 .   

 

 

 

    Kerbauy   DB  ,   Deeg   HJ   ( 2007 )  Apoptosis and antiapoptotic 
mechanisms in the progression of myelodysplastic syndrome . 
 Experimental Hematology   35 :  1739  –  46 .  

    Killick   SB  ,   Mufti   G  ,   Cavenagh   JD    et al . ( 2003 )  A pilot study of 
antithymocyte globulin (ATG) in the treatment of patients with 
 ‘ low - risk ’  myelodysplasia .  British Journal of Haematology   120 : 
 679  –  84 .  

    Kordasti   SY  ,   Ingram   W  ,   Hayden   J    et al . ( 2007 )  CD4 + CD25 high Foxp3 +  
regulatory T cells in myelodysplastic syndrome (MDS) .  Blood  
 110 :  847  –  50 .  

    Kr ö ger   N   ( 2008 )  Epigenetic modulation and other options to 
improve outcome of stem cell transplantation in MDS . 
 Hematology. American Society of Hematology Education Program , 
 60  –  7 .  

    Lim   ZY  ,   Ho   AY  ,   Ingram   W    et al . ( 2006 )  Outcomes of alemtuzu-
mab - based reduced intensity conditioning stem cell transplanta-
tion using unrelated donors for myelodysplastic syndromes . 
 British Journal of Haematology   135 :  201  –  9 .  

    Lim   ZY  ,   Killick   S  ,   Germing   U    et al . ( 2007 )  Low IPSS score and bone 
marrow hypocellularity in MDS patients predict hematological 
responses to antithymocyte globulin .  Leukemia   21 :  1436  –  41 .  

    List   A  ,   Kurtin   S  ,   Roe   DJ    et al . ( 2005 )  Effi cacy of lenalidomide in 
myelodysplastic syndromes .  New England Journal of Medicine  
 352 :  549  –  57 .  

    List   A  ,   Dewald   G  ,   Bennett   J    et al . ( 2006 )  Lenalidomide in the 
myelodysplastic syndrome with chromosome 5q deletion .  New 
England Journal of Medicine   355 :  1456  –  65 .  

    Maciejewski   JP  ,   Mufti   GJ   ( 2008 )  Whole genome scanning as a 
cytogenetic tool in hematologic malignancies .  Blood   112 : 
 965  –  74 .  

    Malcovati   L  ,   Germing   U  ,   Kuendgen   A    et al . ( 2007 )  Time - dependent 
prognostic scoring system for predicting survival and leukaemic 
evolution in myelodysplastic syndromes .  Journal of Clinical 
Oncology   25 :  3503  –  10 .  

    Malcovati   L  ,   Porta   MGD  ,   Pietra   D    et al.  ( 2009 )  Molecular and 
clinical features of refractory anemia with ringed sideroblasts 
associated with marked thrombocytosis .  Blood   114 :  3538  –  45 .  

    Mohamedali   A  ,   Mufti   GJ   ( 2009 )  Van - den Berghe ’ s 5q –  syndrome 
in 2008 .  British Journal of Haematology   144 :  157  –  68 .  

    Mohamedali   A  ,   G ä ken   J  ,   Twine   NA    et al . ( 2007 )  Prevalence and 
prognostic signifi cance of allelic imbalance by single - nucleotide 
polymorphism analysis in low - risk myelodysplastic syndromes . 
 Blood   110 :  3365  –  73 .  



530

Postgraduate Haematology : 6th edition. Edited by A. Victor Hoffbrand, 
Daniel Catovsky, Edward G.D. Tuddenham, Anthony R. Green 
© 2011 Blackwell Publishing Ltd.

  CHAPTER 29 

Chronic  l ymphocytic  l eukaemia 
and  o ther  B  -  c ell  d isorders  
  Daniel     Catovsky 1     and    Emili     Montserrat 2   
   1 Institute of Cancer Research, Sutton, Surrey, UK  
   2 Institute of Hematology and Oncology, Hospital Clinic, University of Barcelona, Barcelona, Spain       

29

                           Introduction , 530  
   Methodology for diagnosis , 530  
   Chronic lymphocytic leukaemia , 531  
  Pathogenesis, 533  
  Clinical and laboratory features, 534  
  New diagnostic criteria, 534  
  Other haematological features, 534  
  Immune cytopenias, 535  
  Bone marrow examination, 536  
  Staging systems, 537  

  Prognostic factors, 538  
  Differential diagnosis, 542  
  Genetic predisposition to CLL, 543  
  Monoclonal B - cell lymphocytosis, 543  
  Polyclonal B - cell lymphocytosis, 544  
  Management, 544    

   B - cell prolymphocytic leukaemia , 550 
   Differential diagnosis, 550  
  Molecular studies, 550  
  Treatment, 550    

   Hairy cell leukaemia , 550 
   Clinical and laboratory fi ndings, 551  
  Diagnosis, 551  
  Treatment, 553    
   The leukaemic phase of indolent NHL , 554 
   Follicular lymphoma, 554  
  Splenic marginal zone lymphoma, 554  
  Mantle cell lymphoma, 555    
   Selected bibliography , 556           

  Introduction 

 Within the broad category of B - cell lymphoproliferative disor-
ders we include a number of disease entities arising from mature 
B lymphocytes and which involve primarily the blood, bone 
marrow and other lymphoid organs such as the lymph nodes 
and spleen. All these disorders are classifi ed by the World 
Health Organization (WHO) (see Chapter  33 ) on the basis of 
their histopathological features. Their clinical course is often 
chronic and they affect mainly adults. A constant fi nding in all 
these entities is the presence in peripheral blood of leukaemic 
cells in various degrees. Some of these conditions could be 
considered as primary leukaemias and these are dealt with in 
this chapter. Others represent the leukaemic phase of indolent 
non - Hodgkin lymphomas (NHL) and their recognition is 
important for differential diagnosis and patient management. 

 The study of lymphoid leukaemias has been enriched with 
the advent of monoclonal antibodies that defi ne antigenic 
determinants specifi c for the B -  and T - cell lineages. 
Characterization of these malignancies is not possible without 
the use of these reagents, which help defi ne the cell lineage and 
the maturation stage of the leukaemic cell. DNA analysis for the 
detection of immunoglobulin and T - cell receptor gene rear-
rangements has been incorporated as another diagnostic test for 

cell lineage and clonality and for monitoring minimal residual 
disease (MRD) after therapy. Chromosome abnormalities that 
characterize some of the genetic changes in the lymphoid 
leukaemias are also important for diagnostic and prognostic 
purposes and are routinely studied by fl uorescence  in situ  
hybridization (FISH) as it is not easy to obtain metaphases in 
slowly dividing lymphocytes. 

 The primary B - cell leukaemias include chronic lymphocytic 
leukaemia (CLL), which is by far the most common, the rare 
B - prolymphocytic leukaemia (B - PLL) and hairy cell leukaemia 
(HCL). The B - cell NHLs that most frequently affect the blood 
and bone marrow include splenic marginal zone lymphoma 
(SMZL), mantle cell lymphoma (MCL), particularly the 
splenomegalic form, and follicular lymphoma which, in its gen-
eralized or systemic form, regularly involves the bone marrow 
and may spill over to the peripheral blood.  

  Methodology for  d iagnosis 

 Examination of the morphology of leukaemic cells in well - 
prepared peripheral blood and bone marrow fi lms stained with 
Romanowsky dyes is still the fi rst diagnostic procedure and 
cannot be replaced by any of the newer, more modern diagnos-
tic techniques. 

 The second element for the diagnosis of any type of lym-
phocytosis is to use a small battery of membrane markers to 
defi ne the immunophenotype (B or T) and whether the process 
is clonal or polyclonal. Once a monoclonal B - cell proliferation 
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2 or 3; thus reliance only on the immunophenotype may be 
misleading. Second, the important distinction between CLL and 
MCL, another CD5 - positive disease, may require other tests 
such as FISH (see below). MCL rarely shows an immunophe-
notypic score above 2.     

 An important consideration when using membrane markers 
is the distinction between CD20 and FMC7. FMC7 has now 
been recognized as binding to a conformational epitope of 
CD20, but FMC7 does not correlate with CD20 staining in CLL. 
Most cases of CLL and other B - cell disorders express CD20, 
hence its value as a broad B - cell marker and as a target for the 
monoclonal antibody rituximab. Analysis of the use of CD20 
instead of FMC7 for the scoring of CLL in close to 1000 cases 
has shown that FMC7 is of greater diagnostic value for distin-
guishing CLL, where it is negative or weak, from the other B - cell 
disorders, in which it is strongly expressed. The fi ndings with 
CD20 and FMC7 are similar only in the non - CLL B - cell 
disorders. 

 When considering the possibility of a diagnosis of NHL, it is 
essential to obtain tissue for histology to confi rm this suspicion 
and facilitate the classifi cation of the disease. When the white 
blood cell (WBC) count is high (e.g.  > 50    ×    10 9 /L) and the blood 
fi lm shows unequivocal features of CLL or B - PLL, lymph node 
histology is not required. 

 Bone marrow trephine biopsies are needed to provide impor-
tant diagnostic and prognostic information (see below) and can 
confi rm a diagnosis of CLL or NHL, provide indications about 
the mechanism of anaemia or thrombocytopenia and predict 
the outcome of splenectomy. For disorders with an enlarged 
spleen, such as B - PLL and HCL, SMZL and some forms of 
MCL, spleen histology may be of diagnostic value. 

 The diffi culties in eliciting metaphases for cytogenetic analy-
sis in CLL and other small lymphocytic disorders have empha-
sized the value of FISH analysis, which can be assessed on 
interphase cells. However, there is no specifi c genetic abnormal-
ity in CLL, but the current FISH studies are valuable as prog-
nostic indicators (see below). FISH is important for excluding 
the two NHLs that have characteristic abnormalities, MCL 
with t(11;14)(q13;q32) and follicular lymphoma with t(14;18)
(q32;q21).  

  Chronic  l ymphocytic  l eukaemia 

 Chronic lymphocytic leukaemia accounts for about 25% of all 
leukaemias. In adults over the age of 50 years it is the most 
common form, particularly in the West. In the Far East, its 
incidence is low. CLL affects twice as many males as females, 
with a peak incidence between 60 and 80 years. The median age 
of patients at diagnosis is around 70 years. In the MRC CLL 
trials, 70% of patients entered were aged 60 years or over, and 
15% were below 50 years. There is a tendency for older patients 
to present with less advanced disease. CLL is rarely diagnosed 

is established by light - chain restriction (e.g.  κ  or  λ ), one can 
clarify the problem further by using a panel of monoclonal 
antibodies to defi ne a particular disease immunophenotype. 
The typical immunophenotype of CLL, as elaborated by the 
group of one of the authors, is shown in Table  29.1 . The original 
proposal by Matutes and colleagues was revised by replacing 
CD22 with CD79b, which is one of the components of the B - cell 
antigen receptor molecule. In Table  29.1 , the symbols in paren-
theses after each of the fi ve markers indicates the expected result 
in CLL. Figure  29.1  illustrates the contrast between the fl ow 
cytometry profi le of a case of CLL and one of follicular 
lymphoma.     

 Table  29.2  summarizes the results of applying the panel of 
markers used for the CLL score to the other B - cell disorders in 
peripheral blood samples. High scores are expected in CLL; low 
scores are the feature in the other B - cell leukaemias and B - cell 
NHL. Figure  29.2  illustrates the almost complete lack of overlap 
between CLL and B - cell NHL evolving with lymphocytosis. 
However, there are a number of issues that may present prob-
lems. First, as shown in Table  29.2 , some cases of CLL with 
atypical morphology (e.g. clefted nucleus, plasmacytoid fea-
tures) or more than 10% prolymphocytes (CLL/PL) may have 
scores lower than 4. Rare cases of NHL may approach scores of 

  Table 29.1    Immunophenotype of  CLL : tests used as basis for a 

scoring system. 

   Marker (result)     Score  

  SmIg (weak)    1  

  CD5 (+)    1  

  CD23 (+)    1  

  FMC7 ( −  or weak)  *      1  

  CD79b ( −  or weak)    1  

  Total    5  

    * Epitope of CD20 but CD20 not useful for scoring.  

  SmIg, surface membrane immunoglobulin.   

  Table 29.2     CLL  score in B - cell disorders evolving with 

lymphocytosis. 

   Disease     Score  

  CLL      

     Typical    4 – 5  

     Atypical; CLL/PL    3 – 5  

  B - prolymphocytic leukaemia    0 – 1  

  Hairy cell leukaemia    0 – 1  

  NHL with leukaemia  *      0 – 2  

    * Follicular lymphoma, MCL, SMZL.   
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     Figure 29.1     Flow cytometry analysis of peripheral blood samples from a case of follicular lymphoma with lymphocytosis (score 0) 

compared with a case of CLL (score 5) using the antibodies listed in Table  29.1 .  
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degree of somatic hypermutation. For example, unmutated 
cases often use  IGHV1 - 69 , while mutated cases use preferen-
tially  IGHV3 - 21 ,  IGHV4 - 34 , etc. (Table  29.3 ). The immu-
noglobulin repertoire in CLL may be shaped by antigens as yet 
unknown. This phenomenon, the over - representation of some 
 IGHV  genes, is not unique to CLL and, in the case of  IGHV1 - 69  
and  IGHV4 - 34 , is also a feature of other indolent lymphomas.   

 Approximately 20% of immunoglobulin subsets show similar 
(homologous) patterns of the complementarity - determining 
region (CDR)3 in both heavy and light chains, designated  ‘ ster-
eotypes ’ . These are more common in unmutated cases and 
provide further evidence for antigen selection in the pathogen-
esis of CLL. Unmutated cases are associated with autoreactivity 
and polyreactivity to certain molecules and have a more prolif-
erative pattern of disease with a more aggressive clinical course. 
Determination of the  IGHV  mutation status as mutated or 
unmutated is also an important prognostic marker (see below). 
There are some exceptions, notably  IGHV3 - 21 , which is more 
often mutated (see Table  29.3 ) and is associated with poor 
outcome (comparable to unmutated cases) and has predomi-
nantly light chain expression. The reasons for the different clini-
cal behaviour between unmutated and mutated cases may relate 
to continuous response to antigen stimulation in the unmu-
tated cases eventually leading to genetic instability, while 
mutated cases minimize cell division by becoming anergic. 

 CLL B lymphocytes are long - lived and resistant to apoptosis, 
as shown by upregulation of the anti - apoptotic proteins BCL2, 
MCL1, Survivin, Toso. This BCL - 2 family of proteins share a 
BH3 motif that is the target of small molecules currently being 
tested as new therapies. Gene expression profi ling in CLL cells 
suggests that the disease originates from the transformation of 
a specifi c common precursor, likely to be an antigen - experi-
enced memory B lymphocyte. This is supported by the constant 
expression of CD27. There is no evidence that CLL represents 
two distinct diseases, although detailed gene expression profi l-
ing may show some differences between mutated and unmu-
tated cases, notably, the expression of ZAP - 70. 

 Complex interactions between the BCR and the bone marrow 
and lymph node microenvironment drive the pathogenesis of 
CLL. These interactions involve stromal cells, including  ‘ nurse ’  
cells, T cells, cytokines, and pro -  and anti - apoptotic factors. 

B-NHL
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     Figure 29.2     Distribution frequency of scores in CLL (high 

scores) compared with cases of B - cell non - Hodgkin lymphoma 

(B - NHL) with circulating lymphoma cells (low scores).  

  Table 29.3    Frequency of   IGHV   usage in  CLL  by mutation status. 

    IGHV  gene     Unmutated cases (%)     Mutated cases (%)  

   IGHV1 - 69     28    1  

   IGHV3 - 21     6    19  

   IGHV4 - 34     5    13  

   IGHV3 - 30     4    10  

   IGHV1 - 2     7    4  

   IGHV3 - 23     1    10  

below the age of 40 years and is even more rare below 30. Of all 
the leukaemias, CLL has the highest familial incidence, which 
can be documented in about 10% of patients (see below). 

 Pioneering work independently developed by Dameshek and 
Galton in the 1960s introduced the concept of CLL as a progres-
sive accumulation of immunologically incompetent lym-
phocytes, starting in lymph nodes and/or the bone marrow and 
gradually expanding to most haemopoietic organs. This concept 
of slow progression was the basis of the clinical staging systems 
and explains the gradual abnormalities of the immune system 
that result in hypogammaglobulinaemia and, not infrequently, 
autoimmune complications. The bone marrow also refl ects the 
progression of CLL from early interstitial and nodular infi ltra-
tion to late diffuse lymphocytic replacement of normal haemo-
poietic elements. 

  Pathogenesis 

 Several factors are involved in the pathogenesis of CLL, includ-
ing antigen stimulation within specifi c microenvironments and 
failure to undergo apoptosis. In the past, CLL was considered 
to be derived from CD5 - positive naive B cells. Now there is 
signifi cant evidence that these B cells are antigen experienced, 
expressing CD23, CD25, CD27, CD69 and CD71. After VDJ 
rearrangement the cells may undergo somatic hypermutation, 
which can be demonstrated by the lack of homology with germ-
line DNA. In half of cases the immunoglobulin variable region 
heavy chain ( IGHV ) gene is mutated, but in the rest is unmu-
tated. These changes and subsequent complex interactions 
between the B - cell receptor (BCR), which comprises the immu-
noglobulin heavy and light chains, and the microenvironment 
drive the pathogenesis of CLL. The immunoglobulin gene rep-
ertoire in CLL shows biased (non - random) V H  usage compared 
with normal B cells. This restricted V H  usage is linked to the 



Postgraduate Haematology

534

 29.2 ). A bone marrow test is required to assess the nature of 
cytopenias in order to exclude indolent lymphomas in cases 
scoring 3 or less, and before initiating therapy as a baseline for 
assessment of response and to interpret the development of 
cytopenia after therapy. One exception is small lymphocytic 
lymphoma (SLL), a condition identical to CLL according to the 
new WHO classifi cation. SLL requires the presence of lymphad-
enopathy and/or splenomegaly and requires histopathology 
confi rmation by lymph node biopsy. In contrast to CLL, SLL 
has less than 5    ×    10 9 /L B lymphocytes in the peripheral blood. 
Cases with less than 5    ×    10 9 /L B lymphocytes in the peripheral 
blood and not fulfi lling the criteria for SLL are categorized as 
monoclonal B - cell lymphocytosis (see below). 

 Morphologically, the lymphocytes in blood fi lms are small 
and show scanty cytoplasm and a characteristic pattern of 
nuclear chromatin clumping; the nucleolus is inconspicuous 
and azurophil granules are seen only in a minority of normal T 
cells (Figure  29.3 ). The presence of smudge cells, which corre-
lates with the WBC count, is of diagnostic value. A proportion 
of prolymphocytes (1 – 5%) are nearly always seen with counts 
in excess of 30    ×    10 9 /L. If the proportion of prolymphocytes is 
greater than 10%, it represents a variant designated CLL/PL 
(Figure  29.4 ). Some patients have a mixed pattern of small and 
large cells and others have lymphoplasmacytoid features or even 
cells with nuclear clefts. These are often associated with other 
atypical features (see below).    

  Other  h aematological  f eatures 

 Anaemia and thrombocytopenia are important prognostic fea-
tures in CLL and form part of the information used for staging. 
In advanced CLL, there is heavy lymphocytic infi ltration result-
ing in bone marrow failure. The trephine biopsy shows heavy 
replacement of fat spaces and haemopoietic cells by lymphocytes 
(Figures  29.5  and  29.6 ). In an ageing population it is important 
always to exclude nutritional defi ciencies (iron, folate), which 

Proliferating centres or pseudofollicles, as seen in histological 
sections, are the tissue hallmark of CLL and the nerve centre for 
these interactions. In them, B cells are activated and divide and 
are in close contact with CD4 +  T cells. One important cytokine 
is tumour necrosis factor (TNF) -  α ; this is consistently expressed 
in CLL cells, which also express the TNF -  α  receptor, suggesting 
that it may act as a growth factor. Abnormal angiogenesis is also 
associated with tumour progression and this is modulated by 
vascular endothelial growth factor. The relevance of the micro-
environment is underlined by the therapeutic activity shown 
recently by immunomodulating and anti - angiogenic agents 
such as thalidomide and lenalidomide.  

  Clinical and  l aboratory  f eatures 

 In at least 50% of patients, the disease is diagnosed by chance, 
following a routine blood examination. In others, the presenta-
tion is prompted by symptoms of anaemia or by the discovery 
of painless lymph node enlargement. Systemic symptoms such 
as pyrexia, sweating or weight loss are rare. Not infrequently, a 
prolonged chest infection or pneumonia is the fi rst manifesta-
tion of CLL. 

 Lymph node enlargement is symmetrical and involves the 
neck, axillae and inguinal regions. Splenomegaly of variable 
degree is present in two - thirds of cases. Signifi cant hepatome-
galy is less frequent. It is possible to document lymph node 
enlargement in the hilar regions on routine radiography or in 
the retroperitoneal regions by ultrasound or computed tomog-
raphy (CT). Although the latter investigations may not add 
signifi cant prognostic information and are not used for staging 
purposes (see below), they are often useful for follow - up after 
treatment. An abdominal CT scan is important in documenting 
the extent of abdominal lymphadenopathy in patients present-
ing with palpable nodes. It is rare to fi nd large para - aortic nodes 
in patients presenting without peripheral lymphadenopathy. 
Late in the disease process, however, this is not uncommon, and 
abdominal CT may be necessary to document progression.  

  New  d iagnostic  c riteria 

 The International Workshop on CLL (IWCLL) and the WHO 
recommend that at least 5    ×    10 9 /L monoclonal B lymphocytes 
(CD19 + CD20 + ) should be demonstrated in the blood and that 
they should fulfi l the characteristic CLL phenotype, i.e. CD5 + , 
CD23 + , weak or negative staining with FMC7 and CD79b, and 
weak expression of monoclonal surface membrane immu-
noglobulin (staining for  κ  or  λ ) (see Table  29.1 ). This, and the 
characteristic peripheral blood morphology, suffi ces for the 
diagnosis of CLL and helps exclude other B - cell disorders, 
chiefl y lymphomas presenting with lymphocytosis (see section 
Differential diagnosis). A bone marrow aspirate and trephine 
biopsy is not required for diagnosis if the above fi ndings are 
typical and the CLL immunophenotypic score is 4 – 5 (see Table 

     Figure 29.3     Blood fi lm of a typical case of CLL.  
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can easily be corrected by appropriate supplements. The pos-
sible causes of anaemia in CLL are listed in Table  29.4 . The 
current staging systems do not clearly distinguish the causes of 
anaemia as having different prognostic signifi cance. This is 
probably because marrow failure is by far the most common 

     Figure 29.4     Blood fi lm from a case of CLL/PL. Note the dual 

population of small lymphocytes and larger nucleolated 

prolymphocytes.  

     Figure 29.5     Low magnifi cation of a trephine biopsy from a 

patient with CLL and heavy (packed) lymphocytic infi ltration.  

     Figure 29.6     Higher magnifi cation of the same case as in Figure 

 29.5  showing scanty fat spaces and diffuse lymphocytic 

infi ltration.  

  Table 29.4    Causes of anaemia in  CLL  and their management. 

   Cause     Diagnostic test     Treatment     Signifi cance  

  Bone marrow (BM) failure    BM aspirate and/or 

trephine biopsy  

  Corticosteroids, CLL therapy    Advanced CLL: stage III (Rai), stage 

C (Binet)  

  Haemolytic anaemia    DAT (Coombs test)    Corticosteroids, immunosuppression, 

splenectomy  

  Does not affect prognosis but more 

frequent in active CLL  

  Red cell aplasia    BM examination    (See text)    Uncertain  

  Hypersplenism    BM, spleen size    Splenectomy, CLL therapy    Prognosis depends on stage after 

splenectomy  

  Fotate or iron defi ciency    Indices, Fe and folate 

levels  

  Appropriate supplements    None; restage when anaemia 

corrected  

cause and there is an assumption that most haematologists will 
be able to detect anaemias not strictly related to the disease.     

 Hypogammaglobulinaemia is the rule in advanced CLL and 
is considered to be responsible for the high incidence of upper 
respiratory tract infections. Small monoclonal bands, often 
IgM, are seen in less than 10% of cases. The appearance of a 
monoclonal band during the evolution of the disease or the 
discovery of free light chains in the urine (Bence Jones pro-
teinuria) may indicate disease transformation (see below, 
Richter syndrome).  

  Immune  c ytopenias 

 There is evidence that autoimmune complications, e.g. anaemia 
or thrombocytopenia, which are rare at presentation (10% and 
3%, respectively) do not necessarily confer a poor prognosis if 
adequately treated. It is important always to carry out the direct 
antiglobulin test (DAT), or Coombs test, at diagnosis in each 
patient. The importance of the DAT is twofold: to document 



Postgraduate Haematology

536

the disease. An increased number of megakaryocytes in the 
presence of low platelets may suggest ITP (Figure  29.9 ). Absence 
of red cell precursors and a low reticulocyte count suggest red 
cell aplasia. When this is due to parvovirus infection, large 
basophilic erythroid precursors can be seen in the bone marrow 
aspirates. Paratrabecular deposits are common in follicular 
lymphoma and may be seen in SMZL and MCL, but not in CLL. 
Proliferation centres are a unique feature of CLL and SLL. They 
are seen in lymph node biopsies and, in very active CLL, also in 
the bone marrow. Proliferating centres have a high labelling 
index, as detected by immunocytochemistry with Ki - 67 or 
MIB - 1, and show prolymphocytes and para - immunoblasts. 

autoimmune haemolytic anaemia (AIHA) and to detect its trig-
gering after therapy. Not infrequently, patients have a positive 
DAT at presentation without overt haemolysis (e.g. no reticu-
locytosis or raised bilirubin). 

 The LRF CLL4 trial provided an opportunity to examine in 
detail the clinical signifi cance of a DAT for the development of 
AIHA. The fi ndings are only applicable to patients who require 
therapy, i.e. those with Binet stages A - progressive, B and C. At 
trial entry 14% were DAT positive, and this was associated with 
Binet stage C and high  β  2  - microglobulin. A positive DAT was 
a predictor of the subsequent development of AIHA after treat-
ment in 28%; when negative, it predicted that 93% of patients 
would not develop AIHA. Those who were DAT positive at 
entry achieved lower complete remission (CR) rates and had 
worse progression - free survival (PFS) and overall survival (OS), 
suggesting indirectly that DAT status may be a useful prognostic 
factor. Overall, 10% of patients developed AIHA during or 
after therapy; again, this was linked to stage C, high  β  2  -
 microglobulin and positive DAT at entry, and worse outcome. 
The trial also established that those randomized to fl udarabine 
and cyclophosphamide (FC) had a lower incidence of AIHA 
(5%) than those randomized to fl udarabine alone (11%) and 
chlorambucil (12%) ( P    =   0.01). Similar data for the comparison 
between fl udarabine and FC were recorded in a German trial. 
Of note is that AIHA after single - agent fl udarabine may be 
more severe. 

 The development of autoimmune thrombocytopenic purpura 
(ITP) is less common and is often associated with positive DAT 
and AIHA and unmutated  IGHV  genes. The documentation of 
ITP requires the demonstration of platelet - associated immu-
noglobulin. If this is not possible, one can still suspect periph-
eral destruction of platelets by examination of the bone marrow 
(see below). 

 A study from the Mayo Clinic which looked retrospectively 
at the cause of cytopenia in a large cohort showed that those 
with immune cytopenias did better than those in whom the 
cytopenia was a result of bone marrow failure, which is not 
surprising since most of the latter patients would have pre-
sented with stage C disease.  

  Bone  m arrow  e xamination 

 Bone marrow aspirates are not as informative as the core biopsy 
regarding overall cellularity and degree of infi ltration. A tre-
phine needs to be at least 2   cm in length (Figure  29.5 ) to be 
informative. The value of the biopsy is summarized in Table 
 29.5 . The degree of infi ltration provides prognostic informa-
tion: a densely packed bone marrow (diffuse pattern) with little 
or no residual fat spaces (Figure  29.6 ) correlates with advanced 
CLL: stage C (Binet) or III – IV (Rai). Other bone marrow pat-
terns are interstitial, with relatively abundant fat spaces (Figure 
 29.7 ), and nodular (Figure  29.8 ). Both of these are seen alone 
or in combination (mixed pattern) in relatively early stages of 

     Figure 29.7     Interstitial lymphocytic infi ltration in a case of early 

CLL with preserved haemopoiesis and abundant fat spaces.  

  Table 29.5    The value of bone marrow trephine biopsies in  CLL .   *    

   Prognostic feature   

  Diffuse pattern: packed bone marrow has poor prognosis  

   Clarify the nature of cytopenias (before and after therapy)   

  Low platelets    >    megakaryocytes  

  Red cell aplasia  

  Myelodysplastic changes  

   Differential diagnosis from low - grade NHL   

  Paratrabecular pattern not seen in CLL  

  More proliferation centres in CLL/PL  

   To assess response to treatment   

  Nodular partial remission seen only on biopsy (needs 

immunostaining)  

  Hypocellular bone marrow, without CLL infi ltrates, and low 

blood counts  

    * A bone marrow test (aspirate or trephine) is not required for 

diagnosis.   
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residual CLL and are consistent with a true CR. When assessing 
responses, it is always useful to compare the pre - treatment bone 
marrow with the one at the end of therapy.  

  Staging  s ystems 

 The two widely accepted systems are those of Rai (1975) and 
Binet (1981). Rai ’ s staging system takes the view that CLL cells 
accumulate fi rst in the blood and bone marrow, then in lymph 
nodes and spleen, fi nally leading to bone marrow failure. The 
chances of a patient surviving will depend largely on the stage 
at which he or she presents to the physician ’ s attention. The 
original Rai system has fi ve stages: 0, no anaemia, thrombocy-
topenia or physical signs; I, lymphadenopathy only; II, splenom-
egaly and/or hepatomegaly with or without lymph node 
enlargement and without anaemia or thrombocytopenia; III, 
anaemia (Hb    <    11   g/dL), irrespective of physical signs; and IV, 
thrombocytopenia (platelets    <    100    ×    10 9 /L), with or without 
any of the above features. Binet modifi ed this system following 
extensive multivariate analysis from two French studies. This 
system has only three stages (A, B and C) and is probably more 
accurate with respect to prognosis for patients with Rai stages I 
and II. The Binet system groups together patients with anaemia 
(Hb    <    10   g/dL) and thrombocytopenia (platelets    <    100    ×    10 9 /L) 
as group C. The remaining patients are staged according to the 
number of lymphoid organs involved, considering as one each 
of the following areas: neck, axillae and inguinal regions, spleen 
and liver. Group A patients have no organ enlargement or up 
to two areas; group B patients have three to fi ve involved areas. 
Thus stage A may correspond to Rai 0, I or II. Recently, the Rai 
staging has also been simplifi ed and used in trials as follows: 
stages 0 (low grade), I and II (intermediate), and III and IV 
(advanced stage). Except for the difference in the level of hae-
moglobin (10 or 11   g/dL), Rai stages III and IV are the same as 
Binet C. 

 In practice, staging is necessary to predict prognosis, make 
decisions about clinical management and facilitate allocation in 
randomized trials. Although only patients showing signs of 
symptoms of disease activity (i.e. upward trend in WBC count, 
decreasing haemoglobin or platelet levels due to bone marrow 
infi ltration, lymph node or spleen enlargement causing com-
pressive problems, general  ‘ B ’  symptoms), most stage C and 
also stage B patients present with some of these features and 
therefore need therapy. 

 Because of the increasing practice of routine blood analysis, 
the presentation patterns of patients with CLL have changed 
over the last decade. At present, most patients are diagnosed in 
early phases of the disease (Rai stage 0, Binet stage A), thus 
undermining the prognostic value of clinical stages as a whole. 
Moreover, one of the important issues regarding clinical stages, 
in particular stage A, is that the pace of the disease (i.e. whether 
it will remain stable or progress) cannot be readily predicted. 
The Spanish group has shown that a short lymphocyte doubling 

There is also a higher expression of CD20 and CD23 in the 
proliferating centres of lymph nodes and spleen than in the 
small lymphocytes outside them. This may explain the high 
levels of soluble CD20 and CD23 in the serum of patients with 
active CLL.     

 Bone marrow biopsies are important for assessing response. 
In particular, a nodular partial remission (PR), which is a good 
clinical response, can only be defi ned by a biopsy and not an 
aspirate. In such cases, the aspirate may show less than 30% 
lymphocytes which, by the old criteria of response, could have 
been considered as CR. Immunostaining of the nodules is also 
important to assess response. If they are composed mainly of B 
cells (stained with CD20), they refl ect residual CLL. If they are 
mainly T cells (stained with CD3), they may not represent 

     Figure 29.8     Nodular pattern of infi ltration in CLL, early in the 

disease. A similar pattern described as nodular partial remission 

may be seen after chemotherapy in patients with previously 

diffuse involvement.  

     Figure 29.9     Diffuse infi ltration in the bone marrow in a patient 

with CLL, a large spleen and thrombocytopenia. Note the large 

number of megakaryocytes, which indicated that splenectomy 

will improve the low platelet count.  
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 Once patients require therapy, prognostic factors are over-
come by effective treatments. Indeed, response to therapy is, as 
in all cancers, the most important predictor of survival in 
patients with CLL. Predictors of response to therapy are being 
actively investigated. The most reliable are del(17p) and 
del(11q), refl ecting, respectively, abnormalities of the  TP53  and 
 ATM  genes. Patients with these abnormalities do not respond 
to conventional fl udarabine - based therapy or have a short - lived 
response. Recently, low expression of the microRNA 34a has 
also been found to predict poor response. The association 
between  IGHV  mutations, CD38 and ZAP - 70 expression and 
response is not completely settled, but response duration seems 
to be shorter in patients with these biomarkers, particularly 
when they are found together. 

 Age is relevant in as much as it is associated with causes of 
death other than the disease itself. The effect of age is greater in 
stage A, in which up to 50% of patients may die of causes unre-
lated to CLL, such as other cancers or cardiovascular events. 
Another adverse prognostic factor that has emerged in all UK 
CLL trials over the last 30 years is male gender (see below). 

 Response to treatment has also emerged as an important 
prognostic variable. However, although it is associated with 
PFS, an association with OS has not been shown in randomized 
trials. One reason is that although treatment response matters, 
a patient not responding to fi rst - line treatment, e.g. chloram-
bucil, may respond to a second treatment, e.g. FC with or 
without rituximab (FCR). There is increasing evidence that 
achieving MRD negativity (see below) is clinically important. 
Patients in CR with no detectable MRD have a longer PFS and 
OS than those with persistent MRD. However, MRD negativity 
is an arbitrary concept that depends on the technique used to 
assess MRD. In addition, patients who achieve MRD - negative 
status could be those with biologically less aggressive disease 
and hence with an intrinsically better prognosis. Another 
important point is that increasing or prolonging treatment to 
reach MRD - negative status may convey unnecessary risks such 
as myelotoxicity and infections. There is also the risk of devel-
oping secondary myelodysplastic syndrome (MDS)/acute 
myeloid leukaemia (AML). Furthermore, patients with aggres-
sive disease, such as those with del(17p), do not usually respond 
to chemoimmunotherapy, yet these patients are those who 
could benefi t most by achieving MRD - negative CR. Because of 
all these reasons, MRD eradication as a treatment end point is 
only justifi ed within clinical trials. 

  Cytogenetics 
 There are no specifi c translocations in CLL. Most abnormalities 
are deletions, or extra copies such as trisomy of chromosome 
12. Translocations have been reported in a few cases, e.g. 
t(14;19) (see below) or t(14;18), but whether these represent 
typical cases is equivocal. It was well known that analysis of the 
karyotype of CLL lymphocytes stimulated to divide by a variety 
of mitogens elicited positive results in less than 50% of cases. 

time ( < 12 months) in stage A correlates with poor prognosis. 
Similarly, the French group showed that those with haemo-
globin below 12   g/dL and/or lymphocyte count greater than 
30    ×    10 9 /L fared worse than those with haemoglobin above 12   g/
dL and lymphocytes under 30    ×    10 9 /L. The MRC examined both 
these factors in an observational study, MRC CLL3A, and found 
that both were indicators of prognosis and that the two criteria 
were independent of each other. As a result, the MRC uses a 
defi nition for stage A - progressive for patients with short dou-
bling times, downward trend in haemoglobin and/or platelets, 
increasing organomegaly and systemic symptoms. Using these 
criteria, it has been shown in both the CLL3 and CLL4 trials 
that patients with stage A - progressive disease fared the same as 
those with stage B, confi rming the validity of the clinical criteria 
used. Patients with both A - progressive and B disease fared 
better than those with stage C. Using biomarkers such as CD38, 
ZAP - 70 or  IGHV  mutation status, it is possible to predict those 
patients who will have a short time from diagnosis to progres-
sion and will need treatment. However, as advised by the 2008 
IWCLL guidelines, these factors should not be used to initiate 
therapy outside clinical trials. 

 Numerous new prognostic factors have now emerged in CLL 
(see below), and these are being tested against the well - estab-
lished parameters. These are relevant in particular to stage A, 
but also perhaps for identifying prognosis and good responders 
in the other stages. While these new tests are incorporated and 
tested in the clinic, the simple clinical observations, blood 
counts, symptoms and physical examination will remain as the 
best guideline on outcome. With the caveat indicated above (i.e. 
increasing proportion of patients diagnosed in asymptomatic 
phase of the disease), clinical stages are still very important as 
a starting point and, when considering the whole population 
with CLL, remains the best prognostic indicator. However, for 
randomized trials in which stage A non - progressive patients will 
not be entered, the prognostic value of staging loses its strength 
and other measures which assess the biology of the disease have 
now become more relevant.  

  Prognostic  f actors 

 The median survival of patients with CLL is around 7 years but 
the individual prognosis is extremely variable. As previously 
indicated, the clinical staging systems are still the backbone for 
assessing prognosis. Patients with low - risk disease (Rai 0, Binet 
A) have a median survival greater than 10 years, those with 
intermediate - risk disease (Rai I, II; Binet B) have a median 
survival of 5 – 7 years, and patients with high - risk disease (Rai 
III, IV; Binet C) have a median life expectancy of less than 3 – 4 
years. In addition to clinical stages, many other prognostic 
factors have been proposed, the most extensively investigated 
and validated being cytogenetics,  IGHV  mutational status, 
ZAP - 70 and CD38 expression in leukaemic lymphocytes, and 
serum  β  2  - microglobulin levels. 
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stated above,  TP53  mutations can be detected by polymerase 
chain reaction (PCR) and carry similar adverse prognosis. A 
cautionary note was issued in a report from the M.D. Anderson 
Center and the Mayo Clinic. A study of 99 previously untreated 
patients with 17p deletion showed signifi cant clinical heteroge-
neity, with some patients not showing progression for up to 
5 years.   

 The group with deletion of 6q21 – 23 represents 8% of cases 
both in Dohner ’ s series and LRF CLL4. These patients tend to 
present with high lymphocyte counts but apparently have an 
overall good prognosis. The deletion at 11q22 – 23 involves the 
 ATM  gene and it has been suggested that survival in del(11q) 

This is due to normal metaphases, which refl ected the karyotype 
of the normal T cells, and the frequent lack of metaphases in 
cases with high WBC count. Newer techniques are now avail-
able that are able to elicit metaphases in a higher proportion of 
cases. FISH analysis uses specifi c probes to detect the most 
common genetic changes on interphase cells. There is now a 
panel of at least fi ve probes for studying the most frequent 
abnormalities, which can be detected in 80% of cases. Thus, we 
are now in a position in CLL similar to that of the acute leukae-
mias where distinct chromosome abnormalities of prognostic 
signifi cance can be detected in most patients. However, it is 
important to state that none of the abnormalities found are 
unique or specifi c for CLL and can be found in other B - cell 
disorders. 

 The most important contribution to the subject has been that 
of Dohner, who in 2000 proposed a hierarchical model for 
prognosis based on the genetic aberrations found in CLL (Table 
 29.6 ). This model is based on the prognostic value of such 
markers and it is necessary because some patients have more 
than one abnormality, but the one which counts is the one listed 
higher in Table  29.6 . It should be noted that deletions of 13q14 
(Figure  29.10 ) confer a good prognosis (even better than no 
abnormality), but only provided they are found as the only 
change. Table  29.6  also shows the incidence of abnormalities in 
cases from the LRF CLL4 trial.     

 The 17p deletion (Figure  29.11 ) has a much higher incidence 
(three or four times) in patients with advanced CLL, particu-
larly after multiple treatments, than in those requiring treat-
ment for the fi rst time. The result of the 17p13 deletion at the 
 TP53  locus often correlates with a point mutation in the other 
allele and this results in total inactivation of the  TP53  suppres-
sor gene, the most common molecular change in cancer. 
Although the usual method for detecting  TP53  abnormalities is 
to use FISH to detect deletion of 17p, overexpression of the 
 TP53  gene can be demonstrated by fl ow cytometry and immu-
nohistochemistry. The signifi cance of  TP53  overexpression is 
probably the same, but these methods are often used mainly 
in histological section of bone marrow and lymph nodes. As 

     Figure 29.10     FISH analysis with a 13q14 probe showing missing 

red dots in several cells denoting 13q deletion; all the cells are 

disomic for chromosome 12 (normal pattern).  

  Table 29.6    Hierarchical model of chromosomal abnormalities in 

 CLL . 

   Karyotype     D ö hner     LRF CLL4  

  Number of patients    352    579  

  17p13 deletion    7%    6%  

  11q22 – 23 deletion    17%    20%  

  6q21 – 23 deletion    8%    8%  

  12q trisomy    14%    15%  

  Normal karyotype    18%    15%  

  13q14 deletion as sole 

abnormality  

  36%    36%  

     Figure 29.11     FISH analysis with a  TP53  probe (red) and a 

control 17 probe. Note many cells with only one (instead of two) 

red dot, indicating  TP53  deletion.  
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therapy and identifi es younger patients, particularly males, who 
often have signifi cant lymphadenopathy. Although the outcome 
in del(11q) cases is worse than with other types of cytogenetic 
abnormality, current combinations such as FC and FCR have 
signifi cantly improved their response rate and PFS. The other 
group is defi ned by the deletion of 17p13, which involves the 
 TP53  gene and is associated in 85% of cases with a mutation of 
the  TP53  gene in the other allele. Whether defi ned by deletion 
or mutation, the outcome of this group is poor, with a low 
response rate and very short PFS and OS. A number of recent 
studies and data from LRF CLL4 suggest that one needs to test 
for both 17p deletion and mutation to detect all the cases with 
 TP53  loss of function. 

 Studies fi rst reported by the group from the M.D. Anderson 
Center and confi rmed in the LRF CLL4 trial have shown the 
value of measuring  β  2  - microglobulin, high levels of which are 
associated with poor treatment response and short PFS. V H  
usage has identifi ed the group with  IGHV3 - 21  as of poor prog-
nosis regardless of their mutational status (mutated in two -
 thirds of cases). By combining  IGHV  status, V H  usage, FISH 
results and  β  2  - microglobulin, it is possible to separate cases 
that have been entered into LRF CLL4 (therefore requiring 
therapy, i.e. Binet stage A - progressive, B and C) into three dis-
tinct prognostic groups: poor risk (6% of cases), defi ned by 17p 
deletion; intermediate risk (72% of cases), defi ned by unmu-
tated  IGHV  genes or del(11q) or  IGHV3 - 21  usage or  β  2  -
 microglobulin above 4   mg/L; and good risk (22% of cases), 
defi ned by mutated  IGHV  genes, but excluding those with 
 IGHV3 - 21  usage and/or the other abnormalities that defi ne the 
intermediate group. These groups are clearly distinguished with 
respect to PFS and OS. 

 The IWCLL guidelines do not recommend these tests for 
diagnosis or for assessment of new patients, but they seem very 
important once treatment is indicated and for risk assessment 
when entered into clinical trials. 

  Chromosome  t ranslocations  i nvolving the   IGH    l ocus 
 It is debatable whether translocations of the  IGH  locus are a 
feature of CLL. Nevertheless, systematic interphase FISH with 
an  IGH  probe can detect up to 5% of cases with such transloca-
tions. Excluding t(11;14), a feature of MCL, some apparently 
genuine cases of CLL have been reported with t(14;18)(q32;q21) 
or  IGH/BCL2 , t(14;19)(q32;q13) or  IGH/BCL3 , and very rarely 
t(8;14)(q24.1;q32) involving the  MYC  gene. The latter cases 
were described as CLL/PL and some as typical B - PLL.  IGH  
translocations have often been described as atypical and associ-
ated with poor prognosis. Cases with t(14;19), although rare, 
have been more extensively characterized. This translocation 
has been reported in a heterogeneous group of B - cell malignan-
cies including marginal zone lymphomas and, in about half of 
cases, with a diagnosis of CLL frequently associated with trisomy 
12, unmutated  IGHV  genes and low frequency of 13q14 
deletion.  

cases may depend on whether the gene in the other allele is 
mutated (seen in 12% of cases). Cytogenetic clonal evolution 
has been reported in 17% of cases, which tend to be 
unmutated.  

  Biological  p rognostic  m arkers 
 Numerous biomarkers have emerged in recent studies of CLL. 
These prognostic factors include genetic markers, mutational 
status of the  IGHV  gene, V H  gene usage, serum levels of  β  2  -
 microglobulin and CD38 and ZAP - 70 expression, the latter 
measured by fl ow cytometry. A list of these markers is given in 
Table  29.7 . These biological markers have helped to unravel the 
clinical heterogeneity of CLL. The focus now is on new repro-
ducible markers that relate to the underlying biology, prolifera-
tive potential and responsiveness to therapy. Some of these are 
predictive of time to disease progression from diagnosis; others 
predict also response to treatment, PFS and OS.   

 Early work suggested that CD38 expression correlates 
with unmutated status. Similarly, ZAP - 70 emerged from gene 
expression studies as overexpressed in unmutated cases. The 
correlation of CD38 and ZAP - 70 expression with  IGHV  muta-
tion status is close but not complete and both of these markers 
assessed by fl ow cytometry are good predictors of time to 
disease progression. This may be important information in 
newly diagnosed patients, especially those with stage A. FISH 
analysis, which identifi es common genetic abnormalities in CLL 
such as del(6q), trisomy 12, del(13q), del(11q) and del(17p), 
has been extensively studied in clinical trials, including LRF 
CLL4 and the German trials. Dohner ’ s hierarchical model for 
analysis of the cytogenetic abnormalities (see above) has been 
shown to be reproducible and reliable. FISH has identifi ed two 
groups of cases associated with aggressive CLL and resistance to 
conventional chemotherapy. The fi rst group, deletion of 11q22, 
involves the  ATM  gene and is seen in 20% of those who need 

  Table 29.7    Prognostic biomarkers in  CLL . 

   CD38, ZAP - 70, CD49b (fl ow cytometry)  

   IGHV  mutational status (PCR)  

   IGHV  usage (PCR)  

  FISH analysis (four or fi ve probes)  

   TP53  mutations (DNA based)  

  Telomere length (DNA based)  

   CLLU1  (RNA based)  

  Lipoprotein lipase (RNA based)  

  Serum factors  

      β  2  - microglobulin  

     Soluble CD23  

     Circulating VEGF  

     Thymidine kinase  

   VEGF, vascular endothelial growth factor.   
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mutated versus unmutated cases. One notable difference is the 
high expression (four to fi ve times higher) of ZAP - 70 in unmu-
tated cases.  

  CD38 and  ZAP  - 70 
 Early studies showed that unmutated cases correlated with 
higher expression of the transmembrane glycoprotein CD38. 
This correlation is seen in only two - thirds of cases. Therefore 
CD38 could not be regarded as a surrogate marker for  IGHV  
mutational status. Nevertheless, many studies have now shown 
that CD38 is an important prognostic marker. Low percentages 
correlate with stable disease, while a high percentage of CD38 -
 positive cells predicts a short time to disease progression and 
worse OS. 

 There are several caveats for the determination of CD38. 
Although assessed by fl ow cytometry and simpler than PCR and 
sequencing, which are used for  IGHV  mutations, CD38 should 
only be tested on CLL B lymphocytes and should exclude T 
cells, which strongly express this antigen. This is currently 
done by triple labelling with CD5, CD19 and CD38 and appro-
priate gating. Another issue is the best threshold for CD38 
positivity. Early reports suggested 30%, but more recent studies 
recommend a lower fi gure (7%) as being more likely to be 
clinically relevant. This relatively simple determination seems 
to add to the constellation of markers useful for assessing prog-
nosis in individual patients and predicting time to disease 
progression. 

 ZAP - 70 is a protein tyrosine kinase and is of relevance in 
T - cell signalling. ZAP - 70 can be demonstrated by fl ow cytom-
etry, immunocytochemistry and Western blotting, and several 
studies have now shown a high concordance with the mutation 
status ( ∼ 90%). Thus, ZAP - 70 may be a better surrogate marker 
than CD38 for establishing  IGHV  mutational status without 
having recourse to molecular methodology. Studies using ZAP -
 70 have confi rmed its prognostic value, particularly in patients 
with stage A disease, in whom early assessment of the need for 
future therapy may be desirable. The assessment of ZAP - 70 by 
fl ow cytometry (Figure  29.12 ) requires the exclusion not only 
of T cells (as for CD38) but also of natural killer (NK) cells, as 
both cell types express this cytoplasmic protein strongly. Thus, 
the determination of ZAP - 70 requires cell permeabilization 
procedures and staining for CD3 and CD56 (for T and NK 
cells), CD19 and CD5 (for CLL cells) and ZAP - 70.    

  Role of  m icroRNAs in  CLL  
 MicroRNAs are a large family of short, non - coding, single -
 stranded molecules that regulate almost one - third of human 
genes. They are involved in a variety of normal and pathological 
processes and have recently been implicated in the pathogenesis 
of CLL. Two microRNAs,  MIR15  and  MIR16 , are located at 
13q14, a region frequently deleted in CLL (see above). Both 
genes are deleted or downregulated in about two - thirds of cases 
and have been linked to initiation and progression of the 

    IGHV    m utation  a nalysis 
 The most interesting and exciting new fi ndings that relate to 
prognosis and which may underlie the clinical heterogeneity of 
CLL are mutational status of the  IGHV  gene and the expression 
of CD38 and of ZAP - 70. Somatic hypermutation is the process 
by which B cells, after the initial recombination of immu-
noglobulin genes, undergo further change in order to produce 
high - affi nity antibodies. This event occurs within the germinal 
centre and gives rise to memory B cells and plasma cells. 

 CLL was for many years thought to be a disease of early or 
immature CD5 - positive B cells with unmutated  IGHV  genes. 
More recent studies showed heterogeneity, and this was con-
solidated by two landmark papers in 1999 by Damle and 
Hamblin, demonstrating that just over half of the patients had 
mutated  IGHV  genes (Table  29.8 ), defi ned by convention as less 
than 98% homology to the nearest germline sequence.   

 Many studies have confi rmed the original fi nding, which sug-
gested initially that there were two forms of CLL: the unmutated 
type, associated with all the features of poor prognosis; and the 
mutated type, associated with stable disease and good prognosis 
(Table  29.8 ). Of interest is the fi nding that many of the poor 
prognostic features, such as stages B and C, male gender, atypi-
cal morphology, trisomy 12 and 11q deletion, are seen predomi-
nantly in unmutated cases, whereas the opposite is true for the 
mutated ones. 

 Data based on gene expression profi ling has shown unequiv-
ocally that CLL has a characteristic pattern of expression (or 
signature) that is independent of  IGHV  mutation and is distinct 
from that of other B - cell lymphomas such as MCL, follicular 
lymphoma and diffuse large B - cell NHL. The genotype of CLL 
was defi ned by a common pattern of expression of 12   000 genes, 
with only between 23 and 200 differentially expressed in 

  Table 29.8    Mutational status of   IGHV   genes in  CLL  (broad 

differences). 

        Unmutated     Mutated  

  Incidence    45%    55%  

  Male/female ratio    10   :   1    1.1   :   1  

  Trisomy 12    Frequent    Infrequent  

  Abnormal 13q14    Rare    Common  

  Stage (Binet)    B and C (2/3)    Stage A (2/3)  

  Disease course    Progressive    Stable  

  CD38/ZAP - 70    Frequently 

expressed  

  More often negative  

  Therapy  *      Often required    Not always needed  

  Response    Less than optimal    Better  

  Survival/PFS    Short    Long  

    * When indicated on clinical grounds.  

  PFS, progression - free survival.   
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of over 900 cases, 51% of men and 37% of women had no  IGHV  
mutations; in contrast, 63% of women versus 49% of men did 
have  IGHV  mutations ( P     <    0.0001).   

  Differential  d iagnosis 

 This has been partly discussed above in the methodology for 
diagnosis. One problem is when CLL has atypical morphology 
and another when the CLL immunophenotypic score is below 
3. The most common morphological change is the increased 
proportion of larger nucleolated prolymphocytes. When there 
are more than 10% of these cells in blood fi lms, the disease is 
described as CLL/PL. 

 CLL/PL is a proliferative form of CLL, not infrequently asso-
ciated with trisomy 12 or  TP53  deletion, high rate of cell divi-
sions (as shown with the antibody Ki - 67) and histologically by 
many proliferating centres in lymph nodes and bone marrow 
sections. Occasionally, lymph nodes seem totally replaced by 
prolymphocyte - like cells, a situation that can provisionally be 
described as  ‘ accelerated ’  CLL. Peripheral blood fi lms always 
show a dual population of small lymphocytes and prolym-
phocytes. CLL does not transform to B - PLL, which is a distinct 
clinicopathological entity (see below). 

 When atypical features are present, including those of CLL/
PL, it is important to consider the differential diagnosis with 
NHL evolving with lymphocytosis, notably MCL which, like 
CLL, is CD5 positive. The best method to exclude (or confi rm) 
MCL is to test for t(11;14) by FISH and/or to demonstrate 
expression of cyclin D1 by immunohistochemistry. Other 
NHLs can be excluded by histological criteria (see Chapter  33 ) 

disease. Both microRNAs target  BCL2  which, as a result, is 
overexpressed in CLL. The expression profi les of microRNAs 
were investigated by Croce ’ s group in close to 100 cases. They 
reported a unique microRNA signature that distinguished 
CLL according to  IGHV  mutation status and ZAP - 70 expres-
sion. The mouse homologues of  MIR15  and  MIR16  are also 
deleted in the  TCL1A  transgenic mouse model, which develops 
a disease very similar to CLL, confi rming their relevance in 
pathogenesis. 

 Another microRNA that may be important in CLL is  MIR34a , 
which has very low expression in cases refractory to chemo-
therapy and with impaired DNA damage response, irrespective 
of whether such cases have deletions and/or mutations of  TP53 . 
If these fi ndings are confi rmed, they may provide a new tool for 
identifying drug - resistant cases and avoiding unnecessary use 
of non - effective drugs. Other microRNAs that may have rele-
vance to CLL and its prognosis are  MIR29c  and  MIR223 , which 
were shown to have low expression in poor prognostic cases and 
to predict treatment - free and overall survival.   

  Gender  d ifferences 
 In CLL, female patients survive longer than males. The male to 
female ratio in CLL is 2   :   1 but in younger patients it is often 
higher. The proportion of cases with stage A is higher in women 
than in men, i.e. 40% versus 28%, while in men the proportion 
with stages B and C is higher. Despite women being older, 
gender remained an independent prognostic factor for response, 
PFS and OS in patients entered into UK clinical trials as shown 
in a number of consecutive MRC trials. This difference might 
be due at least in part to biological differences since, in a study 
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     Figure 29.12     Flow cytometry plots of 

ZAP - 70 in CLL. Top left: ZAP -

 70 + CD19 +  lymphocytes. Top right: 

control ZAP - 70 +  T and NK 

lymphocytes (CD2 + ). Bottom left: a 

ZAP - 70  −   case and the positive control 

T/NK cells (bottom right).  
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previously unreported CLL risk loci. The most signifi cant sta-
tistical association was at 6p25.3, which is the locus for the gene 
for interferon regulatory factor 4 ( IRF4 ), previously known as 
 MUM1  (multiple myeloma oncogene 1).  IRF4  is a key regula-
tory transcription factor involved in lymphocyte development, 
proliferation and regulation of the immune response.    

  Monoclonal  B  -  c ell  l ymphocytosis 

 Recent studies have demonstrated a higher incidence of mono-
clonal B - cell lymphocytosis (MBL) in  ‘ normal ’  relatives of 
patients with familial CLL. Small B - cell clones can be detected 
by very sensitive fl ow cytometry assays using CD5, CD19, CD20 
and CD79b. The incidence of MBL in these individuals is four 
times greater than in the general population. The incidence is 
even higher when looking at people under 40 years of age. 

 MBL is now defi ned as the presence of less than 5    ×    10 9 /L 
monoclonal B lymphocytes in the peripheral blood, in the 
absence of lymphadenopathy, splenomegaly, cytopenias or 
disease - related symptoms. Patients with MBL may have a mod-
erate absolute lymphocytosis ( > 4    ×    10 9 /L) or a completely 
normal lymphocyte count. In the majority of cases the immu-
nophenotype is identical to that of CLL, i.e. CD5 +  and CD23 +  
monoclonal B lymphocytes. MBL represents either a precursor 
state for CLL or a distinct entity, in the same way that mono-
clonal gammopathy of unknown signifi cance (MGUS) relates 
to myeloma. MBL could be detected in 5% of subjects (aged 
60 – 80 years) with a normal WBC count and in a higher propor-
tion of those presenting with lymphocytosis. MBL may progress 
to frank CLL at a rate of 1 – 2% per year. Studies by the Leeds 
group showed that in those presenting with lymphocytosis, CLL 
may develop in 15% and that half of them may eventually 
require treatment. Of interest too is that the 13q14 deletion, 

and the combination of immunophenotype and peripheral 
blood morphology (see below).  

  Genetic  p redisposition to  CLL  

 Evidence from epidemiological and family studies supports the 
view that there is inherited susceptibility to CLL in a signifi cant 
subset of patients. Case reports of leukaemia families and case –
 control and case cohort studies all showed that the relative risk 
of developing CLL in patients ’  relatives is three to eight times 
higher than in the normal population. The molecular basis of 
familial CLL is currently being unravelled by means of genome –
 wide association studies, including both families and sporadic 
cases. Familial CLL often cosegregates with other B - cell disor-
ders, chiefl y Hodgkin lymphoma and lymphoplasmacytic lym-
phoma, suggesting that the predisposition to CLL is mediated 
through pleiotropic genes. 

 The search for the genetic basis of CLL has been active in the 
last few years with the possibility of collecting DNA samples 
from familial cases. Figure  29.13  illustrates families with several 
affected members.. There is a strong rationale for searching for 
moderate -  to high - risk mutations in linkage studies. The largest 
of these included 206 families and suggested a possible disease 
locus at 2q21. However, subsequent studies in two large multi-
generational families failed to confi rm this fi nding. Therefore 
the possibility that a single gene mutation is involved in the 
predisposition to CLL is now considered unlikely, the current 
hypothesis being that susceptibility to CLL is a consequence of 
the co - inheritance of several low - penetrance gene variants. This 
 ‘ common - disease, common - variant hypothesis ’  concept can 
only be ascertained by large genome - wide association studies 
based on the analysis of SNPs. Such a study, conducted at the 
Institute of Cancer Research, identifi ed for the fi rst time six 

Family 005

Family 039Family 037

Family 094

     Figure 29.13     Four pedigrees of familial 

CLL cases with three or more affected 

per family.  
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survival improves. A number of trials showed that early treat-
ment with chlorambucil was, if anything, deleterious, with 
more deaths due to progression in the group treated early. This 
was confi rmed in a large overview. Thus, the old wisdom of 
watch and wait should continue to prevail for stage A patients, 
at least for the time being. 

 Nevertheless, the issue of early treatment in stage A patients 
may need to be revised, for two main reasons. First, it is now 
possible to better identify the patients likely to progress using 
some of the new prognostic factors defi ned above, for example 
unmutated  IGHV  genes, CD38/ZAP - 70 expression, short lym-
phocyte doubling time, 17p or 11q deletions. It is in this group 
that randomized studies are currently being carried out to see 
whether early therapy may improve survival. Second, the com-
bination of purine analogues with monoclonal antibodies 
increases the proportion of remitters and the quality of the 
responses; therefore, there may be of potential benefi t early in 
high - risk cases. 

  Spontaneous  r egression 
 Spontaneous clinical remissions may occur in CLL but these are 
usually not complete. Based on patients entered in MRC CLL 
trials, 1.5% of stage A patients may undergo a spontaneous 
reduction of the lymphocyte count greater than 50%. The 
remission is rarely complete, most patients having persistent 
disease by fl ow cytometry and the remission is usually transient. 
The mechanisms behind spontaneous remissions are poorly 
understood but could be triggered by immune - mediated 
reactions.  

  Criteria for  r esponse 
 The defi nitions of response used in the UK for CLL3 and CLL4 
trials were broadly similar to the National Cancer Institute 
(NCI) 1996 guidelines. These defi nitions have been updated 
and clarifi ed in the 2008 IWCLL guidelines (see below). A bone 

which characterizes benign cases of CLL, is often seen in MBL. 
Data on  IGHV  usage are still inconclusive but those with higher 
B - lymphocyte counts tend to show the same biased usage as in 
CLL. 

 In a large retrospective study of patients who were found 
subsequently to have developed CLL (up to 6 years later), a 
prediagnostic B - cell clone, consistent with MBL, was demon-
strated in the majority (98%). This strongly suggests that CLL 
may always be preceded by MBL, but it does not mean that MBL 
will always lead to CLL. A Spanish group has shown, using 
highly sensitive eight - colour fl ow cytometry instead of the 
standard four - colour method, that the frequency of MBL (or at 
least small B - cell clones) was higher than previously reported 
in healthy individuals, also increasing with age.  

  Polyclonal  B  -  c ell  l ymphocytosis 

 In contrast to MBL, a rare abnormality described as polyclonal 
B - cell lymphocytosis has been recognized. The absolute number 
of B cells is increased in affected patients, but staining with 
anti - light chain antibodies shows lack of clonality and normal 
proportions of  κ  -  and  λ  - staining cells. For several reasons this 
entity, which appears not to be malignant, needs to be recog-
nized, not least because in some patients it may mimic CLL or 
other B - cell disorders. Disease features are median age 40 years, 
lymphocyte count 3 – 15    ×    10 9 /L (median 6.5), splenomegaly 
(15%) and mild bone marrow infi ltration, sometimes showing 
intrasinusoidal distribution; 95% of patients are smokers and 
90% have HLA - DR7 in their genotype. The cell markers are 
non - clonal, CD19 + , FMC7 + , CD5  −  , CD23  −  , CD27 +  and the 
patients have elevated levels of serum IgM (polyclonal). Despite 
the benign and non - clonal nature, distinct abnormalities have 
been shown in the B lymphocytes: an extra copy of the long arm 
of chromosome 3 in the form of iso(3q) and also the presence 
of  IGH/BCL2  rearrangements. A minority of patients ( ∼ 3%) 
may develop NHL. The blood picture is pleomorphic and fre-
quently shows binucleated lymphocytes (Figure  29.14 ), which 
are characteristic of this condition. It is important to follow 
these patients closely and it is even more important not to 
institute any treatment.    

  Management 

 The indications for active treatment depend on the stage of the 
disease. For patients with stage A (Binet) or stages 0, I and II 
(Rai), a period of observation may be necessary to decide 
whether the pattern of the disease is stable or progressive. Most 
patients with stage B and two - thirds of those with Rai stage II 
will show progression within the fi rst year or two after diagno-
sis. This is manifested by further organ enlargement, a down-
ward trend in haemoglobin and/or platelets and a slowly rising 
WBC count. As responses are better with less disease, some 
trials have compared early versus delayed therapy to see whether 

     Figure 29.14     Blood fi lm from a case of polyclonal B - cell 

lymphocytosis showing a binucleated cell characteristic of this 

condition.  
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MRD should be investigated in the bone marrow, as peripheral 
blood cells may be MRD negative for some months after treat-
ment using monoclonal antibodies and are thus less reliable at 
that point.  

  Treatment 
 In the last few years, important progress has been made in the 
treatment of CLL. However, there is not yet a curative therapy 
for this form of leukaemia. Because of this, and the variable 
impact of the disease on patient survival, treatment needs to 
be adapted to the patient ’ s risk. Importantly, the diagnosis of 
CLL is not equivalent to the necessity for starting therapy. 
Treatment is only indicated when any of the following features 
is present: (i) fever without evidence of infection, extreme 
fatigue, night sweats or weight loss; (ii) increasing anaemia 
or thrombocytopenia due to bone marrow infi ltration by 
leukaemic cells; (iii) bulky or progressive lymphadenopathy; 
(iv) massive or progressive splenomegaly; (v) autoimmune 
cytopenias, which do not respond to corticosteroids; and 
(vi) rapid lymphocyte doubling time (e.g.  < 6 months). 
Hypogammaglobulinaemia or increased WBC counts, in the 
absence of any of the above criteria, are not enough to initiate 
treatment. Likewise, younger age, the mere availability of a bone 
marrow donor, or poor - prognosis biomarkers such as  IGHV  
unmutated status or high ZAP - 70 expression are not per se 
criteria to initiate treatment. 

 Treatment of patients in early - stage disease (Binet A, Rai 0) 
with chlorambucil or other alkylating agents delays disease pro-
gression rate but does not prolong survival. The impact of 
recent and more effective therapies in the natural history of 
patients in early stage as a whole has not been investigated. 
A proportion of patients in intermediate stage (Rai I and II, 
Binet B) have indolent disease; these patients may be followed 
with no therapy, like those in early stage. However, most 
patients with intermediate - stage disease and nearly all patients 
with advanced - stage disease (Rai III and IV, Binet C) need 
therapy. 

 Factors to be considered before indicating treatment include 
patient ’ s age, performance status and associated diseases as well 
as the patient ’ s expectations; also important are the character-
istics of the disease, including biomarkers such as del(17p) or 
del(11q). Corticosteroids as initial treatment for stage C patients 
have been used in UK trials for many years. These are given at 
30   mg/m 2  daily for 3 weeks, and reduced gradually for another 
week. Platelets rise within 4 – 6 weeks, as does the haemoglobin, 
and the WBC count follows a characteristic curve, rising after 
3 or 4 weeks, sometimes doubling the initial count and then 
gradually coming down. This is nearly always accompanied by 
a decrease in size and softening of lymph nodes and spleen. This 
effect may facilitate subsequent therapy with agents that affect 
normal haemopoietic cells, and it seems more important when 
used before chlorambucil. It is not clear whether steroids are 
useful before combinations using fl udarabine (e.g. FC or FCR). 

marrow biopsy is required to defi ne the category of nodular PR 
by the presence of discrete or moderately large nodules of resid-
ual CLL. In this context, it is important to carry out immuno-
histochemistry as in some patients the nodules may contain 
mainly T cells rather than B cells. CR requires normalization of 
blood counts and the bone marrow, whereas a PR requires the 
regression of at least 50% of organomegaly and lymphocyte 
counts. A bone marrow aspirate is required also to assess MRD 
by fl ow cytometry (see below).  

  New  IWCLL   d efi nition of  r esponse 
 The new IWCLL guidelines include minor changes from the 
1996 NCI guidelines. They propose more stringent recommen-
dations for use in clinical trials than in general practice. This is 
to stress the need to collect useful data in clinical trials rather 
than to downgrade the care given to patients outside trials. The 
criteria for CR require less than 4    ×    10 9 /L lymphocytes in the 
peripheral blood and, ideally, without residual CLL cells as 
tested for MRD by fl ow cytometry. The defi nition of CR is 
otherwise the same as in 1996. For clinical trials the new recom-
mendation is to test for MRD in bone marrow aspirates; thus 
there are two types of CR: MRD negative and MRD positive 
(see below). Immunohistochemistry should always be per-
formed if residual nodules are present in the biopsies (see 
above) and the bone marrow needs to be tested at least 2 months 
after the end of therapy. CT should be repeated only if it was 
abnormal at the start of therapy. A new term, incomplete CR, 
is now used to describe patients with persistent anaemia, 
thrombocytopenia or neutropenia, due to myelotoxicity, who 
otherwise fulfi l the criteria for CR. If the bone marrow is 
hypocellular, it is recommended that the biopsy be repeated 
once the blood counts have recovered.  

  Assessment of  m inimal  r esidual  d isease 
 Refi nements in fl ow cytometry now contribute to the defi nition 
of MRD with the same level of sensitivity as molecular methods. 
MRD positivity (i.e.  > 0.05% bone marrow cells) predicts a 
shorter event - free survival and a shorter remission. The stand-
ard method adopted by most international groups is four - 
colour fl ow cytometry, which has a level of sensitivity similar to 
that of allele - specifi c oligonucleotide PCR (i.e. 1 in 10   000 leu-
cocytes). Thus, CR may now be defi ned as MRD negative 
depending on whether there is less than one leukaemic cell per 
10   000 leucocytes. Methods have now been standardized and 
published in a report from the ERIC group. These are based on 
the CD5/CD19 combination, always with two other reagents 
such as  κ  and  λ , CD20 and CD38, CD43 and CD79b, CD22 and 
CD81, and CD45 and CD14. If the fi rst four tubes contain CD5/
CD19/ κ / λ  and all the B cells are CD5 +  with restricted light -
 chain expression, there is no need to test the other MRD com-
binations. It is likely that the end point of new clinical studies 
in CLL will be to achieve CR with negative MRD. The sensitivity 
of the method used to evaluate MRD should always be reported. 
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used alone in previously untreated patients to 30 – 45% with 
cyclophosphamide (FC), 45% with rituximab and 65% with the 
FCR combination in the experience of the M.D. Anderson 
Center and confi rmed in the CLL4 German trial. FCMR (adding 
mitoxantrone to FCR) may be an even more powerful combina-
tion, currently used in Spanish and UK trials.   

 The issue of fi rst - line fl udarabine and/or its combination 
with cyclophosphamide has been clarifi ed in randomized con-
trolled trials (Table  29.10 ). Taken together, current results indi-
cate that FCR not only results in a response rate superior to 
fl udarabine or FC, but a longer freedom from progression. In 
addition, new evidence from the German CLL8 trial comparing 
FCR and FC suggests, for the fi rst time in a randomized trial, 
an improvement in OS. As a result, rituximab - based chemoim-
munotherapy is now considered as the best upfront therapy for 
patients with CLL, particularly for those patients in whom, as 
discussed above, achieving MRD - negative CR is deemed a 
worthwhile target.   

 The FC component of FCR can be given by the intravenous 
or oral route. Using the intravenous route, fl udarabine is given 
at 25   mg/m 2  and cyclophosphamide at 250   mg/m 2 , both over 3 
days. Orally, fl udarabine is given at 24   mg/m 2  and cyclophos-
phamide at 150   mg/m 2 , both over 5 days. Rituximab is given at 
375   mg/m 2  on day one (or over 2 days) with the fi rst course of 
FC, and then at 500   mg/m 2  on day one for the remaining fi ve 
courses (courses 2 – 6), which are given at 4 - week intervals. 

 Two other purine analogues with activity in CLL are cladri-
bine (2 - chlorodeoxyadenosine) and pentostatin (2 - deoxycofor-
mycin). Cladribine in particular can achieve as good a response 
as fl udarabine and, in previously untreated CLL, the CR rate of 
the combination cladribine plus cyclophosphamide has been 
reported as 29% and nodular PR 24%. Although cladribine and 
fl udarabine have not been compared directly, cladribine appears 
to be the more myelotoxic of the two. Pentostatin has been used 

 For many years chlorambucil has been the treatment of 
choice for CLL. Chlorambucil yields a small proportion of com-
plete responses (5 – 10%) and although it improves symptoms, 
survival is only slightly, if at all, affected. Because of this, cho-
rambucil is usually given to patients not able to tolerate more 
effective therapies. It should be noted that the doses of chlo-
rambucil (and of cyclophosphamide) have varied widely in dif-
ferent studies and there is a clear indication of a dose – response 
curve. For example, the CALGB trial and the German CLL5 trial 
used chlorambucil at a dose equivalent to 40   mg/m 2  monthly 
and the reported CR rates were 3% and 5%, whereas the UK 
CLL3 and CLL4 trials used 60   mg/m 2  and 70   mg/m 2  (given as 
10   mg/m 2  for 7 days every 4 weeks) and the CR rate was higher 
(7% in CLL4). Chlorambucil is still used as the standard com-
parator in many current trials. Because of its relative safety it is 
still recommended for patients over the age of 70 years or those 
with comorbidities. 

 A number of randomized studies conducted in the 1970s 
and 1980s showed that anthracycline - based therapy, such as 
cyclophosphamide, doxorubicin, vincristine and prednisolone 
(CHOP), produced a higher response rate than chlorambucil 
but that survival was not improved. Despite this, CHOP in 
combination with rituximab (R - CHOP) may be of some effi -
cacy in patients with progressive disease who are poor respond-
ers to chlorambucil or fl udarabine and, particularly, in those 
who develop Richter syndrome. 

 The greatest advance in the treatment of CLL in the last 
decade has been the development of monoclonal antibodies 
(Table  29.9 ) and the advent of the purine analogues (fl udarab-
ine, cladribine, pentostatin). Fludarabine ’ s mode of action 
includes inhibition of DNA synthesis and DNA repair and acti-
vation of the apoptotic pathways. These mechanisms signifi -
cantly enhance the effect of this agent when used in combination 
with other drugs (e.g. cyclophosphamide and mitoxantrone) 
and antibodies (e.g. rituximab). Treatment with fl udarabine 
results in a higher CR rate than that achieved with chlorambucil 
or alkylating - based chemotherapies (20 – 40% vs. 10%) and a 
longer disease - free interval, although survival and PFS are not 
prolonged. The effi cacy of fl udarabine is improved by combin-
ing it with other agents (e.g. cyclophosphamide, mitoxantrone, 
rituximab). Using fl udarabine in combination with other agents 
the CR rates have increased, for example from 20 – 35% when 

  Table 29.9    Monoclonal antibodies in clinical use for  CLL . 

  Alemtuzumab (anti - CD52)  

  Rituximab (anti - CD20)  

  Ofatumumab (anti - CD20)  

  GA101 (anti - CD20)  

  Lumiliximab (anti - CD23)  

  Epratuzumab (anti - CD22)  

  Table 29.10    Results with the combinations  FC  and  FCR  in 

randomized trials. 

   Study     No. of 

patients  

   Therapy     CR (%)     Median PFS 

(months)  

  Flinn  et al . (US 

Intergroup 

Trial E2997)  

  278    FC    23    32  

  Catovsky  et al . 

(LRF CLL4)  

  390    FC    38    43  

  Eichhorst  et al . 

(German 

CLL4)  

  375    FC    24    48  

  Hallek  et al . 

(German 

CLL8)  

  371    FC    27    32  

  390    FCR    52    43  
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 Of particular interest are other monoclonal antibodies such 
as ofatumumab (Humax anti - CD20), lumiliximab (anti - CD23) 
and epratuzumab (anti - CD22) (Table  29.9 ). Two of the mono-
clonal antibodies against CD20, ofatumumab and GA101, may 
have a higher therapeutic index than rituximab. Other new 
treatments are being actively investigated in CLL, such as the 
 BCL2  antisense oligonucleotide Genasense (oblimersen). Two 
new drugs, lenalidomide and fl avopiridol, might add to the list 
of agents active in CLL with del(17p) (such as alemtuzumab 
and high - dose methylprednisolone), although this notion needs 
further investigation. At the same time, treatment strategies are 
becoming more complex, targeting not only leukaemic cells but 
also the microenvironment, T - cell dysfunction and immune 
disturbances that are part of the CLL neoplastic process. 
Lenalidomide (Revlimid; see also Chapter  31 ) is currently being 
tested in two Phase III trials: (i) as fi rst - line therapy versus 
chlorambucil; and (ii) as maintenance after second - line therapy 
(at least a PR) versus a placebo.  

  Role of  s plenectomy 
 Splenectomy is now rarely indicated for patients with a large 
spleen and in whom initial treatment achieves only a moderate 
reduction in spleen size. Patients with features of hypersplenism 
(peripheral cytopenias and an active bone marrow), as well as 
those with ITP and AIHA refractory to therapy, may benefi t 
from splenectomy. This has low morbidity and mortality and 
may benefi t patients with a large spleen and low blood counts, 
even if only as part of a debulking procedure. Prophylaxis with 
pneumococcal vaccines may not be effective in advanced CLL 
where antibody formation is reduced; thus patients require 
long - term penicillin or amoxicillin. Splenectomy may improve 
quality of life by raising haemoglobin levels and improving 
platelet counts in about 50% of cases. Although a rise in the 
lymphocyte count is often seen after splenectomy, one - third of 
patients still do not require therapy for long periods.  

  Stem  c ell  t ransplantation 
 The number of stem cell transplantation (SCT) procedures for 
CLL has increased dramatically in Europe in the last decade. 
Three modalities are currently considered: autologous SCT, 
conventional allogeneic SCT with high - intensity therapy, and 
allogeneic SCT with low - intensity procedures or  ‘ mini ’  
allografts. 

 The necessary condition for the success of an autologous 
transplant is to achieve CR before the procedure, which is 
extremely unlikely in patients refractory to the chemoimmuno-
therapy regimens. Moreover, unfavourable prognostic factors 
for response to conventional chemotherapy, for example 
del(17p) and del(11q), also predict poor results with autologous 
transplantation. Autologous transplantation does not cure CLL 
but might prolong survival in selected patients (i.e. those 
responding to salvage therapy, without unfavourable prognos-
tic factors, and transplanted early in the course of the disease). 

in combination with cyclophosphamide (PC) and rituximab 
(PCR). Another older agent, bendamustine, has rekindled 
interest because it combines the properties of an alkylating 
agent and a purine analogue. Bendamustine may be more effec-
tive than chlorambucil and is currently undergoing trials in 
combination with rituximab. 

 The downside of using combinations with fl udarabine or 
other purine analogues is that they are more myelotoxic (mani-
fested as neutropenia) and immunosuppressive (manifested as 
lymphopenia) and care should be taken to use prophylactic 
measures, such as co - trimoxazole to prevent  Pneumocystis 
jirovecii  pneumonia and aciclovir to prevent herpesvirus 
reactivations. 

 The introduction of alemtuzumab (Campath - 1H), rituximab 
and other antibodies (Table  29.9 ) has opened the door for more 
targeted biological agents with little or no myelotoxicity. 
Alemtuzumab (anti - CD52) acts through antibody -  and com-
plement - mediated cytotoxicity. It has potent activity in previ-
ously untreated CLL but requires prolonged periods (18 weeks) 
of treatment to achieve CR. In fl udarabine - resistant CLL, the 
CR rate is 2% but 31% achieve a PR. Its role in the management 
of CLL continues in active investigation, whether as fi rst line, 
as consolidation to improve the quality of remission and MRD 
and/or as salvage therapy to rescue resistant cases. Alemtuzumab 
can be given intravenously or by subcutaneous injection. The 
standard dose is 30   mg three times a week (normally Monday, 
Wednesday and Friday), but this dose is reached over 5 days, 
starting with 5   mg and increasing gradually to 30   mg. The course 
duration depends on the indication: for eradication of MRD -
 positive disease it is 4 – 6 weeks; for the treatment of relapsed/
refractory CLL it is 12 – 18 weeks. Currently, alemtuzumab is 
being tested in combination with fl udarabine, high - dose meth-
ylprednisolone and rituximab. Alemtuzumab has activity in 
del(17p) cases when used alone and in combination with high -
 dose methylprednisolone. Toxicity of alemtuzumab includes 
rigors, chills, fever, immunosuppression and lymphocytopenia. 
Opportunistic infections can be observed. Cytomegalovirus 
(CMV) reactivation is a problem that deserves close monitoring 
and pre - emptive therapy. Responses to alemtuzumab vary in 
different disease sites, being higher in peripheral blood and 
bone marrow than in spleen or lymph nodes. 

 Rituximab (anti - CD20) has potent activity in high -  and low -
 grade NHL and CLL when used in combination with fl udarab-
ine, FC, FCM, chlorambucil and high - dose methylprednisolone. 
Its mechanism of action is by complement - dependent cytotox-
icity, activation of the intrinsic pathway of apoptosis and mem-
brane - associated kinases. The lack of T - cell immunosuppression 
and its good tolerability makes it ideal for older individuals. 
Several studies are ongoing but it is likely that all will be posi-
tive, the limiting factor remaining its high cost. Unlike Campath, 
rituximab has limited activity on its own, unless used in very 
high doses, therefore remaining as an effective potentiator of 
apoptosis in combination with cytotoxic drugs. 
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tion. The advantage of cyclophosphamide is that it may provide 
a degree of control of the CLL. Rituximab has been reported to 
have benefi cial effect when used in combination with cyclo-
phosphamide and dexamethasone. AIHA often needs long -
 term treatment and may require a splenectomy. When the DAT 
remains positive, the risk of haemolysis continues. Achievement 
of a CR may be the best way to control AIHA and prevent recur-
rence. Alemtuzumab has also been shown to be useful for this 
indication. 

 ITP, although less common, also requires active treatment, 
as for AIHA. In those cases not responding to corticosteroids, 
high - dose  γ  - globulin infusions over 5 days may improve the 
platelet count and are often a good guide as to the subsequent 
benefi t of splenectomy. Ciclosporin and rituximab are both 
effective in refractory ITP. ITP is usually more diffi cult to 
manage than AIHA and, more often than in the latter, one 
needs to resort to splenectomy. 

 Pure red cell aplasia is an uncommon but well - recognized 
complication. Some cases are secondary to parvovirus B19 
infection. Ciclosporin, with or without courticosteroids, may 
resolve this complication. Rituximab and alemtuzumab have 
been reported to be able to reverse this process, which is some-
times very acute. It is paradoxical that rituximab and alemtu-
zumab have occasionally been reported to facilitate parvovirus 
infection and cause pure red cell aplasia. Rituximab has also 
been associated with delayed - onset neutropenia. The exact 
mechanism of the immune complications in CLL is still poorly 
understood and this explains the unusual, but well - documented, 
reports of the same agents causing or correcting these 
complications.  

  Richter  t ransformation 
  ‘ Immunoblastic ’  or large - cell transformation (Richter syn-
drome) is the most common form of transformation in CLL. 
The change occurs usually in one or several lymph nodes which 
show the features of diffuse large B - cell lymphoma (DLBCL). 
Richter syndrome is associated with systemic symptoms (fever 
and weight loss), increased serum lactate dehydrogenase levels 
and unexpected unilateral lymph node enlargement, not rare in 
the retroperitoneal area. Richter syndrome occurs in around 
7% of CLL cases, but the incidence may be higher if lymph node 
biopsies are performed when unexplained systemic symptoms 
(e.g. fever) develop in a patient with previously well - controlled 
disease. In rare cases, transformation takes place in the bone 
marrow and is therefore seen in trephine biopsies. In such cases 
the large blast - like cells spill over to the peripheral blood and 
the morphology may resemble that of an acute leukaemia 
(Figure  29.15 ). Richter syndrome is often associated with mon-
oclonal proteins in the serum or free light chains in the urine. 
Studies with immunoglobulin gene rearrangements are useful 
for demonstrating if the new malignant clone arose from a pre -
 existing CLL B cell or whether it is a new clone. The latter is 

 The feasibility of autologous SCT in CLL was tested in an 
MRC pilot study, which registered over 100 patients between 
1996 and 2001. After remission with fl udarabine and priming 
with cyclophosphamide, a peripheral blood stem cell harvest 
was planned in the good remitters (CR, nodular PR). Only two -
 thirds of patients were transplanted after high - dose cyclophos-
phamide and total body irradiation. Failure to do so was because 
of inadequate remission in 20% and failure to harvest enough 
stem cells (CD34 +  cells) in those achieving remission. The ques-
tion of long - term benefi ts has been tested in a randomized 
European intergroup study. Preliminary data from this study 
indicate a prolonged PFS in those who received an autograft, 
but no difference in OS. A German study showed that patients 
with unmutated  IGHV  genes do signifi cantly less well than 
those with mutated  IGHV  genes, but comparison of unmutated 
cases with a matched group treated without autograft suggests 
that this therapy may be more benefi cial to the unmutated or 
poor - prognostic cases than to the mutated ones. A problem of 
major concern with autotransplants is the risk of secondary 
MDS/AML (2 – 5%), particularly in patients conditioned with 
total body irradiation. 

 Allogeneic transplantation in CLL may offer the chance of 
cure in a minority of patients. Allogeneic SCT should be par-
ticularly considered in those cases refractory to, or who relapse 
shortly ( < 12 months) after, modern chemoimmunotherapy. 
The effect of allografts relies on the graft - versus - tumour effect 
that notably overcomes poor prognostic features such as 17p 
deletions. Both family related and unrelated donors are used, 
the experience with cord blood as a stem cell source being 
scarce. In unselected registry series, the transplant - related mor-
tality can be as high as 40%, whereas in selected series from 
experienced centres it is 25 – 35%. Reduced intensity or  ‘ mini ’  
allografts has lower transplant - related mortality of around 15 –
 25%, but is still higher than with autografts ( < 5%). In all allo-
graft series there is a plateau in disease - free and overall survival 
(40 – 60%), although late relapses ( > 7 years after transplant) can 
be observed. Treatment results are better in younger patients, 
not heavily pretreated and still showing some degree of response 
to therapy. Allografts should be performed within clinical 
studies and never as a last desperate attempt in extensively 
pretreated patients in poor clinical condition, and refractory 
disease.  

  Management of  a utoimmune  c omplications 
 The most common immune complications in CLL are AIHA, 
ITP and pure red cell aplasia. Control of haemolysis can be 
achieved by corticosteroids (prednisolone or dexamethasone), 
but long - term management requires the DAT to become nega-
tive. This can be achieved with the addition of another agent, 
usually daily cyclophosphamide (100   mg/day), ciclosporin 
(150   mg twice daily) or mycophenolate mofetil (1   g twice daily). 
Rarely, in resistant cases, these agents may be used in combina-
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 Hypercalcaemia with or without obvious osteolytic lesions is 
a well - recognized but rare fi nding in very advanced CLL. It does 
not represent, in itself, transformation to a large - cell lymphoma 
as the histology is often that of heavy lymphocytic infi ltration.  

  Supportive  c are 
 The main objective of treatment for CLL is to prolong survival 
with a good quality of life; therefore care should be taken to 
prevent and/or treat promptly any complications arising from 
the immunodefi ciency associated with the disease or its treat-
ment. Thus, prompt antibiotic treatment for seemingly benign 
upper respiratory tract infections and antiviral measures to 
prevent the spread of herpetic infections are as important as 
specifi c treatment for the disease. Patients with repeated infec-
tions and very low serum immunoglobulin levels may benefi t 
from courses of intravenous  γ  - globulin injections, e.g. 400   mg/
kg every 4 weeks, particularly during the winter months. 
Additional measures are the administration of allopurinol when 
starting therapy with a WBC count above 50    ×    10 9 /L, oral anti-
fungals and histamine H 2  blockers or proton pump inhibitors 
when using corticosteroids. 

 Causes of infection in CLL are multifactorial. Neutropenic 
episodes during chemotherapy require the use of granulocyte 
colony - stimulating factor (G - CSF). Patients with long - term 
respiratory infections may require antibiotic prophylactic 
measures and active physiotherapy programmes. Co -
 trimoxazole is necessary to prevent infections, particularly 
 Pneumocystis jirovecii  pneumonia, when fl udarabine or alemtu-
zumab are used. The latter requires regular monitoring for 
CMV and prompt treatment when such immunosuppressed 
patients, usually lymphopenic, become symptomatic and 
positive for CMV. The main factors predisposing to infections 
in CLL are the number of chemotherapy regimens and the 
activity of the disease more than the levels of serum 
immunoglobulins. 

 Erythropoietin is now an accepted treatment for anaemia 
associated with cancer therapy. Patients with CLL and persist-
ent anaemia (Hb    <    10   g/dL) will benefi t from erythropoietin 
given according to guidelines. There is strong evidence for 
benefi t, particularly an improvement in quality of life. 
Erythropoietin should be given for a minimum of 4 weeks 
before deciding that there is no response, and iron deposits 
need to be adequate. There is no evidence that erythropoietin 
is useful in pure red cell aplasia. Folic acid supplements are 
often useful in patients with macrocytic indices resulting from 
low folate levels. They should always be given in AIHA.  

  Secondary  MDS / AML  
 The increased intensity of treatments, in particular combina-
tions of alkylating agents and purine analogues, may be respon-
sible for an increased incidence of secondary MDS/AML in 
CLL. Combinations with mitoxantrone and the use of total 

seen in at least one - third of cases. Genetic imbalances are fre-
quent in Richter syndrome, the most common being  TP53  
abnormalities.   

 Current evidence suggests that intense immunosuppression 
with agents such as fl udarabine and alemtuzumab and the sub-
sequent CD4 lymphopenia may trigger Richter transformation 
in some cases. Not infrequently, evidence of involvement of 
Epstein – Barr virus (EBV) in the pathogenesis has been shown 
by demonstration of EBV latent membrane protein by immu-
nohistology or of EBV - encoded RNA by  in situ  hybridization. 
A role for EBV in the pathogenesis of Richter syndrome has 
been reported in close to 15 – 20% of cases. It is likely that 
this phenomenon is seen more often in heavily treated patients. 
In a minority, the large - cell transformation induced by EBV 
has scattered CD30 + CD15 +  Reed – Sternberg - like cells, and in 
others the histology is identical to that of classical Hodgkin 
lymphoma. 

 The rare cases of Hodgkin lymphoma are often clonally unre-
lated to the original CLL clone. Clonally unrelated transforma-
tion is more likely to be related to EBV infection. Cases of 
Hodgkin lymphoma and those with scattered Reed – Sternberg 
cells show mutated  IGHV  genes, while the majority of DLBCL 
show identical  IGHV  sequences in the CLL and lymphoma cells. 
Also, the clonally related DLBCL often carry unmutated  IGHV  
genes. It has also been suggested that the risk of Richter trans-
formation is higher in cases using  IGHV4 - 39  and stereotyped 
 CDR3  sequences. 

 Increasingly, positron emission tomography and CT have a 
role in the diagnosis of Richter syndrome, as in other lympho-
mas (see Chapters  34  and  35 ). Similarly, the treatment now 
involves protocols used in large - cell lymphomas, such as the 
combination CHOP - R (see also Chapter  35 ). 

     Figure 29.15     Blood fi lm of a patient with Richter syndrome with 

circulating large blast cells that were positive for surface 

membrane immunoglobulin.  
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CLL and CLL/PL, V H  usage involved mainly the V H 3 and V H 4 
family, predominantly  IGHV3 - 23 ,  IGHV4 - 59  and  IGHV4 - 34 , 
regardless of mutational status. Another consistent fi nding in 
B - PLL is the deletion and/or mutation of  TP53  in just over 50% 
of cases. This may be one of the factors accounting for the poor 
prognosis. Gene expression profi ling was investigated in 10 
cases of B - PLL and compared with 10 cases of CLL (including 
CLL/PL). Detailed analysis showed signifi cant differences, with 
close to 6000 genes differently expressed, most of them overex-
pressed in B - PLL. One of them,  MYC , is of interest as this gene 
promotes cell proliferation. Comparison of fi ndings showed a 
high probability of predicting a difference between CLL and 
CLL/PL on the one hand and B - PLL on the other, confi rming 
the distinct biology of these two disorders.  

  Treatment 

 Alkylating agents are of little value in the management of B - PLL. 
Response rates (PRs and rare CRs) to splenic irradiation and/
or CHOP have been recorded in up to one - third of cases. There 
are no published data with CHOP - R. Splenectomy is often 
used to remove a major proliferative focus and tumour bulk in 
order to relieve hypersplenism and facilitate further therapy. 
Considering the older age group affected, splenectomy is not a 
practical proposition in some patients. Some patients may 
respond to fl udarabine, but there are insuffi cient data in B - PLL 
on the use of fl udarabine combinations, including those using 
monoclonal antibodies, e.g. FCR, FCMR.   

  Hairy  c ell  l eukaemia 

 Hairy cell leukaemia is a well - recognized clinicopathological 
entity that affects males more frequently than females (male to 

body irradiation for SCT are also major risk factors for these 
secondary events. Single - agent therapy with chlorambucil or 
fl udarabine is rarely associated with MDS/AML.    

   B  -  c ell  p rolymphocytic  l eukaemia 

 It has become apparent in the last two decades that there are 
important clinical and laboratory differences between B - PLL 
and CLL, despite the existence of a group with CLL/PL dis-
cussed above. In fact B - PLL is a distinct, but rare, disorder. This 
is supported by differences in the morphology and cell markers 
(see Table  29.2 ) and clinical evolution. Furthermore, recent 
observations show signifi cant differences in gene expression 
profi ling between these two disorders (see below). The key for 
diagnosis is the recognition of the prolymphocyte as the pre-
dominant cell in well - prepared peripheral blood fi lms. B - PLL 
is included in the WHO classifi cation (see Chapter  33 ). 

 The mean age of patients presenting with B - PLL is 70 years 
and the main features are splenomegaly without lymphaden-
opathy and a high WBC count, usually over 100    ×    10 9 /L, at the 
time of presentation. Anaemia and thrombocytopenia are seen 
in at least 50% of cases. Other laboratory fi ndings are no dif-
ferent from high - count CLL (increased uric acid, low serum 
immunoglobulins) but the incidence of a monoclonal band 
appears to be higher than in CLL. 

  Differential  d iagnosis 

 The main diagnostic criterion is the identifi cation of prolym-
phocytes as the predominant population in blood fi lms. Usually, 
55% prolymphocytes is the fi gure that discriminates B - PLL 
from CLL and CLL/PL, although the percentage of prolym-
phocytes in B - PLL is usually greater than 70%. The prolym-
phocyte is twice the size of a small CLL lymphocyte, has 
moderately condensed nuclear chromatin, a prominent central 
nucleolus and a lower nucleus to cytoplasm ratio than CLL cells 
(Figure  29.16 ). Using the scoring system described in Table 
 29.1 , most B - PLL score 0 – 1, rarely 2 or 3. One - third of cases of 
B - PLL may be CD5 + ; this and other features may present a 
diagnostic problem with MCL with leukaemia.   

 The issue of MCL was revisited by us in eight cases diagnosed 
in the past as B - PLL but bearing the translocation t(11;14)
(q13;32) characteristic of MCL. Detailed histology review and 
comparison with 13 cases of B - PLL without t(11;14) led us to 
conclude that the cases with t(11;14) and overexpression of 
cyclin D1 represent a splenomegalic form of MCL rather than 
B - PLL.  

  Molecular  s tudies 

 The mutational status of  IGHV  genes in B - PLL is heterogene-
ous, with 53% showing an unmutated pattern. In contrast to 

     Figure 29.16     Typical blood fi lm from a case of B - prolymphocytic 

leukaemia with the characteristic large size, abundant cytoplasm 

and prominent nucleolus.  
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each cell which is unique to this condition (Figures  29.19  and 
 29.20 ). Reticulin is always increased (Figure  29.21 ) and the cells 
stain strongly with anti - CD20 (Figure  29.22 ). The immunocy-
tochemical staining for CD20 is important for demonstrating 
clusters of hairy cells following therapy, suggesting residual 
disease. This is otherwise diffi cult to assess on conventional 
sections (Figure  29.23 ). There is now a wider range of reagents 
that can be used for immunohistochemistry, including annexin 
A, DBA44 and CD11c.   

 Spleen histology shows distinct diagnostic features: infi ltra-
tion by mononuclear cells with a blunt nucleus in the red pulp 
with little residual white pulp, and formation of pseudosinuses 
fi lled with erythrocytes. Tartrate - resistant acid phosphatase 
(TRAP) demonstrated on hairy cells corresponds to a unique 
isoenzyme 5 and is specifi c for HCL. This enzyme is now tested 
by means of a monoclonal antibody, which can be used in bone 

female ratio 4   :   1), usually over the age of 40 years. The disease 
was fi rst described by Bouroncle and colleagues 50 years ago 
and has elicited great interest for different reasons: in the 1960s, 
to establish the diagnostic features of the newly described entity 
and, in the 1970s and 1980s, advances in immunology led to 
the identifi cation of the hairy cell as a B cell by the demonstra-
tion of heavy -  and light - chain immunoglobulin gene rearrange-
ment. In the 1980s and 1990s, there were signifi cant advances 
in treatment, fi rst with interferon alfa, later with the purine 
analogues pentostatin and cladribine and, more recently, with 
the use of rituximab. 

  Clinical and  l aboratory  fi  ndings 

 The main disease features result from the pancytopenia 
af fecting most patients. Patients with HCL are moderately 
neutropenic and severely monocytopenic; thus, bacterial and 
opportunistic infections do occur. There is evidence that the 
incidence of typical and atypical mycobacterial infections is 
increased, but this was seen more frequently before the current 
treatments became available. 

 The main physical signs are splenomegaly and hepatomegaly. 
Lymphadenopathy is rare, but this has now been recognized in 
advanced HCL. Routine CT may show a higher incidence than 
hitherto suspected of large abdominal nodes. These are more 
common in relapsed patients and those with long - standing 
HCL and tend to correlate with bulky disease at presentation. 

 Anaemia results from reduced bone marrow production and 
splenic pooling. Haemolysis is exceptional. The WBC count 
may be low, normal or high (rarely above 20    ×    10 9 /L), but 
neutropenia and monocytopenia are constant. Patients with 
low WBC count and no circulating hairy cells present diagnostic 
problems. Platelet counts are below 100    ×    10 9 /L in most cases.  

  Diagnosis 

 The recognition of typical hairy cells in peripheral blood fi lms 
is useful for suggesting this diagnosis. Hairy cells are large, twice 
the size of a normal lymphocyte, and have abundant cytoplasm 
(low nucleus to cytoplasm ratio) that is characteristically villous 
in its outline (Figure  29.17 ). The nucleus is round, oval or 
slightly indented, and occasionally bilobed. A smooth nuclear 
chromatin, absence of a visible nucleolus and low nucleus to 
cytoplasm ratio are hallmarks of typical hairy cells. Cells from 
the rare HCL variant have similar cytoplasmic features but have 
a round nucleus with more condensed chromatin and a distinct 
nucleolus (Figure  29.18 ).   

 Bone marrow aspirates are unsuccessful as no fragments and 
few cells are obtained. Therefore, a trephine biopsy is essential. 
This shows diffuse interstitial infi ltration of variable degree; 
occasionally the infi ltration is focal. A typical feature is the 
arrangement of the cellular infi ltrate, which is loose, leaving 
plenty of space between cells, often with a clear zone around 

     Figure 29.17     Individual hairy cells from blood fi lms from two 

patients with HCL.  

     Figure 29.18     Blood fi lm from a case of HCL variant showing 

large nucleolated villous cells, one of them binucleated.  
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marrow biopsies. Electron microscopy reveals ribosome –
 lamella complexes in one - third of cases. Rarely, this intracyto-
plasmic inclusion can be seen on light microscopy. 

 Hairy cells are considered activated B cells with features of 
late maturation stages. Surface membrane immunoglobulin is 
usually strong and characteristically shows several heavy - chain 
isotopes, often including IgA and IgG and sharing a single light 
chain. The majority show mutated  IGHV  genes. HCL cells are 
strongly positive for FMC7, CD20 and CD22 but, in contrast to 
other B - cell disorders, they consistently express CD25, CD103 
and CD123. In contrast to CLL, hairy cells are always CD5 
negative and their score using the CLL panel is very low 
(see Table  29.2 ). 

     Figure 29.19     Bone marrow trephine section of a case of HCL 

showing the typical clear zone around the hairy cells in a 

paraffi n - embedded section.  

     Figure 29.20     Bone marrow trephine from a case of HCL: section 

embedded in methacrylate giving good morphological detail of 

the hairy cells.  

     Figure 29.21     Increased reticulin pattern in a case of HCL.  

     Figure 29.22     Staining for CD20 in a bone marrow section from 

HCL before treatment.  

     Figure 29.23     Staining for CD20 in a patient treated for HCL 

showing a cluster of residual CD20 +  cells, suggesting that the 

remission is incomplete.  
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 free survival was 16 years. After relapse, the CR rate decreased 
with each successive treatment but, when CR was achieved, this 
was equally as durable as after fi rst - line treatment. Patients with 
haemoglobin above 10   g/dL and platelets above 100    ×    10 9 /L 
before treatment had the longest relapse - free survival. Patients 
still in CR at 5 years had only a 25% risk of relapse by 15 years. 
Complete responders to purine analogues always fare signifi -
cantly better than partial responders (Figure  29.24 ). Achievement 
of CR seems therefore an important therapeutic end point in 
HCL, as these patients can expect a normal lifespan.   

 Monoclonal antibodies against CD20 (rituximab) and CD22 
(coupled with an immunotoxin) have now shown activity in 
HCL. Hairy cells strongly express CD20 and CD22, and these 
antibodies seem to achieve good responses in the group of 
relapsing patients, although when rituximab is used alone in 
cladribine relapses the CR rate is low ( ∼ 15%). Its main role may 
be, as in other B - cell disorders, when used in combination with 
one of the purine analogues and this has been our recent experi-
ence. Elderly patients may also benefi t from antibodies like 
rituximab as they do not cause myelotoxicity. 

 Patients with HCL variant respond less well to cladribine and 
pentostatin and not at all to interferon alfa. Palliation of symp-
toms and improvement in blood counts can be achieved with 
splenectomy, which has been the most successful modality in 
this relatively resistant disease. 

 Supportive care for HCL is confi ned to patients undergoing 
therapy with nucleoside analogues, which can cause transient 
neutropenia in the early phases and prolonged lymphopenia 
later on. Long - term co - trimoxazole until lymphocyte counts 
rise above 1    ×    10 9 /L and also long periods on aciclovir are rec-
ommended. Major infections are only seen in untreated patients 
or those responding poorly to therapy.   

 The HCL variant is very rare and is characterized by high 
WBC count (50 – 80    ×    10 9 /L) and splenomegaly. The cells do not 
express CD25 and CD123. The main diagnostic diffi culty in 
HCL variant is with SMZL, except for spleen histology, which 
in the former is mainly red pulp and in the latter predominantly 
white pulp. HCL variant is now included in the 2008 WHO 
classifi cation as a splenic B - cell lymphoma/leukaemia unclas-
sifi able, as one of two conditions involving diffusely the splenic 
red pulp (see also Chapter  33 ).  

  Treatment 

 The prime objectives of treatment should be the normalization 
of blood counts, as pancytopenia is the main source of compli-
cations, and to induce prolonged CR. Two purine analogues, 
cladribine and pentostatin, are widely used. Other treatments 
still used but for specifi c indications are splenectomy and inter-
feron alfa. 

 Splenectomy is well established and has been shown to 
improve the quality of life and prolong survival. It should 
now be reserved for patients with very large spleens and a 
degree of bone marrow reserve. In about 20% of successfully 
splenectomized patients, the counts remain normal for many 
years and no other therapy is indicated; some of them may 
never relapse although they may remain with some bone 
marrow involvement. 

 Interferon alfa has been used widely since the fi rst report by 
Quesada in 1984. It induces a gradual normalization of blood 
counts, reduction of hairy cells in the blood and bone marrow, 
return of monocytes and improvement of neutropenia. The 
improvements in the blood are not associated with clearance in 
the bone marrow, and CRs are seen in only 20 – 30% of cases. 
The duration of response once interferon alfa is discontinued 
is relatively short (median 15 – 18 months), although blood 
counts may remain normal for well over a year. The tendency 
once therapy has ceased is to relapse slowly. Interferon alfa is 
now reserved for problem cases and to help initial treatment in 
patients with severe cytopenias. Some groups consider that 
long - term maintenance therapy can be given with benefi t to 
patients in whom purine analogues cannot be used or where 
they have become ineffective. 

 The two agents currently used in HCL, pentostatin and 
cladribine, achieve CR in 80 – 85% of patients, with the remain-
der being partial responders. True resistance is seldom seen at 
fi rst treatment. Long - term results are excellent, with very few 
patients actually dying of HCL. About 42% relapse by 10 years 
and 47% by 15 years; 90% of all patients and 95% of those with 
CR are alive at 10 years if one excludes non - HCL causes of 
death. 

 We recently reported the long - term follow - up (median 16 
years) of 233 patients treated with either purine analogue. The 
long - term outcome was similar with both pentostatin and 
cladribine. The overall CR rate was 80% and the median relapse -
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     Figure 29.24     Relapse - free survival by response. Complete 

responders (186 patients) had signifi cantly longer relapse - free 

survival than partial responders (37 patients) ( P     <    0.0001).  (From 

Catovsky  &  Else  2009  with permission.)   
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  The  l eukaemic  p hase of  i ndolent  NHL  

 There are three types of NHL which not infrequently evolve 
with lymphocytosis that mimics, and can be confused with, 
CLL: follicular lymphoma, SMZL (formerly described as splenic 
lymphoma with circulating villous lymphocytes) and MCL (see 
also Chapter  33 ). 

  Follicular  l ymphoma 

 Of patients with follicular lymphoma, 15% may have circulat-
ing lymphoma cells (5 – 20    ×    10 9 /L), and this correlates with 
bone marrow involvement. A minority may present with a 
WBC count in excess of 40    ×    10 9 /L (up to 200    ×    10 9 /L) and 
extensive disease, generalized lymphadenopathy and hepat-
osplenomegaly. Usually the circulating cells are very small with 
almost no visible cytoplasm, the nuclear chromatin is smooth 
without clumps of heterochromatin and no visible nucleolus, 
and the nuclear shape is angular and has a small cleft (Figure 
 29.25 ), seen also at the ultrastructural level (Figure  29.26 ). The 
differential diagnosis from CLL is supported by the immu-
nophenotype: follicular lymphoma cells usually score 0 or 1 (see 
Figure  29.1 ). Lymph node histology is essential for confi rming 
a diagnosis of follicular lymphoma. Only patients with very high 
WBC counts may have poor prognosis; cases with a minor 
degree of spillover respond, as do cases without circulating cells. 
Late - stage follicular lymphoma may have circulating blasts 
(centroblasts) characterized by a peripherally located nucleolus 
and this corresponds with histological transformation to a 
large - cell lymphoma.    

     Figure 29.25     Blood fi lm of a patient with follicular lymphoma 

presenting with signifi cant lymphocytosis (55    ×    10 9 /L). The cells 

show a cleaved nucleus, angular shape, homogeneous chromatin 

pattern, high nucleus to cytoplasm ratio and small size.  

     Figure 29.26     Electron microscopy of a circulating follicular 

centre lymphocyte showing a deep nuclear cleft.  

  Splenic  m arginal  z one  l ymphoma 

 SMZL has been recognized by the WHO classifi cation as a dis-
tinct pathological entity (see Chapter  33 ). Close to two - thirds 
of patients with this lymphoma have circulating villous lym-
phocytes. A minority does not have frankly villous cells despite 
being clonal and in some the diagnosis can be suspected without 
circulating lymphocytes but can only be established after 
splenectomy. The true incidence of this condition without cir-
culating villous cells is unknown. 

 The median age of patients is 69 years and the majority 
present with splenomegaly. Anaemia and/or thrombocytopenia 
are seen in 40% of cases. One - third have a serum monoclonal 
band, usually IgM below 30   g/L. Diagnosis is suspected on a 
typical blood fi lm (Figure  29.27 ) showing small lymphocytes 
with an irregular membrane outline and short villi, often con-
fi ned to one pole of the cells. The immunophenotype (see Table 
 29.2 ) is different from CLL. SMZL cells can be distinguished 
from HCL and the HCL variant (now separated as a form of 
splenic lymphoma) because they are negative for CD103 and 
CD123 but are always positive for CD11c.   

 Bone marrow aspirates may show the same cells as in the 
blood, with variable degrees of infi ltration. A distinct pattern of 
intrasinusoidal infi ltration (Figure  29.28 ) is characteristic of 
SMZL which can be highlighted with anti - B - cell antibodies 
(CD20, CD79a). This pattern of infi ltration is less common in 
other types of NHL and is not seen in CLL. In addition, the 
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marginal zone lymphoma, has been found in 17% of cases. 
Abnormalities of  TP53  (mainly deletions) are found in 17% and 
are associated with worse prognosis. 

 An association with hepatitis C has been reported but the 
incidence of this is unknown. Of interest is that interferon alfa 
has been reported to induce CR in some hepatitis C - positive 
SMZL patients. An association with hyperreactive malaria and 
tropical splenomegaly has been described in African cases. 
Large - cell transformation is seen in 10% of cases. 

 Splenectomy is the treatment of choice when the spleen is a 
prominent feature. Splenectomized patients fare signifi cantly 
better than those treated with chemotherapy only. Fludarabine 
has been reported to induce remissions and recently rituximab 
has shown benefi cial effect (see also Chapter  35 ). The median 
survival in our series is 13 years, with 72% of patients alive at 5 
years.  

  Mantle  c ell  l ymphoma 

 Blood and bone marrow involvement are common in MCL. 
Close to 40% of cases evolving with splenomegaly have signifi -
cant lymphocytosis, sometimes mimicking CLL, CLL/PL or 
B - PLL (see above). 

 Morphologically, the circulating cells are of medium size 
with a variable amount of cytoplasm, an irregular nucleus with 
nuclear cleft, a distinctly stippled chromatin pattern and an 
indistinct nucleolus (Figure  29.29 ). If small lymphocytes pre-
dominate or if there is a mixture of small and large cells, CLL/
PL is suspected. A lymphoblastoid form with blast - like cells has 
been recognized.   

 Marker studies show that MCL cells are always positive for 
CD5, CD19 and CD20, thus raising the issue of CLL. In a series 
of over 60 cases which we studied, the majority (68%) scored 1 

pattern of bone marrow infi ltration can be nodular, interstitial 
and/or paratrabecular.   

 The spleen histology shows a characteristic bizoned pattern 
in the white pulp, with a central zone of small lymphocytes with 
scanty cytoplasm and a peripheral zone of larger cells with more 
dispersed chromatin and more abundant cytoplasm. The red 
pulp is always infi ltrated by both the smaller and larger cells. 
Plasmacytic differentiation may be seen. 

 There is no unique cytogenetic abnormality in SMZL, but 
unbalanced translocations and deletions of 7q22 – 32 have been 
described in about 30%; 50% of cases have a monoallelic dele-
tion at 13q14. Trisomy 3, an abnormality seen in extranodal 

     Figure 29.27     Lymphocytes from a case of splenic lymphoma 

with circulating villous lymphocytes.  

     Figure 29.28     Bone marrow trephine biopsy from a case of 

splenic lymphoma with circulating villous lymphocytes showing 

the characteristic intrasinusoidal infi ltration seen in this disease 

highlighted by anti - CD20 antibody.  

     Figure 29.29     Blood fi lm from a patient with mantle cell 

lymphoma and lymphocytosis. The cells are medium size, slightly 

irregular in shape and have a speckled nuclear chromatin pattern.  
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nous infi ltration by slightly irregular cells. In contrast with CLL, 
no proliferating centres are seen in MCL. The pattern of bone 
marrow infi ltration is often diffuse in advanced cases, but in 
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  Introduction and  c lassifi cation 

 The mature T - cell lymphoproliferative disorders comprise a 
variety of entities that result from the clonal proliferation of 
post - thymic T lymphocytes. They should be distinguished from 
the thymus - derived T - cell neoplasms, i.e. T - cell acute lym-
phoblastic leukaemia (T - ALL) and lymphoblastic lymphomas, 
as the disease course and therapeutic approaches are different. 
The distinction between these two groups of T - cell malignan-
cies is made on clinical grounds, morphology and immunophe-
notype, i.e. terminal deoxynucleotidyltransferase (TdT) - positive 
blasts in T - ALL compared with TdT - negative mature T lym-
phocytes in chronic T - cell disorders. 

 The incidence of the T - cell disorders varies around the world. 
Overall they are more common in eastern and rare in western 
countries, where they account for 15% of lymphoid malignan-
cies. This distribution may relate to host and environmental 
factors. Advances in immunophenotyping and molecular 
cytogenetics together with detailed analysis of the morphology 
and histopathology have contributed to a more precise classifi -
cation of the T - cell neoplasms. The role of viruses in T - cell 
malignancies, essentially Epstein – Barr virus (EBV) and human 
T - cell leukaemia/lymphoma virus (HTLV) - I, has been well rec-
ognized. HTLV - I is the aetiological agent of adult T - cell leukae-
mia lymphoma (ATLL), and EBV has been shown to be involved 
in the pathogenesis of certain lymphomas such as extranodal T/
natural killer (NK) lymphomas. 

 These advances have shed some light onto the disease patho-
genesis and in turn resulted in better therapeutic approaches. 
Information on gene expression profi ling is still in its infancy 
and is known for few of these diseases. It is likely that in the 
future this information will have an impact by allowing novel 
targeted therapies to be devised and by helping to elucidate the 
genes involved in pathogenesis. 

 For classifi cation of the T - lymphoproliferative disorders, it is 
essential to combine the clinical and laboratory features. The 
latter should include (i) morphology and tissue histology; (ii) 
immunophenotyping; (iii) molecular genetics using standard 
techniques such as fl uorescence  in situ  hybridization (FISH) or 
polymerase chain reaction (PCR); (iv) analysis of the T - cell 
receptor (TCR) chain genes to demonstrate clonality of the 
T - cell population; and (v) detection of viruses such HTLV - I 
and EBV. Some of these investigations are key diagnostic tests 
while others may have prognostic or therapeutic implications. 
Furthermore, molecular analysis to search for certain onco-
genes such as  TCL1  and  TP53 , is relevant by providing clues to 
the pathogenesis and/or progression of the disease. 

 On the basis of the clinical manifestations and origin of the 
neoplasm, the T - lymphoid disorders can be classifi ed into three 
main groups: (i) primary leukaemias that arise in the bone 
marrow and evolve with leukaemia; (ii) leukaemia/lymphoma 
syndromes or the leukaemic phase of T - cell non - Hodgkin lym-
phomas (T - NHLs) in which the tumour arises in lymphoid 
tissues but a leukaemic picture is common; and (iii) T - NHLs 
that originate in lymphoid tissues and rarely involve the blood. 
Each of these groups includes disease entities distinguishable by 
their clinical and laboratory features and all have been recog-
nized as such by the WHO classifi cation (Table  30.1 ).   

 The disease features of the T - cell malignancies, the basis for 
diagnosis, their prognosis and management as well as the path-
ogenic events involved in disease initiation and/or progression 
are described.  
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the cells had a T - cell phenotype. T - PLL is recognized in the 
WHO classifi cation as a distinct entity with three morphologi-
cal variants. Despite the morphological heterogeneity, all these 
variants have a similar clinical course and identical molecular 
genetics. 

  Aetiology 
 T - PLL is a rare disease accounting for 2% of all mature lym-
phoid leukaemias and is more frequent than B - PLL. T - PLL has 
been described in the West and East without geographical clus-
tering. There is no evidence that radiation, carcinogenic agents 
and/or viruses play a role in its pathogenesis. However, there is 
a prevalence of T - PLL in patients with ataxia telangiectasia (AT) 
and it has been speculated, but not yet proven, that the AT 
mutated gene ( ATM ) may play a role in the development of 
T - PLL (see section Pathogenesis).  

  Clinical  f eatures 
 T - PLL affects adults (median age 65 years), predominantly 
males. Patients manifest with widespread disease and one - third 
with skin lesions. Main physical signs are hepatosplenomegaly 
and lymphadenopathy. Effusions are seen in 15% of patients 
but are frequent during terminal or relapse phases of the disease; 
central nervous system (CNS) involvement is rare (Table  30.2 ). 
Few patients are asymptomatic and they manifest with non -
 specifi c symptoms and a slowly progressive lymphocytosis 
resembling the picture seen in early chronic lymphocytic leu-
kaemia (CLL). This  ‘ smouldering ’  form of T - PLL progresses in 
months or rarely years. Lymphocyte counts range from 35 to 
1000    ×    10 9 /L and one - third of cases have anaemia and/or 
thrombocytopenia. Serology and/or DNA analysis for HTLV - I/
HTLV - II are negative. Liver function tests may be impaired and 
urate and sodium lactate dehydrogenase (LDH) raised. Bone 

  Primary  l eukaemias 

 This group includes T - prolymphocytic leukaemia (T - PLL) 
and T - cell large granular lymphocyte leukaemia (T - LGL 
leukaemia). 

   T  -  p rolymphocytic  l eukaemia 

 T - PLL was fi rst documented in a patient having clinical features 
similar to B - prolymphocytic leukaemia (B - PLL) but in whom 

  Table 30.1    Classifi cation of T - cell lymphoproliferative disorders. 

   Primary leukaemias   

  T - cell prolymphocytic leukaemia  

  T - cell large granular lymphocyte leukaemia  

   Leukaemia/lymphoma syndromes   

  S é zary syndrome/mycosis fungoides  

  Adult T - cell leukaemia lymphoma  

   Peripheral T - cell lymphomas (T - NHL)   

  T - NHL not otherwise specifi ed  

  Specifi c variants  

     Hepatosplenic T - NHL  

     Subcutaneous panniculitis - like T - NHL  

     Angioimmunoblastic T - NHL  

     Extranodal T/NK lymphoma, nasal type  

     EBV - positive T - cell lymphoproliferative disorders of childhood  

     Enteropathy - associated T - NHL  

     Anaplastic large - cell lymphoma (cutaneous and systemic) 

( ALK  +  and  ALK   −  )  

  Table 30.2    Disease features of mature T - cell disorders. 

   Disease     Spleen/liver     Nodes     Skin     Others  

  T - cell prolymphocytic leukaemia    +++/++    ++    ++    Effusions  

  T - cell LGL leukaemia    ++/+     –     +    Cytopenias, PRCA, 

autoimmune diseases  

  S é zary syndrome     – / –     +    +++      

  Adult T - cell leukaemia lymphoma    ++/++    +++    +    Hypercalcaemia, HTLV - I  

  Hepatosplenic T - NHL    +++/++     –     +    Extranodal sites  

  Subcutaneous panniculitis - like T - NHL     –      –     +++      

  Angioimmunoblastic T - NHL    ++/++    +++    ++    AIHA, dysproteinaemia  

  Extranodal NK/T lymphoma, nasal type    +/+    +    +    Nasal, extranodal sites  

  Enteropathy - associated T - NHL     – / –     +     –     Bowel  

  Anaplastic large - cell lymphoma    +/+    ++    +      

   +++,  > 70% of cases; ++, 40 – 70% of cases; +, 20 – 40% of cases;  – ,  < 20% of cases.  

  AIHA, autoimmune haemolytic anaemia; HTLV, human T - cell leukaemia/lymphoma virus; LGL, large granular lymphocyte; NHL, 

non - Hodgkin lymphoma; PRCA, pure red cell aplasia.   
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the white pulp and spleen capsule. Skin histology is different 
from S é zary syndrome (SS) and shows dermal infi ltration pref-
erentially around the appendages without epidermotropism. 

 Immunophenotyping shows that T - prolymphocytes, unlike 
T - lymphoblasts, are negative for TdT and the thymic marker 
CD1a while expressing CD2, CD5 and CD7, the latter with 
strong intensity. CD3 and anti - TCR -  α / β  are negative in the 
cell membrane from 20% of patients but are always expressed 
in the cytoplasm. The most common phenotype is CD4 + CD8  −   
(65% of cases); in about 10% the phenotype is CD4  −  CD8 + , 
and in 25% it is CD4 + CD8 + . CD25 is negative or weak and 
CD52w (Campath - 1H) is strongly expressed (Table  30.3 ). 
T - prolymphocytes are negative with monoclonal antibodies 
against NK cells, TIA - 1 and HLA - DR but they may express the 
lectin NK immunoglobulin receptor CD161.    

  Cytogenetics and  p athogenesis 
 Chromosomal abnormalities are complex. The abnormality 
inv(14)(q11;q32) is characteristic of T - PLL and is detected in 
greater than two - thirds of cases. This juxtaposes the TCR -  α  
gene ( TRA@ , 14q11.2) to the oncogene  TCL1  (14q32.1) result-
ing in the activation of  TCL1 . Most cases have rearrangement 
of the  TCL1  gene and overexpression of the TCL - 1 protein, 
supporting the hypothesis that this oncogene plays a role in the 
pathogenesis of this disease (Table  30.3 ). In some cases,  TRA@  
is juxtaposed to the  MTCP1  gene (Xq28), resulting in the trans-
location t(X;14)(q28;q11). The  MTCP1  gene has homology 
with  TCL1  and it has been shown to be expressed in two T - PLL 
patients who developed the leukaemia following a preceding 
phase of AT. Transgenic mice with  TCL1  or  MTCP1  develop a 
T - cell leukaemia similar to T - PLL. Abnormalities of chromo-
some 8 involving both arms of this chromosome are frequent; 
although the  MYC  oncogene (8q24) is not rearranged, overex-
pression of the protein is found in cases with iso(8q). 11q23 
abnormalities are rarely detected by cytogenetics, but missense 
mutations of the  ATM  gene (11q23) are common. There are 
genetic similarities between the sporadic T - PLL and circulating 
T lymphocytes from AT patients. These patients are at risk of 
developing lymphoid malignancies including T - PLL. T - cell 
clones in AT carry similar abnormalities to leukaemic 
T - prolymphocytes and expression of  TCL1  transcripts occurs 
in both the preleukaemic and leukaemic phases in AT patients, 
as it does in sporadic T - PLL. All these fi ndings stress the rela-
tionship between T - PLL and the leukaemia that develops in AT 
patients. Gene expression profi ling in a few T - PLL cases with 
inv(14) has revealed deregulation of genes involved in the cell 
cycle, apoptosis and DNA repair that likely play a role in its 
pathogenesis.  

  Differential  d iagnosis 
 The differential diagnosis of T - PLL arises with B - PLL, T - ALL 
and other mature T - cell malignancies. Distinction between T -  
and B - PLL and T - ALL can be made by immunophenotyping. 

marrow shows a variable degree of involvement; the pattern of 
lymphoid infi ltration in the trephine biopsy is mixed (intersti-
tial plus diffuse) or diffuse with reticulin fi brosis.    

  Diagnosis 
 Morphology and immunophenotyping are the key diagnostic 
tests. In two - thirds of cases, the lymphocytes have condensed 
chromatin, regular or irregular nuclear outline, prominent 
nucleolus and a deeply basophilic cytoplasm with blebs (typical 
T - PLL) (Figure  30.1 ). In the remaining, the lymphocytes are 
smaller in size and the nucleolus is small or not visible by light 
microscopy (small - cell variant of T - PLL) and/or have a cerebri-
form nucleus resembling S é zary cells (cerebriform variant). 
Although small - cell T - PLL has been referred to as  ‘ T - CLL ’ , such 
designation may lead to confusion as patients with small - cell 
T - PLL have an aggressive course and the immunophenotype 
and cytogenetics are similar to typical T - PLL.   

 Tissue histology is not essential for diagnosis. The spleen 
histology shows red pulp lymphoid infi ltrates with invasion of 

(a)

(b)

     Figure 30.1     (a, b) Peripheral blood fi lms from two cases of 

T - PLL showing medium - size lymphoid cells with prominent 

nucleolus and basophilic cytoplasm.  
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phoproliferative disorder, chronic T - cell lymphocytosis with 
neutropenia, T8 + /NK, cytotoxic and/or suppressor T - cell CLL 
were used until 1993 when Loughran coined the term of LGL 
leukaemia for this disease. Depending on the origin of the LGL 
cells, LGL leukaemia can be subdivided into two groups: one 
derived from T cells (CD3 + ) and another, uncommon, derived 
from NK cells (CD3  −  ). In the WHO classifi cation, NK - cell LGL 
is considered separate and designated chronic NK - LGL leukae-
mia. Here we strictly refer to T - cell LGL leukaemia, which 
includes cases that result from clonal expansion of a TCR -  α / β  -
 positive lymphocyte and a minority from a TCR -  γ / δ  - positive 
cell. 

  Aetiology 
 The aetiology of T - cell LGL leukaemia is unknown. There is 
compelling evidence that it results from persistent antigen (auto 
or foreign) stimulation that leads to the expansion of a memory 
effector cytotoxic T cell that is not eliminated due to impaired 
apoptosis. It is frequent in patients with autoimmune diseases, 
particularly rheumatoid arthritis. These patients, as those with 
T - cell LGL leukaemia, have a high frequency of the HLA - DR4 
haplotype. This suggests a common immunogenetic basis for 
these two conditions. No infective agent has been shown to be 
involved in the pathogenesis of the most common form of 
CD8 +  T - cell LGL leukaemia, while recent data indicate that 
persistent infection by cytomegalovirus (CMV) may be respon-
sible in cases with a CD4 + CD8  − /+dim  phenotype.  

  Clinical  f eatures 
 T - cell LGL leukaemia affects preferentially adults. Patients are 
asymptomatic or manifest symptoms derived from cytopenias, 

Distinction between T - PLL and T - cell LGL leukaemia is not 
problematic except in cases of smouldering small - cell variant 
T - PLL. Immunophenotype, cytogenetics and morphology dis-
tinguish these two conditions. Morphology, clinical features, 
skin histology and HTLV - I status will differentiate T - PLL from 
ATLL and SS.  

  Disease  c ourse and  t herapy 
 T - PLL has an aggressive course and short survival, estimated to 
be 7 months in the historical series. Poor predictors for outcome 
include age, high lymphocyte count, high TCL - 1 expression and 
lack of response to alemtuzumab (Campath - 1H) or pentostatin 
(2 ′  - deoxycoformycin). Patients are resistant or achieve tran-
sient responses to most chemotherapies. Pentostatin is effective, 
with response rates of 45%, 10% of which are complete 
responses (CRs) with survival improvement. At present, the 
best front - line treatment is alemtuzumab. Over two - thirds of 
patients respond to this agent, and most achieve a CR. However, 
most patients will eventually relapse, and therefore responses 
need to be consolidated with autologous or allogeneic stem cell 
transplantation (SCT). Autologous SCT increases disease - free 
survival, although up to two - thirds of patients will relapse. The 
chances of cure are higher with allogeneic SCT with non - mye-
loablative (reduced intensity) conditioning or intensive condi-
tioning but morbility and mortality are still high. Figure  30.2  
illustrates the response to alemtuzumab in a patient with T - PLL.     

  Large  g ranular  l ymphocyte  l eukaemia 

 LGL leukaemia was fi rst described three decades ago and des-
ignated T - CLL to contrast with B - CLL. Names such as T γ  lym-

  Table 30.3    Immunophenotype and genotype in T - cell disorders.   *    

   Disease     Immunophenotype     Genotype  

  T - cell prolymphocytic leukaemia    CD7 ++ , CD4 +  or CD4 + /CD8 +     inv(14), iso(8q),  ATM ,  TCL1   

  T - cell LGL leukaemia    CD7 +/ −  , CD8 + , CD57 + , CD16 + , CD94 + , TIA - 1 + , 

granzyme B + , KIRs +/ −    

  Deregulation of apoptosis  

  S é zary syndrome    CD7 +/ −  , CD4 + , CD8  −      Aneuploidy  

  Adult T - cell leukaemia lymphoma    CD7  −  , CD4 + , CD25 +     HTLV - I  

  Hepatosplenic T - NHL    TCR -  γ / δ  + , CD16 + , CD56 + , TIA - 1 +  granzyme B +     iso(7q)  

  Subcutaneous panniculitis - like T - NHL    CD3 + , CD8 + , TIA - 1 + , perforin +     Unknown  

  Angioimmunoblastic T - NHL    CD3 + , CD5 + , CD10 +     +8, +5, del(6q)  

  Extranodal T/NK lymphoma, nasal type    CD3 ε  + , CD56 + , LMP - 1 + , perforin + , TIA - 1 + , 

granzyme B +   

  EBV  

  Enteropathy - associated T - NHL    CD3 + , CD8 + , CD103 +     ?EBV  

  Anaplastic large - cell lymphoma    CD30 + , CD3 + , CD25 + , EMA +     t(2;5),  NPM – ALK   

    * Refers only to the most relevant and distinct features.  

   ATM , ataxia telangiectasia mutated gene; EBV, Epstein – Barr virus; EMA, epithelial membrane antigen; HTLV, human T - cell leukaemia/

lymphoma virus; KIR, killer - cell immunoglobulin - like receptor; LGL, large granular lymphocyte; LMP, latent membrane protein; NHL, 

non - Hodgkin lymphoma;  NPM – ALK , nucleolar phosphoprotein – anaplastic lymphoma tyrosine kinase gene.   
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     Figure 30.2     Flow chart from a patient 

with T - PLL illustrating complete 

response (CR) to alemtuzumab 

(Campath - 1H) and subsequent 

consolidation with stem cell 

transplantation.  

essentially recurrent infections, autoimmune disease or rarely 
pure red cell aplasia; it also may be associated with bone marrow 
failure due to myelodysplasia. The disease may evolve as a pure 
lymphomatous form in few cases. The CD4 +  form is often asso-
ciated with neoplasms, rarely with autoimmunity. Physical 
examination shows splenomegaly in two - thirds of patients and 
hepatomegaly in half; skin lesions may be present but lymphad-
enopathy is rare (see Table  30.2 ). The lymphocyte count is 
normal, low or slightly raised, usually under 15    ×    10 9 /L, with 
most cells being LGLs; neutropenia is common, and one - third 
of patients have anaemia and/or thrombocytopenia. In a few 
cases, a Coombs - positive haemolytic anaemia and autoimmune 
thrombocytopenia is detected. An autoimmune screen may 
reveal a positive rheumatoid factor, antinuclear antibodies, cir-
culating immune complexes and hypogammaglobulinaemia or 
hypergammaglobulinaemia. Bone marrow shows mild lym-
phoid interstitial or intrasinusoidal infi ltration; reactive nodules 
may be present. It is not uncommon that involvement is missed 
in the aspirates and trephine biopsies unless immunophenotyp-
ing or immunohistochemistry are done. There may be eryth-
roid and myeloid hyperplasia with left shift and maturation 
arrest.  

  Diagnosis 
 Morphology, immunophenotyping, and molecular analysis of 
the confi guration of the TCR  β  -  or  γ  - chain genes are the key 
diagnostic tests. LGLs are medium in size, have an eccentric 
nucleus with mature chromatin, no visible nucleolus and abun-
dant cytoplasm with azurophilic granules (Figure  30.3 ). These 

contain hydrolases, perforin and cytokines involved in the func-
tion of these lymphocytes. At the ultrastructural level, some 
granules may display a special confi guration designated  ‘ parallel 
tubular arrays ’ . The lymphocytes in T - cell LGL leukaemia 
cannot be distinguished morphologically from the minor blood 
circulating LGL population in normal individuals.   

 Tissue histology is rarely essential for diagnosis. The spleen 
histology shows red pulp expansion with an atrophic or reactive 
white pulp resembling the pattern seen in hairy cell leukaemia; 
unlike hairy cell leukaemia, the infi ltrating cells have a T - cell 
phenotype and, unlike normal spleen red pulp cells, are 
CD5  −  CD45RO  −  . Sarcoid - like granulomas may be present. The 
liver shows sinusoidal infi ltration extending to the portal tracts. 

 Immunophenotyping in T - cell LGL leukaemia shows that 
cells are positive for CD2, CD3, TCR -  α / β  and rarely TCR -  γ / δ ; 
CD5 and CD7 are negative or weakly expressed. Cells negative 
for CD4 but positive for CD8, CD57, CD16, CD94, TIA - 1, 
granzyme B and perforin is the most common phenotypic 
profi le (Table  30.3  and Figure  30.4 ). A few cases have unusual 
phenotypes, i.e. coexpression of CD4 and CD8 or a 
CD4 + CD8  − /+dim  phenotype with or without coexpression of NK 
markers such as CD56 or CD161. T - cell activation markers such 
as HLA - DR determinants and CD38 are variably expressed. 
Although the p55  α  - chain of the interleukin (IL) - 2 receptor 
(CD25) is usually absent in the cell membrane, LGL cells express 
the p75 intermediate - affi nity IL - 2 receptor  β  - chain. A propor-
tion of cases do express one or more killer - cell immunoglobu-
lin - like receptors (KIRs), unlike normal T cells, and their 
overexpression is considered potentially diagnostic.   
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expansion of a terminal memory activated cytotoxic T lym-
phocyte that is triggered by persistent antigen (auto or foreign) 
stimulation. This lymphocyte does not undergo activated cell 
death because of an impaired apoptotic pathway. LGL cells 
express both Fas (CD95) and its ligand and do not have muta-
tions of the gene. However, gene expression profi ling has shown 
that clonal LGLs have a signature different from normal acti-
vated memory cells, with deregulation of genes involved in 
apoptosis, TCR signalling and immune response. In the group 
of cases with the phenotype CD4 + /CD8  − /+dim , it has been sug-
gested that CMV is responsible for triggering and maintaining 
the LGL clone in an individual with a genetic predisposition.  

  Differential  d iagnosis 
 The differential diagnosis of T - cell LGL leukaemia arises with 
polyclonal T - cell lymphocytosis following splenectomy or as a 
reaction to viral infections, B - CLL and other T - cell disorders, 
particularly hepatosplenic lymphoma and T - PLL. DNA analysis 
allows differentiation between reactive and clonal LGL prolif-
erations, as only in the former will the TCR chain genes be in 
germline confi guration. Morphology and immunophenotyping 
distinguish T - cell LGL leukaemia from other B -  and T - cell 
disorders.  

  Prognosis and  t herapy 
 The clinical course of T - cell LGL leukaemia is often stable; only 
few patients present with widespread/progressive disease. It has 
been suggested that cases whose cells express CD56 or CD26 
behave more aggressively. Transformation into a large - cell lym-
phoma is exceedingly rare. 

 The prognosis of LGL leukaemia is good compared with 
other T - cell malignancies. Thus data based on large series of 
patients show that 80% of them survive at 4 years and the 
overall median survival is greater than 10 years. The main 
causes of death are infections and only in few patients is death 
associated with progressive disease. 

 A substantial proportion of patients, for example those 
without cytopenias and with stable blood counts, do not require 
treatment but only monitoring (i.e.  ‘ watch and wait ’ ), a policy 
similar to that adopted in stage A CLL. Treatment is indicated 
in those with severe cytopenias, recurrent infections or progres-
sive lymphocytosis or organomegaly. There is no gold - standard 
therapy in LGL leukaemia. Therapeutic strategies are based on 
the use of immunosuppressive agents as there is no evidence 
that high - dose therapy will benefi t these patients by eradicating 
the clone. These treatments include ciclosporin, low - dose cyclo-
phosphamide (200 – 300   mg/week) or weekly pulses of meth-
otrexate (10   mg/m 2 ). Responses are seen in greater than 
two - thirds of patients. There are no data concerning disease 
features that will predict response to one or other immunosup-
pressive drug (Figure  30.6 ). Corticosteroids and haemopoietic 
growth factors, such as granulocyte/macrophage colony - 
stimulating factor, granulocyte colony - stimulating factor or 

 Southern blot or PCR studies for the TCR demonstrate the 
clonal nature of the LGL population and distinguish them from 
polyclonal LGL proliferations. In T - cell LGL leukaemia, the 
cells have a rearranged TCR  β  - chain gene and/or TCR  γ  - chain 
gene (Figure  30.5 ). It is now possible to demonstrate clonality 
by fl ow cytometry using a range of monoclonal antibodies 
against the different variable regions of the TCR  β  - chain gene. 
Unlike reactive LGL proliferations, in which different propor-
tions of cells will stain with various monoclonal antibodies, in 
LGL leukaemia the cells will stain with only one of them.    

  Pathogenesis 
 There is no evidence of a recurrent cytogenetic abnormality. It 
has been postulated that T - cell LGL leukaemia results from the 

(a)

(b)

     Figure 30.3     (a, b) Peripheral blood fi lms from patients with 

T - cell LGL leukaemia showing lymphocytes with an eccentric 

nucleus, condensed chromatin and abundant pale cytoplasm with 

azurophilic granules.  
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     Figure 30.4     Flow cytometry plots of lymphocytes from a 

 γ / δ  - positive T - cell LGL leukaemia. The cells have been gated on 

CD3 +  cells. The majority of cells express TCR -  γ / δ , CD8, CD16, 

CD56 and CD57 but are negative for TCR -  α / β  and CD4 and 

have partial/weak expression of CD5 and CD7. The majority of 

cells express two killer - cell immunoglobulin - like receptors 

(CD158a and CD158b), unlike normal LGLs.  
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  Leukaemia/ l ymphoma  s yndromes 
 ( s ee Table  30.1 )  

 The leukaemia/lymphoma syndromes comprise neoplasms that 
arise in peripheral lymphoid tissues but a high frequency 
present with blood involvement mimicking T - cell leukaemias. 
These include SS and ATLL. 

   S  é zary  s yndrome/ m ycosis  f ungoides 

  Aetiology 
 These are cutaneous T - cell lymphomas (CTCLs), with SS being 
considered the leukaemic manifestation of mycosis fungoides 
(MF). Their aetiology is unknown. Although some studies have 
suggested a link between SS/MF and HTLV - I/II on the basis of 
the detection of retroviral sequences in the tumour cells, there 
is no evidence for the involvement of these retroviruses in SS/
MF. HTLV - I antibodies are not detected in the patient ’ s serum 
and clonal integration of HTLV - I in the tumour cells has not 
been demonstrated in any case with bona fi de SS/MF. A coop-
erative study in more than 100 cases of CTCL using sensitive 
molecular tests, serology and cell cultures failed to show a single 
CTCL harbouring HTLV - I/II. 

 A relationship between MF and other T - cell conditions, 
chiefl y lymphomatoid papulosis, has been entertained. 
Lymphomatoid papulosis is a recurrent skin eruption charac-
terized by the presence of nodules with evidence by histology 
of anaplastic Reed – Sternberg - like cells infi ltrating the skin; it 
has a good prognosis. Despite the demonstration of T - cell clon-
ality in two - thirds of the tumours, this condition is not consid-
ered malignant in the WHO classifi cation and it is included in 
the subgroup of primary cutaneous lesions. Lymphomatoid 

erythropoietin, may be useful adjuvants for maintaining or 
improving the blood cell counts. Few patients respond to pen-
tostatin, although this drug has not been extensively used in LGL 
leukaemia. Splenectomy does not correct the cytopenias and 
usually results in an increase in circulating LGLs. Nevertheless, 
in patients with bulky spleen, this procedure may help by 
removing tumour burden. Patients with widespread disease (e.g. 
skin lesions, hepatosplenomegaly, rising white cell count) 
should be managed with combination chemotherapy. Newer 
agents such as the monoclonal antibodies anti - CD2 (siplizu-
mab) and anti - CD122, a farnesyltransferase inhibitor and ale-
mtuzumab are being incorporated in the therapeutic scenario.      

     Figure 30.5     PCR analysis of a case of T - cell LGL leukaemia 

showing a single rearranged band for the TCR  γ  - chain gene in 

the blood (second row) and bone marrow (third row). The fi rst 

row is 1   kb ladder, the fourth a positive control and the fi fth a 

negative control.  
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papulosis may precede not only CTCL but also anaplastic lym-
phoma and/or Hodgkin disease. The association between lym-
phomatoid papulosis and CTCL was established in a patient 
who presented with lymphomatoid papulosis and subsequently 
developed Hodgkin disease and MF with evidence of the same 
clone in the three tumours.  

  Clinical  f eatures 
 SS and MF affect elderly patients and are more common in 
males. Patients present with pruritus and skin lesions, either 
localized, e.g. nodules or plaques, or a generalized rash (see 
Table  30.2 ). In early - stage disease, the diagnosis is not always 
made at presentation and the manifestations are considered to 
be reactive dermatitis. Physical examination shows erythro-
derma and/or nodules; organomegaly is rare. In SS, the white 

(a)

(b)

     Figure 30.7     (a, b) Peripheral blood fi lms from a patient with 

S é zary syndrome showing large and small cells with a convoluted 

hyperchromatic nucleus.  

     Figure 30.8     Lymph node section from a patient with S é zary 

syndrome showing diffuse infi ltration by lymphoid cells, some 

with an irregular nucleus.  

cell count is normal or raised with circulating atypical lym-
phocytes. Cytopenias are uncommon and bone marrow is 
usually not involved. HTLV - I serology is negative even in cases 
originating from endemic regions for this virus. ISCL - EORTC 
has proposed a clinical staging system (grades I – IV) based on 
the extent of the disease, with SS falling into stages III/IV.  

  Diagnosis 
 The diagnosis is based on morphology, skin histology and 
immunophenotyping. The circulating blood lymphocytes are 
small to large in size and exhibit a cerebriform or hyperchro-
matic nucleus (Figure  30.7 ); the cytoplasm is scanty and, in 
some cases, vacuolation is prominent. According to cell size, 
two SS variants, small - cell and large - cell, have been recognized. 
A mixture of small and large cells is the predominant type in 
the blood. The nuclear confi guration of S é zary cells is best 
defi ned by ultrastructural analysis, which reveals a serpentine 
nucleus with multiple indentations.   

 Skin histology is a key diagnostic test in SS and MF. This 
shows the presence of dermal lymphoid infi ltrates that charac-
teristically extend into the epidermis, a phenomenon desig-
nated epidermotropism. Pautrier microabcesses are typical but 
not unique to these conditions as they may be seen in T - NHL 
and ATLL. 

 Histology of other tissues is rarely available at diagnosis. The 
lymph nodes may show a reactive lymphadenitis or infi ltration 
by lymphoma (Figure  30.8 ). Bone marrow, when involved, 
shows a mild interstitial infi ltration.   

 Immunophenotyping demonstrates that circulating S é zary 
cells are positive for CD2, CD3 and CD5, but CD7 is negative 
in about 50% of cases (see Table  30.3 ). The most common 
phenotype is CD4 + CD8  −  , but other unusual phenotypes, such 
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risk of secondary malignancies, the non - haemopoietic nature 
of the tumour in these cases needs to be excluded. 

 A variety of treatments, including topical and systemic 
agents, have been used in SS/MF. In elderly patients and those 
with localized skin disease, PUVA (psoralen with UVA irradia-
tion), electron beam irradiation and/or topical carmustine and 
steroids may alleviate and control the skin symptoms. Local 
radiotherapy is useful in patients with localized plaques. 
Systemic therapy is indicated in young patients and/or those 
with widespread disease. This is based on either single - agent 
therapy with methotrexate, cyclophosphamide or etoposide or 
a combination such as CHOP (cyclophosphamide, doxoru-
bicin, vincristine and prednisolone). Over the last decade, new 
therapies have been employed, such as purine analogues, inter-
ferons, retinoids such as bexarotene or etretinate, and immu-
notherapy with an anti - IL - 2 monoclonal antibody conjugated 
with the diphtheria toxin. Responses to purine analogues 
(pentostatin, cladribine or fl udarabine) range from 30 to 62%. 
Interferon alfa alone or combined with etretinate appears effec-
tive in cases with cutaneous disease but not in systemic disease. 
Alemtuzumab has been used in some patients with relapsed and 
refractory disease with encouraging results.   

  Adult  T  -  c ell  l eukaemia  l ymphoma 

  Aetiology and  e pidemiology 
 ATLL is a unique malignancy in which the primary aetiological 
agent has been well established. This disease is caused by a 
retrovirus, HTLV - I, which is almost universally detected in all 
patients. ATLL was fi rst described as a clinical entity in 1977. 
Its association with HTLV - I was demonstrated in the early 
1980s almost simultaneously in the USA and Japan, based on 
seroepidemiological studies and the isolation of HTLV - I from 
ATLL cells. ATLL is clustered in HTLV - I endemic areas such as 
Japan, the Caribbean, Africa, South America and the Middle 
East, and among fi rst/second - generation immigrants from 
these countries to Europe and the USA. In the UK, this disease 
is seen in immigrants of Afro - Caribbean descent. Familial cases 
of ATLL have been documented, and it has been suggested that 
a shared environment and perhaps a genetic predisposition 
infl uence the development of ATLL in these families.  

  Clinical  f eatures 
 ATLL affects adults without sex predominance. The disease 
manifests with leukaemia in over two - thirds of cases (leukaemia 
form), whereas approximately 25% have no blood involvement 
(lymphoma form). Within the leukaemia form, three subtypes 
are distinguished: acute, chronic and smouldering. Acute 
ATLL is the most common, accounting for 65% of cases. 
Patients present acutely with widespread disease, leucocytosis, 
opportunistic infections and/or hypercalcaemia. Physical exam-
ination shows lymphadenopathy, skin lesions and/or hepat-
osplenomegaly (see Table  30.2 ). Chronic ATLL (5% of cases) 

as CD4  −  CD8 +  or CD4 + CD8 + , may be seen in rare cases. The 
neoplastic cells also express the cutaneous lymphocyte antigen 
(CLA) and the skin homing receptor CCRA. NK - associated 
markers are usually negative while expression of T - cell activa-
tion markers is variable. CD25 may be expressed in S é zary cells 
but the reactivity is weaker than in ATLL cells. In the skin, the 
interdigitating Langerhans cells admixed with the neoplastic 
lymphocytes are positive for CD1a and S - 100. Cases transform-
ing into a large T - cell lymphoma display aberrant phenotypes 
with loss of pan - T markers and often expression of T - cell acti-
vation antigens such as CD30, CD25 and HLA - DR.  

  Cytogenetics 
 Chromosomal abnormalities are complex and have variable 
ploidy. Hyperploidy is frequent in the large - cell variant and 
aneuploidy or hypoploidy in the small - cell form. There are also 
differences in the DNA content between these two forms when 
analysed by fl ow cytometry. There is no evidence for a recurrent 
chromosomal abnormality in SS, but chromosomes 1, 2, 6 and 
17q are the most commonly involved. Clonal evolution may be 
seen, particularly in cases transforming into large - cell lym-
phoma. Abnormalities of chromosome 17p have been docu-
mented in some cases, as well as p53 protein overexpression and 
 TP53  gene deletion; however,  TP53  mutations are rare in SS and 
therefore it has been postulated that the  MDM2  gene may be 
responsible for  TP53  inactivation in SS.  

  Differential  d iagnosis 
 The differential diagnosis arises with reactive dermatitis, T - PLL 
presenting with skin lesions, ATLL and other cutaneous lym-
phomas. Cell morphology and immunological markers allow 
the distinction between SS and T - PLL and cutaneous B - NHL. 
HTLV - I serology is the key test for distinguishing SS from 
ATLL, essentially in cases presenting primarily with cutaneous 
forms of ATLL. The pattern and extent of skin infi ltration and 
histochemistry allow the differentiation of SS from reactive der-
matitis. However, in diffi cult cases, PCR analysis investigating 
the confi guration of the TCR chain genes is needed; in SS this 
will show a rearranged T - cell band, unlike reactive dermatitis 
where the pattern is polyclonal.  

  Clinical  c ourse,  p rognosis and  t reatment 
 The clinical course of MF/SS is usually chronic. Thus, 87% of 
MF patients survive at 5 years, whereas SS follows a progressive 
course with shorter survival of around 15% at 5 years. The 
outcome for patients with abnormal clones seems to be worse 
than those with random heteroploidy. Transformation of SS or 
MF into a large - cell T - NHL is uncommon but documented in 
8 – 19% of cases in retrospective studies. Transformation may be 
localized or systemic and is chiefl y associated with advanced 
stages and a short survival. Only in a few cases has it been dem-
onstrated that the tumour in the phase of transformation arises 
from the original clone. As SS/MF patients have an increased 
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burden and response to therapy. Other markers linked to T - cell 
activation such as HLA - DR determinants and CD38 are 
expressed in a variable proportion of cases but NK markers are 
negative.   

 Tissue histology is not essential for diagnosis in patients pre-
senting with leukaemia. In the lymphoma forms, histology is an 
important diagnostic test; however, the histological pattern by 
itself is not suffi cient for a diagnosis of ATLL as the pattern of 
infi ltration might be similar in other T - NHLs. Often, there is 
diffuse infi ltration by pleomorphic lymphoid cells of different 
sizes. ATLL does not fi t into a single category in the WHO clas-
sifi cation and it is only defi ned by the presence of HTLV - I. The 
pattern of skin infi ltration is not specifi c either, as in half the 
cases it is identical to that in SS, with evidence of epidermotro-
pism. Bone marrow biopsy shows mild or no lymphoid infi ltra-
tion but bone resorption and proliferation of osteoclasts is not 
rare, particularly in patients with hypercalcaemia. 

 Demonstration of HTLV - I is the key test for the defi nitive 
diagnosis of ATLL. Serum antibodies to HTLV - I can be detected 
by ELISA or Western blot in virtually all cases. In a minority of 
patients who have a clinical and laboratory picture characteris-
tic of ATLL, the retrovirus cannot be detected by either serology 
or molecular analysis. This suggests that in these cases the ini-
tiating event responsible for the development of ATLL is not 
HTLV - I. When fi ndings are negative for HTLV - I, one should 
question the diagnosis of ATLL.  

  Cytogenetics and  p athogenesis 
 ATLL has no distinct chromosomal abnormality but complex 
karyotypes and clonal evolution are frequent. Common 
abnormalities include +3, +7, +21, monosomy X, deletion of 
chromosome Y and rearrangements involving 6q and 14q. 
Rearrangements of chromosome 14 at breakpoints q11 and q32, 
characteristic of T - PLL, are rare. Mutations of the tumour -
 suppressor genes  TP53 ,  CDKN2A  (encoding the p16INK4A 

presents with stable or slowly progressive lymphocytosis with 
the presence of atypical lymphocytes and minor or no lymphad-
enopathy or skin involvement. Smouldering ATLL (5% of 
cases) is characterized by normal blood counts with less than 
4% atypical lymphocytes and recurrent skin lesions or lung 
infi ltrates. Hypercalcaemia by defi nition is not detected in 
chronic and smouldering ATLL. Both these forms progress in 
terms of months or rarely years into acute ATLL. A haemo-
phagocytic syndrome preceding this transformation has been 
documented in smouldering ATLL. A few patients have mani-
festations of conditions linked to HTLV - I infection such as 
tropical spastic paraparesis, arthritis and uveitis. These either 
manifest concomitantly with, or precede the onset of, the T - cell 
neoplasm. In addition to the symptoms derived from the leu-
kaemia, patients are immunocompromised and develop severe 
opportunistic infections; infestation by  Strongyloides stercoralis  
is frequent and may be fatal. Peripheral blood counts show a 
raised white cell count with lymphocytosis in the acute and 
chronic leukaemia forms. Anaemia and thrombocytopenia is 
seen in close to one - third of cases; eosinophilia and neutrophilia 
may be present. Biochemistry shows a markedly raised LDH 
and liver function tests may be abnormal. Hypercalcaemia is the 
most distinct biochemical abnormality, seen in 50% of cases at 
presentation and in up to two - thirds during the disease course. 
Rarely, it is associated with osteolytic lesions. The pathogenesis 
of hypercalcaemia is described below.  

  Diagnosis 
 The diagnosis of ATLL is based on cell morphology, immu-
nophenotype and the demonstration of HTLV - I antibodies in 
the patient ’ s serum or retrovirus sequences in the cell DNA. 

 Morphological analysis of peripheral blood fi lms shows a 
pleomorphic picture with the presence of cells of different size 
and degree of nuclear irregularities in the acute and chronic 
leukaemia subtypes. The prototype cell, designated  ‘ fl ower cell ’ , 
is a medium - sized lymphocyte with condensed chromatin and 
a convoluted or polylobated nucleus (Figure  30.9 ); a few cells 
may have a cerebriform nucleus and a minority show features 
of immunoblasts.   

 Immunological markers show that ATLL cells have a mature 
activated T - cell phenotype (CD2 + CD5 + ) and most cases are 
CD7  −  . CD3 is expressed in the cytoplasm but, in some cases, 
cells lack expression of CD3 and TCR -  α / β  in the membrane. It 
has been suggested that the decreased numbers of CD3 and 
TCR molecules in ATLL cells results from cell activation by the 
retrovirus and that it might play a role in disease pathogenesis. 
Most ATLL cells have a CD4 + CD8  −   phenotype. Uncommon 
phenotypes such as CD4 + CD8 +  or CD4  −  CD8 +  have been 
reported in Japan and these cases appear to have a more aggres-
sive course. A distinct feature of ATLL cells is the strong expres-
sion of the p55  α  - chain of the IL - 2 receptor (CD25) in the cell 
membrane (Figure  30.10 ). Soluble IL - 2 receptors are detected 
in the patient ’ s serum and the levels correlate with tumour 

     Figure 30.9     Peripheral blood fi lm from a patient with ATLL 

showing lymphocytes with a polylobed nucleus (fl ower cells).  
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in the development of ATLL, it is not enough by itself to cause 
malignancy as only 0.5% of HTLV - I carriers will develop the 
disease and the life risk of developing ATLL in a carrier is esti-
mated to be around 5%. Infection in early life seems to be a risk 
factor. HTLV - I does not carry an oncogene and the sites of 
integration vary from tumour to tumour. However, the retro-
virus harbours various regulatory genes (e.g.  tax ) that code for 
proteins responsible for cell immortalization by activating genes 
relevant to proliferation and differentiation ( trans  - activation 
pathway).  

  Differential  d iagnosis 
 The differential diagnosis of ATLL arises with primary T - cell 
leukaemias and T - NHL not associated to HTLV - I. In addition, 
smouldering ATLL raises diagnostic problems with carriers of 
the retrovirus. T - cell leukaemias and T - NHL can be distin-
guished from ATLL by clinical features, morphology and the 
presence or absence of HTLV - I. The HTLV - I test is essential, as 
ATLL - type lymphoma, or its cutaneous form, cannot be distin-
guished from either T - NHL or MF/SS when only histology is 
available. In endemic areas and when the picture is not typical 
of ATLL, DNA analysis is needed in addition to serology to 
confi rm that HTLV - I is clonally integrated in the leukaemic 
cells. The distinction between smouldering ATLL and carriers 
of the retrovirus is based on molecular analysis with probes 
specifi c for HTLV - I that will show a monoclonal/oligoclonal 

protein) and  CDKN2B  (encoding the p15INK4B protein) have 
been documented and implicated in development of the disease. 
In smouldering ATLL, clonal and non - clonal abnormalities 
have been reported and occasional cases show clonal evolution 
from the smouldering to the acute phase. Sequential cytogenetic 
studies during the various phases of HTLV - I infection, from 
carrier to acute ATLL, might give some clues to the steps 
involved in leukaemogenesis, as the secondary factors involved 
in the neoplastic transformation of HTLV - I - infected lym-
phocytes are largely unknown. 

 IL - 2 and its receptor have been implicated in the pathogen-
esis on the basis of the independent growth of some HTLV - I -
 positive cell lines, the continuous transcription of the IL - 2 
receptor gene, the increased levels of IL - 2 receptor mRNA and 
the fact that HTLV - I induces IL - 2 receptor expression in normal 
T lymphocytes when infected by this retrovirus. However, a role 
of IL - 2 in pathogenesis is uncertain as ATLL cells do not secrete 
IL - 2 nor have increased mRNA levels for this cytokine. 

 The mechanism of hypercalcaemia seems to relate to the 
release of cytokines, chiefl y a parathyroid - like hormone, IL - 1 
and tumour necrosis factor (TNF) -  β  by the tumour cells. These 
lead to bone resorption and release of calcium into the serum. 

 It is well established that HTLV - I is the primary aetiological 
agent of ATLL, shown by the presence of monoclonal/oligo-
clonal integration of HTLV - I sequences into the leukaemic 
cell ’ s DNA. Although HTLV - I infection constitutes the fi rst step 
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     Figure 30.10     Flow cytometry plots of 

lymphocytes from a patient with ATLL 

showing reactivity with CD5, CD4 and 

CD25 while CD7 is negative.  
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background of eosinophils and histiocytes in the lymphoepithe-
lioid variant (Figure  30.13 ). The neoplastic cells express several 
T - cell markers (CD2, CD3, CD5, CD7), with variable expres-
sion of CD4 and CD8. Aberrant phenotypes with lack of expres-
sion of pan - T markers are common. CD52 may be negative in 
60% of cases and the proliferative rate is usually high. Bone 
marrow is rarely involved. There is no consistent chromosomal 
abnormality but complex karyotypes are common. Gene 
expression profi ling has shown a signature different from other 
T - NHLs and characterized by deregulation of genes involved in 
proliferation, apoptosis, transcription, cell adhesion and 
cytoskeleton organization. Most peripheral T - NHLs should be 
considered high grade; the 5 - year survival is around 20%. 
Treatments are based on chemotherapy combinations such as 
intensifi ed CHOP plus etoposide or given at shorter intervals 
(e.g. every 2 weeks), or gencitabine and platinum schedules 
followed or not by SCT.    

pattern of retroviral integration in smouldering ATLL versus a 
polyclonal pattern in the carriers.  

  Clinical  c ourse and  t herapy 
 ATLL is an aggressive malignancy for which no successful treat-
ment is yet available, with a median survival of less than 12 
months. Patients are refractory or transiently respond to chem-
otherapy or purine analogues. Smouldering and chronic ATLL 
pursue an indolent course until the disease progresses and 
becomes refractory to therapy. The poor outlook of ATLL 
relates to both chemotherapy resistance and complications 
(hypercalcaemia and opportunistic infections). Despite 
advances in disease pathogenesis, management of these patients 
remains a challenge. Most patients are refractory or achieve 
transient responses to CHOP, similar schedules and/or immu-
notherapy with monoclonal antibodies against the IL - 2 recep-
tor. Data with alemtuzumab is scanty. A major advance in 
treatment comes from the use of interferon alfa and the antiret-
roviral agents zidovudine and lamivudine, either alone or when 
used after, or combined with, chemotherapy. Following two 
initial Phase II trials, two prospective studies in France and 
England confi rmed the effi cacy of this combination and docu-
mented a response rate of 65 – 92%, of which half were CR, with 
improved survival. Although the mechanism of action of zido-
vudine is unknown,  in vitro  studies suggest that the drug inhib-
its telomerase function and leukaemic cells enter senescence. 
Consolidation with high - dose therapy and autologous or allo-
geneic SCT should be considered in young patients.    

   T  -  c ell  n on - Hodgkin  l ymphomas 

 The tissue - based T - cell NHLs encompass a variety of entities 
that essentially affect lymphoid tissues and/or extranodal sites. 
Some of them are frequent in the East but very uncommon in 
Western countries. A minority of patients may develop or man-
ifest a leukaemic picture and, when the circulating cells are large 
blasts (Figure  30.11 ), present problems of differential diagnosis 
with acute leukaemias. According to the WHO classifi cation, 
the T - NHLs are classifi ed as shown in Table  30.1 .   

  Peripheral  T  -  NHL   n ot  o therwise  s pecifi ed 
 ( s ee  a lso Chapters  33  and  35 )  

 This term includes T - NHL that does not correspond to specifi c 
T - NHL entities and most of these are referred to as non - 
lymphoblastic TdT - negative T - NHL. Patients present with 
organomegaly,  ‘ B ’  symptoms and some with extranodal disease; 
haemophagocytosis and/or impairment of the immune system 
are not uncommon. Lymph node histology shows diffuse 
effacement of the architecture by atypical lymphocytes (Figure 
 30.12 ), or infi ltration may be confi ned to interfollicular areas 
(T - zone variant) and/or the paracortical zone. There may be a 

     Figure 30.11     Bone marrow aspirate from a patient with T - NHL 

showing two large blasts.  

     Figure 30.12     Bone marrow trephine biopsy from a patient with 

peripheral T - cell lymphoma (unspecifi ed) showing diffuse 

infi ltration by pleomorphic lymphoid cells.  
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  Subcutaneous  p anniculitis -  l ike  T  -  NHL  
 This manifests with skin nodules resembling a benign pannicu-
litis; haemophagocytic syndrome is frequent and may be fatal. 
It may be seen associated with autoimmune diseases, particu-
larly lupus, and it has been speculated that autoimmunity plays 
a pathogenic role. Skin histology shows lymphoid infi ltrates 
admixed with adipocytes in the subcutaneous tissue with exten-
sion to the dermis. Fat and connective tissue necrosis and gran-
ulomas are common; vascular invasion may be seen. The 
mitotic rate is high. The neoplastic cells are positive for CD2, 
CD3 and often CD8 and express granzyme B, perforin and TIA -
 1, suggesting that this lymphoma arises from cytotoxic T cells. 
Molecular analysis shows rearrangement of the TCR  β  - chain 
gene. There are limited data on outcome and response to 
therapy but cases with haemophagocytic syndrome appear to 
have the worst prognosis. Overall survival at 5 years is 80%.  

  Peripheral  T  -  NHL   s pecifi c  v ariants 
 ( s ee Table  30.1 )  

 Several specifi c variants of T - NHL have been considered by the 
WHO as distinct entities on the basis of the clinical and labora-
tory features. The most relevant features of these lymphomas 
are described below. 

  Hepatosplenic  T  -  NHL  
 This tumour usually derives from T cells positive for TCR -  γ / δ  
and affects preferentially young males. It is more common in 
immunocompromised patients. Hepatosplenomegaly is the 
main feature, but extranodal sites (e.g. skin) may be involved 
(see Table  30.2 ). Cytopenias are common but bone marrow 
involvement is not frequent. A rare form of primary cutaneous 
 γ / δ  T - NHL is considered in the WHO classifi cation but should 
be distinguished from the hepatosplenic T - NHL. The histology 
is distinct, with an intrasinusoidal pattern of infi ltration in 
all tissues affected such as spleen, liver and bone marrow 
(Figures  30.14  and  30.15 ). This mimics the pattern of distribu-
tion of normal T  γ / δ  lymphocytes, which home preferentially 
in the spleen sinusoids. The neoplastic cells have a 
CD2 + CD7 + CD3 +/ −  TCR -  γ / δ  +  phenotype (Figure  30.16 ) and are 
usually negative with monoclonal antibodies against TCR -  α / β , 
CD5, CD4 and CD8. Often, the cells are positive for the NK -
 associated markers CD16 and CD56, the cytotoxic granule -
 associated proteins TIA - 1 and granzyme B, and may aberrantly 
express multiple KIRs. Molecular studies show rearrangement 
of the TCR  γ  -  and  δ  - chain genes while the TCR  α  -  and  β  - chain 
genes are in the germline. Cytogenetics have shown that some 
cases have iso(7q) and it has been suggested that this is a recur-
rent abnormality in this lymphoma (see Table  30.3 ). EBV does 
not play a pathogenic role. The clinical course is aggressive and 
median survival is less than 2 years. The most effective drugs 
are pentostatin and platinum - based regimens.    

     Figure 30.13     Bone marrow trephine showing infi ltration by 

lymphoid cells with marked eosinophilia in a patient with 

T - NHL.  

     Figure 30.14     Bone marrow trephine section from a patient with 

hepatosplenic lymphoma showing intrasinusoidal infi ltration.  

     Figure 30.15     Immunohistochemistry of the bone marrow in 

Figure  30.14  showing that most lymphocytes in the sinusoids 

express cytoplasmic CD3.  
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rarely, may progress to a diffuse B - cell lymphoma. The clinical 
course of angioimmunoblastic T - NHL is acute and prognosis 
is poor. Although transient spontaneous remissions have 
been documented, the lymphoma always recurs. Some patients 
initially respond to corticosteroids or combination chemother-
apy but most relapse. Single case reports have documented 
responses to fl udarabine and/or thalidomide. Combinations 
of gemcitabine and platinum appear to be more effective 
than CHOP. The median survival ranges from 13 to 17 months. 
It is likely that more aggressive regimens including SCT 
and/or combinations of chemotherapy with anti - T - cell mono-
clonal antibody will improve the dismal outcome of this 
lymphoma.  

  Extranodal  T / NK   l ymphoma,  n asal  t ype 
 This type is signifi cantly more frequent in China and Central/
South America. Other designations for this lymphoma include 
lymphomatoid granulomatosis, polymorphic reticulosis, angio-
centric immunoproliferative lesion or lethal midline granu-
loma. Patients are adults and present with systemic symptoms 
and extranodal disease, frequently involving the aerogastric 
tract and particularly the nasal cavity; other tissues that may be 
involved include skin, testes, CNS, lung, bowel and bone. The 
tumour histology shows lymphoid infi ltrates admixed with his-
tiocytes with marked angiocentricity, angiodestruction and 
ulceration (Figure  30.17 ).   

  Angioimmunoblastic  T  -  NHL  
 Angioimmunoblastic T - NHL had already been described in the 
1970s. It affects adults and has an acute onset.  ‘ B ’  symptoms, 
pruritus, cutaneous rash, organomegaly, effusions and immune 
disturbance, comprising autoimmune phenomena, immuno-
defi ciency and/or dysproteinaemia, are common (see Table 
 30.2 ). Cases of clonal angioimmunoblastic T - NHL evolving 
from reactive hyperplasia have been described, and this may 
correlate with clinical progression. The diagnosis is based 
on clinical features and histology. The lymph node shows a 
pleomorphic infi ltrate composed of lymphocytes, plasma cells, 
immunoblasts and eosinophils; proliferation of epithelioid 
post - capillary venules and increased numbers of follicular 
dendritic cell meshworks is common. There is obliteration of 
the follicular structure, described as  ‘ burned - out ’  follicular 
centres. The bone marrow is often involved and aspirates 
may show reactive features with increase in polyclonal plasma 
cells. The lymphoma cells have a T - cell phenotype 
(CD2 + CD5 + CD3 + ) and are often positive for CD4 and CD10; 
the proliferative rate is high. B immunoblasts may be present 
but usually are polyclonal. Complex karyotypes with multiple 
clones involving trisomy 3 or iso(3q), trisomy 5 and del(6q) are 
common. Most cases have rearrangement of TCR  β  -  and/or 
 γ  - chain genes and, in a few cases, both immunoglobulin and 
TCR chain genes are rearranged; the latter correlates with the 
presence of an expanded EBV - positive B - cell clone which, 
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     Figure 30.16     Flow cytometry plots of 

bone marrow cells from a patient with 

hepatosplenic T - NHL showing that the 

lymphocytes express membrane 

TCR -  γ / δ , cytoplasmic CD3 and CD8, 

but are negative for anti - TCR -  α / β  and 

CD4.  
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and/or partial deletion of the  FAS  gene. TCR chain genes are 
germline in cases with an NK phenotype but rearranged in the 
minority with a cytotoxic T - cell phenotype. Although the aeti-
ology of this lymphoma is unknown, there is evidence of the 
pathogenic role of EBV by serology, a high titre of EBV DNA 
copies in the blood and molecular analysis showing single clonal 
episomal bands in the tumour cells. Detection of EBV - encoded 
RNA (EBER) is useful for distinguishing this lymphoma from 
benign or infl ammatory nasal lymphoid infi ltrates. The prog-
nosis is variable. Unfavourable factors include advanced stages, 
high blood EBV copies and disease occurring outside the nasal 
cavity. Combination chemotherapy, especially including  l  -
 asparaginase, together with up - front local radiotherapy seems 
to be the best approach.    

   EBV  -  p ositive  T  -  c ell  l ymphoproliferative  d isorders 
in  c hildhood 
 These have been incorporated in the new WHO classifi cation. 
Two forms, systemic and cutaneous, are recognized with a dif-
ferent course and prognosis. They are more frequent in Asian 
and South American patients and EBV is consistently detected 
in the lesions, suggesting that the disease is triggered by this 
virus in an individual with a genetic predisposition. The sys-
temic form corresponds to what was recognized as fatal haemo-
phagocytic syndrome and affects liver, spleen and other organs, 
while the cutaneous form is confi ned to the skin particularly in 
sun - exposed areas. The tissues affected are infi ltrated by pleo-
morphic lymphocytes with a cytotoxic phenotype: CD2 + , CD3 + , 
CD56  −  , TIA - 1 +  and often CD8 + . Haemophagocytosis may be 
prominent. All cases carry the type A EBV and EBERs can be 
detected in the neoplastic cells by FISH. The prognosis is poor 
in the systemic form.  

  Enteropathy -  a ssociated  T  -  NHL  
 Intestinal lymphomas are often B - cell derived but a minority 
have a T - cell phenotype and these are designated  ‘ enteropathy -
 associated T - NHL ’ . This lymphoma seems to arise from a 
CD3 + CD8 + CD103 +  T lymphocyte present in the normal epithe-
lial intestinal mucosa. Some patients have a previous history of 
coeliac disease and/or gluten - sensitive enteropathy. The rela-
tionship between enteropathy - type T - NHL and coeliac disease 
is supported by the higher frequency of this lymphoma in geo-
graphical regions where gluten enteropathy is common such as 
northern Europe; diet may improve symptoms and patients 
have the HLA genotypes DQA1 * 0501 and DQB1 * 0201 seen in 
coeliac disease. It affects adults and the main manifestations are 
abdominal pain, chronic diarrhoea and/or weight loss; rarely 
bowel perforation or obstruction is the fi rst manifestation. In 
some cases, the diagnosis is made concomitantly with coeliac 
disease. Histology shows intraepithelial and subepithelial lym-
phoid infi ltration of the mucosa and villous atrophy with reac-
tive eosinophils and histiocytes. Three histological subtypes 
with regard to the presence or absence of enteropathy have been 

     Figure 30.17     Section from a nasal mass of a patient with 

extranodal T/NK lymphoma, nasal type, showing infi ltration by 

lymphoid cells with angiocentricity.  

     Figure 30.18     Immunohistochemistry of the tissue in Figure  30.17  

showing strong reactivity with CD56.  

 It has been suggested that necrosis relates to the release of 
TNF overexpressed by the tumour cells and induced by EBV. 
Immunophenotype shows that most cases have an NK pheno-
type (CD2 + CD3 ε  + CD56 + mCD3  −  ), while a small proportion 
have a cytotoxic T - cell phenotype (mCD3 + ) with both subtypes 
expressing CD56 (Figure  30.18 ). The neoplastic cells express 
cytotoxic molecules such as perforin, TIA - 1 and granzyme B. 
HLA - DR determinants, CD38, CD30 and CD25 may be posi-
tive, indicating that the tumour cells are activated lymphocytes. 
The EBV latent membrane protein (LMP) - 1 can be demon-
strated by immunohistochemistry in most cases. Cytogenetic 
abnormalities involving iso(6p), del(6q) and iso(1q) are 
common; some cases may have  TP53  and/or  KIT  mutations 
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 ALCL cells always express CD30 (Ki - 1), the hallmark of this 
lymphoma (see Table  30.3 ). Lymphocyte activation markers 
such as CD25, HLA - DR determinants and CD71 and the epi-
thelial membrane antigen (EMA) are often positive while the 
cells are cytokeratin negative. Unlike Reed – Sternberg cells, 
ALCL cells are, as a rule, CD15 negative. This is important to 
consider as diagnostic confusion between this lymphoma and 
Hodgkin disease frequently arise. Some studies have shown that 
in most cases ALCL cells express TIA - 1, perforin and granzyme 
B, molecules present in cytotoxic and NK cells, and thus sug-
gested that ALCL cells derive from activated cytotoxic T cells. 
EBV is consistently negative. The chromosomal abnormality 
t(2;5)(p23;q35) is characteristic of ALCL. This leads to the rear-
rangement of the nucleolar phosphoprotein gene ( NPM ) on 
5q35 with the anaplastic lymphoma tyrosine kinase ( ALK ) gene 
on 2p23 (see Table  30.3 ). This fusion generates a chimeric tran-
script,  NPM – ALK , which can be detected by FISH or by reverse 
transcriptase PCR using specifi c primers and by immunohisto-
chemistry with an antibody against the  ALK  - encoded p80 
protein. A number of variant translocations involving  ALK  with 
other partner chromosomes have been described and all lead to 
the deregulation of  ALK . The expression or absence of p80 
protein appears to have prognostic impact. The  NPM – ALK  
transcripts are detectable in most cases of nodal Ki - 1 - positive 
ALCL, but in only a few with the pure cutaneous form. This 
reinforces the fact that the latter represent a different entity, as 
regarded by the WHO classifi cation. 

 The clinical course of ALCL is variable. Patients with early 
stages (I/II) and/or primary ALCL fare relatively well compared 
with those with advanced stages, bulky disease and/or second-
ary ALCL. The main prognostic factor in multivariate analysis 
is advanced stage (III/IV). There is no gold - standard therapy 

documented. These appear to correlate with outcome, which is 
worst for patients with associated enteropathy. The lymphoma 
cells express T - cell markers (CD7 + CD3 +/ −  ), cytotoxic granule 
proteins and rarely are CD8 +  or CD4 + . The expression of 
HML - 1 (CD103), a marker of normal intestinal lymphocytes, 
is a consistent fi nding supporting the theory that this lym-
phoma arises from intraepithelial mucosa T cells. The TCR  β  -  
and  γ  - chain genes are rearranged. Cytogenetics shows 
amplifi cation of 9q31 or del(16q) and in some cases  MYC  
amplifi cation. A high prevalence of EBV has been documented 
in Mexican but not European patients. The clinical course 
is aggressive, with survival estimated to be less than 1 year. 
Patients with localized bowel disease have longer survival 
than those with generalized disease. Surgery is often the diag-
nostic procedure and the fi rst therapeutic approach. Problems 
in the patient ’ s management include intolerance to chemo-
therapy due to poor nutrition, low performance status and low 
albumin.  

  Anaplastic  l arge -  c ell  l ymphoma 
 Anaplastic large - cell lymphoma (ALCL) is now considered a 
distinct clinicobiological entity with characteristic molecular 
features involving the  ALK  gene and expression of Ki - 1 (CD30), 
a marker also present in Reed – Sternberg cells. It has a bimodal 
age of presentation (childhood and elderly) and shows a male 
predominance. Lymphadenopathy and cutaneous lesions are 
the most frequent manifestations but extranodal disease such 
as bone, lung and liver may be present (see Table  30.2 ). Systemic 
symptoms are common and most patients present with 
advanced stages. There are two forms, systemic and primarily 
cutaneous, and it is controversial whether these forms are bio-
logically different. In the WHO classifi cation, cutaneous CD30 -
 positive ALCL is considered within the group of primary 
cutaneous CD30 - positive T - cell disorders together with lym-
phomatoid papulosis and other rare subtypes. In addition, 
 ALK  - negative ALCL is also considered separately (see also 
Chapter  33 ). 

 Lymph node histology shows lymphoid infi ltration of the T 
zone and paracortical areas, with or without intrasinusoidal 
involvement. Capsular thickening and fi brous tissue deposition 
are common. The skin shows infi ltration of the dermis 
and subcutaneous tissue but epidermotropism is rare. 
Morphologically, ALCL is heterogeneous. The typical morphol-
ogy is that of very large lymphoid cells, sometimes multinucle-
ated, resembling Reed – Sternberg cells (Figure  30.19 ). Several 
morphological variants of ALCL have been recognized: mono-
morphic, Hodgkin - like, lymphohistiocytic or small cell. Despite 
this morphological heterogeneity, all these variants bear the 
t(2;5) translocation and express  ALK . Most cases have a T - cell 
phenotype and often lack expression of some T - cell markers, 
particularly CD3; a few cases have a  ‘ null ’  (non - B, non - T) phe-
notype, but molecular analysis demonstrates the T - cell nature 
of the lymphoma cells.   

     Figure 30.19     Bone marrow fi lm from a patient with CD30 -

 positive ALCL showing infi ltration by large bizarre anaplastic 

cells.  
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for ALCL, which should be tailored according to age, perform-
ance status and extent of the disease. Localized skin lesions may 
respond to radiotherapy but in advanced stages combination 
chemotherapy should be recommended. Unlike other T - NHLs, 
patients with ALCL have sensitive disease and usually respond 
to chemotherapy, with an overall response rate of 55 – 100% in 
different series; however, most patients relapse. Autologous 
SCT has been successful in relapsed or newly diagnosed patients 
and this is the treatment of choice for young patients with 
advanced stages.   

  Differential  d iagnosis of  p eripheral  T  - NHLs 

 The differential diagnosis arises with (i) T - cell rich B - NHL; (ii) 
reactive non - neoplastic lymphadenitis; and (iii) rarely, Hodgkin 
disease or acute leukaemias. In diffi cult cases, markers should 
be complemented with TCR and immunoglobulin gene analy-
sis. The latter, in addition, will exclude cases of reactive lym-
phadenitis with diffi cult histology. Immunophenotype allows 
the distinction between large - cell T - NHL and acute myeloid 
leukaemia. 

 Diagnostic problems with other diseases may also arise with 
specifi c T - NHL subtypes. For instance, subpanniculitis - like 
T - NHL should be distinguished from benign skin conditions or 
histiocytosis, angioimmunoblastic T - NHL from reactive disor-
ders, CD30 - positive ALCL from Hodgkin disease, and periph-
eral T - NHL, with marked haemophagocytic component, from 
histiocytic tumours or a reactive haemophagocytic syndrome. 
It is important to combine clinical features with histopathology 
and, if required, with molecular analysis of the TCR chain 
genes.   

  Conclusions 

 The mature or chronic T - cell lymphoproliferative disorders 
comprise a variety of disease entities with distinct clinical and 
laboratory features. They can be classifi ed on the basis of the 
clinical presentation and disease manifestations into primary 
leukaemias, leukaemia/lymphoma syndromes and T - cell lym-
phomas. The precise diagnosis is important in terms of patient 
management, prognosis and therapy. Most of these disorders 
have an aggressive clinical course and are considered as high -  to 
intermediate - grade lymphomas. The application of molecular 
techniques together with immunological markers has greatly 
helped the understanding of their pathogenesis by the identifi -
cation of genes or oncogenes responsible for disease initiation 
or progression and has allowed the defi nition of disease entities. 
This, in turn, has provided the basis for the development of 
novel and specifi c therapies for certain conditions, with 
improvement in survival. However, further research is needed 
to defi ne a number of disorders which at present have not 
emerged as distinct entities.  
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  Defi nition 

 Multiple myeloma (MM) is characterized by the proliferation 
of a single clone of plasma cells that produce a monoclonal 
protein. The plasma cell proliferation results in extensive 
skeletal involvement, with osteolytic lesions, hypercalcaemia, 
anaemia and/or soft tissue plasmacytomas. In addition, the 
excessive production of nephrotoxic monoclonal immunoglob-
ulin can result in renal failure and an increased risk of develop-
ing potentially life - threatening infections due to the lack of 
functional immunoglobulins. The clinical and laboratory mani-
festations of the disease, including their management, are dis-
cussed in this chapter.  

  Epidemiology and  a etiology 

 The annual incidence of MM is 4 per 100   000. It represents 
approximately 1% of all malignant diseases and 15% of all 
haematological malignancies. The incidence of MM is lower in 
Asian populations and in blacks is twice that in whites; MM is 
slightly more frequent in men than in women. The median age 

at diagnosis is 65 – 70 years. Only 15% and 2% of the patients 
are younger than 50 and 40 years, respectively. 

 The cause of MM is unknown. Radiation may play a role in 
some cases. An increased risk has been reported in farmers, 
particularly those who use herbicides and insecticides, and in 
people exposed to benzene and other organic solvents. However, 
the number of cases is small and more data are needed to estab-
lish a signifi cant relationship. MM and monoclonal gammopa-
thy of undetermined signifi cance (MGUS) have been reported 
in familial clusters. A relationship between MM and pre - exist-
ing infl ammatory diseases has been suggested, and plasma cell 
dyscrasias associated with protracted stimulation of the reticu-
loendothelial system have been reported in experimental 
studies. However, more recent case – control studies do not 
support a role for chronic antigenic stimulation in the aetio-
pathogenesis of MM.  

  Pathogenesis 

 MM is a B - cell malignancy characterized by the accumulation 
of terminally differentiated clonal plasma cells in the bone 
marrow, the production of a monoclonal immunoglobulin 
detectable in serum and/or urine and the presence of lytic bone 
lesions. In order to understand the pathogenesis of MM, it is 
important to review not only the molecular changes involved 
in the development of the malignant clone, but also the 
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    IGH    t ranslocations 
 A primary event in many kinds of B - cell tumour is dysregula-
tion of an oncogene that, as a result of translocation to the  IGH  
locus (14q32) or, somewhat less often, the  IGL  locus ( κ  2p11 or 
 λ  22q11), is juxtaposed near one of the potent immunoglobulin 
enhancers. In MM,  IGH  translocation may be classifi ed into 
primary or secondary. Primary  IGH  translocations occur as 
initiating events during the pathogenesis of MM, whereas sec-
ondary translocations are involved in progression. Most primary 
 IGH  translocations result from errors in B - cell - specifi c DNA 
modifi cation processes, mostly  IGH  switch recombination or 
less often somatic hypermutation. The breakpoints occur 
mainly within or immediately adjacent to  IGH  switch regions 
or J H  regions. In contrast, secondary translocations are medi-
ated by other kinds of recombination mechanism that do not 
specifi cally target B - cell specifi c DNA modifi cation processes. 
Unlike other B - cell tumours, in MM there is a marked diversity 
of chromosomal loci involved in  IGH  translocations. About 
40% of MM tumours have  IGH  translocations involving fi ve 
recurrent chromosomal patterns (Figure  31.1 ): 11q13 ( CCND1 ), 
4p16 ( FGFR/MMSET ), 16q23 ( MAF ), 6p21 ( CCND3 ) and 
20q11 ( MAFB ).   

 The prevalence of t(11;14) according to interphase fl uores-
cence  in situ  hybridization (FISH) analysis is 15 – 20% and is 
readily detectable by karyotyping. As result of the translocation, 
 CCND1  is juxtaposed to the powerful  IGH  3 ′  enhancer(s) on 
der(14), and its expression is dysregulated, as indicated by gene 
expression profi ling and reverse transcriptase polymerase chain 
reaction (RT - PCR) in 100% of MM cases with t(11;14). 

mechanisms responsible for the interaction between the malig-
nant plasma cells and their microenvironment, since they play 
a relevant role in bone destruction, tumour cell growth, sur-
vival, migration and drug resistance. 

  Cellular  o rigin of  m yeloma  c ells 

 Normal differentiation from early B cells to plasma cells is 
characterized by three B - cell specifi c DNA remodelling 
mechanisms that modify immunoglobulin genes: VDJ rear-
rangement, somatic mutation and class switch recombination. 
Rearrangements of the immunoglobulin genes of B - cell precur-
sors to form a B - cell receptor (BCR) occur in the bone marrow, 
while antigen recognition, selection, somatic hypermutation 
and class switch recombination take place in the germinal 
centre lymph node. Sequence analysis of the immunoglobulin 
V H  gene support the post - germinal origin of myeloma cells, 
which have successfully completed somatic hypermutation 
(without intraclonal variation) and IgH switching before 
migrating to the bone marrow, where they will interact with 
stromal cells before fi nally differentiating into long - lived 
plasma cells.  

  Genetic  a bnormalities 

 Molecular cytogenetic investigations of myeloma cells have 
demonstrated that almost all cases of MM are cytogenetically 
abnormal. MM is characterized by marked karyotypic 
instability. 
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  Gains and  l osses of  c hromosomal  m aterial: 
 m onosomy 13,  d eletion of 17p and  g ains of 1q 
 Although  IGH  translocations are a hallmark in many cases 
of MM, there are other chromosomal abnormalities also 
involved in pathogenesis and prognosis that result in changes 
in chromosomal copy number. The loss of chromosome 13 is 
the most common monosomy in MM (40 – 50% of newly diag-
nosed patients). This abnormality shows a strong association 
with t(4;14) and t(14;16), deletion of 17p and gains on 1q. 
Chromosome 17p deletion, which includes loss of  TP53 , occurs 
at a lower frequency (5 – 10% of newly diagnosed MM), but its 
prognostic infl uence seems to be more important. Classical 
cytogenetics, FISH and comparative genomic hybridization 
analysis have all demonstrated that gains on 1q are some of 
the most common abnormalities in MM. Mostly they are the 
result of tandem duplications and jumping segmental dup-
lications of the chromosome 1q band. The increased expression 
of  CKS1B  (1q21) detected in MM with gains of 1q has been 
suggested as the cause of increased proliferation in these 
cases.  

  Aneuploidy 
 Patients with MM may be grouped in two major categories 
according to ploidy status assessed by karyotyping: the hyper-
diploid group (more than 46/47 chromosomes) and the non -
 hyperdiploid group, composed of hypodiploid (up to 44/45 
chromosomes), pseudodiploid (44/45 to 46/47) and near tetra-
ploid (more than 74). Non - hyperdiploid MM is characterized 
by a very high prevalence of  IGH  translocations involving the 
fi ve recurrent partners. Likewise, monosomy/deletion 13 and 
gains on 1q occur predominantly in non - hyperdiploid MM. In 
contrast, the hyperdiploid group is associated with recurrent 
trisomies involving odd chromosomes (3, 5, 7, 9, 11, 15 and 19) 
and with a low incidence of structural chromosomal abnor-
malities. Similar associations have been observed on analysing 
DNA content by fl ow cytometry.  

  Late  g enetic  e vents 
 Some genetic changes in MM, such as secondary translocations, 
mutations, deletions and epigenetic abnormalities, are consid-
ered late oncogenic events and are associated with disease pro-
gression. Dysregulation of  MYC  is a paradigm for secondary 
translocations in MM. Most karyotypic abnormalities involving 
 MYC  correspond to complex translocations and insertions 
that often are non - reciprocal and frequently involve three dif-
ferent chromosomes. Activating  RAS  mutations are considered 
molecular markers of disease progression. Thus, the prevalence 
of activating  KRAS  and  NRAS  mutations is over 75% in MM 
cases at relapse.  TP53  inactivation, via either deletion or muta-
tion, seems to be more frequently associated with disease pro-
gression. Methylation is an epigenetic change that has been 
described in MM and acts as an inactivating mechanism of the 
tumour - suppressor genes  CDKN2B  and  CDKN2A . Although it 

 The t(4;14) translocation is identifi ed in approximately 15% 
of MM cases using FISH analysis, but cannot be detected by 
karyotyping techniques. This translocation results in the simul-
taneous deregulation of the fi broblast growth factor receptor 3 
( FGFR3 ) gene on der(14) and the multiple myeloma SET 
domain ( MMSET ) gene on der(4). FGFR3 is one of the high -
 affi nity tyrosine kinase receptors for the FGF family of ligands. 
Both  FGFR3  and  MMSET  genes are not normally expressed 
in plasma cells but are overexpressed as a result of t(4;14). 
However, gene expression profi ling and RT - PCR analysis have 
shown that only 75% of MM cases with t(4;14) display simul-
taneous overexpression of MMSET and FGFR3. In the remain-
ing 25% of cases, only MMSET is upregulated and the lack of 
FGFR3 expression is linked in most cases to loss of the  FGFR3  
gene on der(14). These data suggest that  MMSET  may be the 
critical transforming event in MM harbouring t(4;14), whereas 
 FGFR3  could be dispensable. In some cases (10%) the translo-
cated  FGFR3  contains activating mutations that may be involved 
in MM progression. 

 The incidence of t(14;16) is 5 – 10%. The breakpoints on 
16q23 occur over a region 550 – 1350   kb centromeric to  MAF . 
Taking into account such a long distance, it is still an open 
question whether or not  IGH  may act as enhancer for  MAF  in 
this translocation. Moreover, overexpression of MAF is observed 
in half of myeloma cases, while the prevalence of t(14;16) is 
low. The t(6;14) translocation has been found in a low propor-
tion (3%) of MM cases. Using microarray analyses, high levels 
of cyclin D3 mRNA have been shown in cases with t(6;14) 
detected by FISH. The t(14;20) translocation leads to deregula-
tion of  MAFB  (20q23), which like  MAF  encodes a B - ZIP tran-
scription factor, but in contrast to t(14;16),  MAFB  translocations 
have structural features that indicate they are secondary 
translocations. 

 It should be noted that several FISH studies have shown that 
MGUS display similar numerical and structural chromosomal 
abnormalities to those observed in MM. Thus, the prevalence 
of  IGH  translocations in MGUS is similar to that in MM, which 
favours the hypothesis that  IGH  rearrangements are early 
genetic events in the tumorigenic process leading to MM. 
Interestingly, the existence of MGUS cases with t(4;14) that 
remain stable for many years suggests that this chromosomal 
abnormality would be insuffi cient for further progression to 
MM. 

 Some of these molecular events represent potential therapeu-
tic targets. Thus the t(4;14) translocation generates constitutive 
activation of the oncogenic receptor tyrosine kinase FGFR3 
with subsequent phosphorylation of the anti - apoptotic STAT3 
signalling pathway. Therefore, the use of inhibitors of the 
FGFR3 tyrosine kinase, as well as inhibitors of cyclin - dependent 
kinases, could be attractive therapeutic targets. Similarly c - Maf, 
which is overexpressed in MM patients with t(14;16) as well as 
in some MM cases lacking this translocation, also represents a 
potential target.  
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display overexpression of one of these cyclins, which may be 
triggered directly by an  IGH  translocation such as t(11;14) and 
t(6;14) that dysregulates  CCND1  and  CCND3  respectively, or 
indirectly by an  IGH  translocation involving  MAF  and  MAFB  
genes which encode a transcription factor that targets cyclin D2. 
Nearly 40% of MM cases express increased cyclin D1 through 
biallelic dysregulation of  CCND1  and without apparent t(11;14); 
most of the remaining cases of MM, including those with 
t(4;14), have increased expression of cyclin D2. The expression 
level of cyclin D has also been incorporated into the molecular 
classifi cation (Table  31.1 ).   

  Interaction between  p lasma  c ells and  t heir 
 m icroenvironment 

 As far as the pathogenesis of MM is concerned, interactions 
between the myelomatous plasma cells and their microenviron-
ment can be as important as the genetic lesions. In the bone 
marrow, MM cells adhere to extracellular matrix proteins and 
bone marrow stromal cells through a series of adhesion mole-
cules, for example the  β  1  integrin family (VLA - 4, VLA - 5, VLA -
 6; also called CD49d, CD49e and CD49f), intercellular adhesion 
molecule (ICAM) - 1 and vascular cell adhesion molecule 
(VCAM) - 1 (Figure  31.2 ). In addition, bone marrow stromal 
cells produce a stromal cell - derived factor (SDF) - 1 that binds 
to CXCR4 on the surface of myeloma cells, inducing both 

has also been detected in MGUS, its prevalence is much higher 
in advanced MM and extramedullary forms of the disease.  

  Molecular  c lassifi cation of  MM   b ased on  g ene 
 e xpression  p rofi ling 
 Gene expression analysis of MM has confi rmed the huge genetic 
diversity of this tumour. Recently, the classifi cation of MM into 
seven different groups has been proposed. Each group displays 
a specifi c genetic signature and some of them are associated 
with a particular  IGH  translocation or ploidy status and with a 
characteristic clinical behaviour. Table  31.1  summarizes this 
classifi cation, which connects genetic abnormalities, cell tran-
scriptome and clinical features of patients.    

  Dysregulation of  c yclin  D   g enes  a s a  p otential 
 u nifying  e vent in  MM   p athogenesis 
 There is no common genetic mechanism to explain the patho-
genesis of MM. However, it can be speculated that although 
 IGH  translocations induce upregulation of different oncogenes, 
it is possible that all  IGH  translocations involved in MM con-
verge on a common pathway resulting in inhibition of differ-
entiation and an increase in cell survival and proliferation. Gene 
expression profi ling analysis has demonstrated that expression 
of  CCND1 ,  CCND2  and  CCND3  is increased in virtually all MM 
patients, supporting the recent hypothesis of a potential unify-
ing event in pathogenesis. Approximately 25% of MM cases 

  Table 31.1    Molecular classifi cation of multiple myeloma. 

   Group     Specifi c translocation     Frequency 

(%)  

   Cyclin D 

expression  

   Genetic signature     Prognosis     Other 

characteristics  

   1  PR     –     12    CCND2     ↑  CCNB1 ,  ↑  CCNB2 , 

 ↑  MCM2 ,  ↑  BUB1 , 

 ↑  MAGEA6 ,  ↑  MAGEA3 , 

 ↑  GAGE1   

  Unfavourable    Normal karyotypes  

   2  LB     –     11    CCND2     ↑  EDN1 ,  ↑  IL6R ,  ↓  DKK1 , 

 ↓  FRZB   

  Favourable    Lower number of 

bone lesions  

   3  MS    t(4;14)  FGFR3/MMSET     18    CCND2     ↑  FGFR3 ,  ↑  MMSET , 

 ↑  PBX1 ,  ↑  PAX5   

  Unfavourable      

   4  HY     –     26    CCND1     ↑  TRAIL ,  ↑  DKK1 ,  ↑  FRZB , 

 ↓  CKS1B   

  Favourable    Hyperdiploid 

karyotype, bone 

lesions  

   5  CD - 1    t(11;14)  CCND1  or 

t(6;14)  CCND3   

  8    CCND1 or 

CCND3  
   ↑  CEBPB ,  ↑  NID2 ,  ↑  SET7     Favourable      

   6  CD - 2    t(11;14)  CCND1  or 

t(6;14)  CCND3   

  17    CCND1 or 

CCND3  
   ↑  MS4A1  ( CD20 ),  ↑  PAX5 , 

 ↑  CD27 ,  ↑  CXCR4   

  Favourable      

   7  MF    t(14;16)  MAF  or 

t(14;20)  MAFB   

  8    CCND2     ↑  MAF ,  ↑  MAFB ,  ↑  CXCR1 , 

 ↑  ITGB7 ,  ↓  DKK1   

  Unfavourable    Lower number of 

bone lesions  

   PR,  pr oliferation; LB,  l ow  b one disease; MS,   M M S ET ; HY,  hy perdiploid; CD - 1:   C CN D 1/ C CN D 3 ; CD - 2,   C CN D 1/ C CN D 3 ; 

MF,   M A F / M A F B .   
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  Infl uence of  p athogenesis on the  c linical 
 f eatures of  MM  and the  d evelopment of 
 b one  l esions 

 The interaction between MM cells and the microenvironment 
not only favours tumour growth but is also responsible for the 
fi nal myeloma portrait (see below). This interaction stimulates 
other cytokine cascades responsible for osteolytic lesions, which 
can result in bone pain, hypercalcaemia and neurological com-
pression syndromes. Bone marrow infi ltration also impairs 
normal haemopoiesis, leading to anaemia. MM cells secrete 

chemotaxis of plasma cells and upregulation of surface adhe-
sion molecules such as VLA - 4. Bone marrow homing of plasma 
cells is likely further facilitated through other adhesion mole-
cules expressed by myeloma cells, such as CD138, CD38, CD44 
and CD106.   

 Adhesion of myeloma cells to the bone marrow microenvi-
ronment induces a cell adhesion - mediated drug resistance 
phenotype via three mechanisms: (i) cell cycle arrest at G 1  
(associated with upregulation of p27, an inhibitor of cyclin -
 dependent kinases); (ii) apoptosis inhibition via upregulation 
of FLIP - L, an endogenous inhibitor of FAS (CD95); and (iii) 
protection of tumour cells from initial drug - induced DNA 
damage (double - strand breaks) by reducing topoisomerase II 
activity. The binding of MM cells to the bone marrow micro-
environment also induces the transcription and secretion of 
cytokines, such as tumour necrosis factor (TNF) -  α , interleukin 
(IL) - 6, insulin - like growth factor (IGF) - 1, IL - 21, SDF - 1 α  and 
vascular endothelial growth factor (VEGF), by both the plasma 
cells and the bone marrow stromal cells; this triggers signalling 
pathways (e.g. RAF/MEK/MAPK, PI3K/AKT and JAK/STAT) 
that promote cell proliferation and prevent apoptosis. These 
pathways are also potential targets for therapeutic intervention 
(Figure  31.3 ). In addition, cytokines modulate the production 
of additional adhesion molecules, which in a vicious circle 
enhance cell adhesion further.   

 In summary, it appears that the bone marrow microenviron-
ment provides a sanctuary for myeloma cells by both promoting 
proliferation and blocking apoptosis, thereby allowing tumour 
progression and eventual emergence of drug resistance. 
Interruption by downregulating the interactions between the 
tumour cell and its microenvironment can potentially halt cell 
growth and proliferation and be of benefi t to patients.  
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inhibition by DKK1. IL - 3 leads not only to increased osteoclast 
formation but also to inhibition of osteoblast differentiation. 
Bone marrow plasma from multiple myeloma patients, which 
exhibited high IL - 3 levels, blocked osteoblast formation in 
human cultures, and this inhibition was partially reversed by 
the addition of a neutralizing antibody to human IL - 3.   

  Differential  d iagnosis 

 The diagnostic criteria for the monoclonal gammopathies have 
been reviewed by the International Myeloma Working Group 
(IMWG). The main clinical entities are MGUS, primary sys-
temic amyloidosis (see also Chapter  32 ), smouldering multiple 
myeloma and symptomatic multiple myeloma. 

  Monoclonal  g ammopathy of  u ndetermined 
 s ignifi cance 

 MGUS has a high prevalence (3.2% and 5.8% in individuals 
over 50 and 70 years of age, respectively). MGUS is character-
ized by the presence of a serum M - protein ( < 30   g/L) and less 
than 10% plasma cells in the bone marrow with no evidence of 
other B - cell lymphoproliferative disorder and no symptoms or 
organ or tissue impairment due to the monoclonal gammopa-
thy. The transformation rate to a malignant plasma cell disorder 
is about 1% per year, with an actuarial probability of malignant 
evolution of 30% at 25 years of follow - up. When the different 
causes of death are considered, the actuarial probability of 
malignant transformation at 25 years of follow - up is only 11%, 
much lower than the actuarial prediction. The main factors 
associated with MGUS progression include M - protein size, IgA 
isotype, abnormal free light - chain ratio and the  ‘ evolving type ’  
(rising M - protein during the fi rst years of follow - up), and the 
presence of more than 95% phenotypically aberrant plasma 
cells within the bone marrow compartment. 

 When the proportion of bone marrow plasma cells is consist-
ent with MGUS but the patient has a nephrotic syndrome, 
congestive heart failure, peripheral neuropathy, orthostatic 
hypotension or massive hepatomegaly, the most likely diagnosis 
is primary systemic amyloidosis resulting from the deposition 
of amyloidogenic light chains. On the other hand, in a patient 
with constitutional symptoms, lytic bone lesions, a small 
M - spike and less than 10% plasma cells in the bone marrow, 
the most likely diagnosis is metastatic carcinoma with coinci-
dental MGUS.  

  Smouldering  m ultiple  m yeloma 

 The term  ‘ smouldering multiple myeloma ’  was fi rst defi ned by 
Kyle and Greipp as the presence of a serum M - protein ( > 30   g/L) 
and 10% or more plasma cells in the bone marrow in the 
absence of lytic bone lesions or clinical manifestations due to 

monoclonal protein (M - protein) that increases plasma viscos-
ity. In addition, M - protein, and particularly light chains, are 
responsible for the impairment of renal function, leading ulti-
mately to renal failure. Hypercalcaemia due to osteolytic disease 
may also contribute to renal failure. Patients are also at increased 
risk of developing potentially life - threatening infections due to 
the lack of functional immunoglobulins. 

 Bone disease is one of the hallmarks of MM (see below). 
Osteolysis is mediated by an imbalance between osteoclast 
activity (increased) and osteoblast activity (decreased). 
Adhesion of MM cells to stromal cells induces the secretion of 
osteoclast - activating factors such as TNF -  α , IL - 6, IL - 1, matrix 
metalloproteinases, hepatocyte growth factors, parathyroid 
hormone - related protein, RANK - L, VEGF, IGF and macro-
phage infl ammatory protein (MIP) - 1 α . Two of the most 
important are RANK - L (receptor activator of NF -  κ B ligand) 
and MIP - 1 α . 

 RANK - L is a transmembrane molecule, and is also called 
TRANCE (TNF - related activation - induced cytokine) or OPG - L 
(osteoprotegerin ligand). RANK - L binds to its functional recep-
tor RANK (TNF receptor superfamily) on osteoclasts, stimulat-
ing osteoclastogenesis by inducing differentiation and 
maturation and stimulating resorption activity. Its activity can 
be blocked by osteoprotegerin (OPG), a receptor for OPG - L, 
which acts as a decoy receptor for RANK - L. Therefore osteo-
clastic activity is regulated by a delicate balance between 
RANK - L and OPG. In fact, under normal physiological condi-
tions the levels of OPG are signifi cantly higher than those of 
RANK - L. In contrast, in MM this balance is disrupted by 
increasing expression of RANK - L and decreasing expression of 
OPG. It has been suggested that the decline in OPG is mediated 
by myeloma cell uptake and degradation. MIP - 1 α  is a potent 
stimulator of osteoclast formation through a dual mechanism: 
(i) it enhances the activity of RANK - L and (ii) it directly stimu-
lates osteoclast precursors to differentiate into mature forms. 
MIP - 1 α  gene expression is abnormally regulated in MM due to 
unbalanced expression of the acute myeloid leukaemia (AML) -
 1A and AML - 1B transcription factors. This imbalance also 
induces IL - 3, which stimulates osteoclast formation. In addi-
tion IL - 3, as mentioned below, indirectly inhibits osteoblast 
formation. 

 In MM, in addition to the marked osteoclast activation, 
there is inhibition of osteoblast function. The WNT signalling 
pathway is critical for osteoblast differentiation. Indeed, the 
mesenchymal stem cell requires WNT signalling to differentiate 
into mature bone - forming osteoblasts. Myeloma cells produce 
DKK1, which inhibits the WNT pathway, and a soluble WNT 
inhibitor (sFRP - 2) that suppresses osteoblast differentiation. 
Other relevant factors involved in osteoblast activity are RUNX2 
and IL - 3. The transcription factor RUNX2 is important in 
dividing mesenchymal stem cells to differentiated osteoblasts. 
MM patients with osteolytic lesions show a signifi cant reduc-
tion of RUNX2, which may be the result of WNT signalling 
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patients with well - documented symptomatic MM have less 
than 10% plasma cells in their bone marrow. Table  31.4  illus-
trates the laboratory work - up for patients with monoclonal 
gammopathies.     

  Other  s pecial  f orms of  p lasma  c ell 
 d yscrasia 

  Plasma  c ell  l eukaemia 

 Plasma cell leukaemia was initially described by Kyle in 1974 as 
a plasma cell disorder characterized by a relative peripheral 
blood plasmacytosis of more than 20% of total nucleated cells, 
or an absolute number of plasma cells greater than 2    ×    10 9 /L. 
There are two forms of plasma cell leukaemia: the  de novo  pres-
entation in leukaemic phase, and secondary cases correspond-
ing to already diagnosed MM that evolve into a leukaemic 
phase. The clinical course of plasma cell leukaemia is usually 
very aggressive and resistant to conventional treatment and 
therefore new agents should be urgently investigated in these 
patients.  

the monoclonal gammopathy. More recently, the IMWG con-
sidered that the term  ‘ asymptomatic myeloma ’  could be more 
appropriate. This condition was defi ned as the presence of an 
M - protein ( ≥ 30   g/L) and/or 10% or greater bone marrow 
plasma cells in the absence of symptoms or organ or tissue 
impairment due to the monoclonal gammopathy. About 10% 
of patients diagnosed with MM have smouldering disease. This 
situation is clinically and biologically very close to that observed 
in MGUS. However, the plasma cell mass is much higher and 
most cases will eventually evolve into symptomatic MM. 

 The risk of transformation is 10% per year during the fi rst 5 
years and then decreases to 3% in the subsequent 5 years, with 
a cumulative probability of progression of 73% at 15 years. Risk 
factors for transformation include high M - component, IgA 
isotype, more than 20% plasma cells in the bone marrow, pres-
ence of urinary light chains, immunoparesia, abnormal free 
light - chain ratio, and the presence of more than 95% pheno-
typically aberrant plasma cells within the bone marrow 
compartment.  

  Symptomatic  m ultiple  m yeloma 

 The diagnosis of symptomatic MM requires the presence of an 
M - protein in serum and/or urine, increased plasma cells in the 
bone marrow or plasmacytoma, and related - organ or tissue 
impairment (including bone lesions). The more common 
symptoms are fatigue from anaemia and bone pain due to the 
skeletal involvement. Some patients may have no symptoms but 
they can have related organ or tissue impairment. Clinical and 
laboratory features may include anaemia, skeletal involvement 
(lytic lesions and/or severe osteoporosis with or without com-
pression fractures), renal failure, hypercalcaemia, recurrent 
bacterial infections, extramedullary plasmacytomas or associ-
ated amyloidosis (Table  31.2 ). The criteria agreed by the IMWG 
for the diagnosis of symptomatic MM are shown in Table  31.3 . 
Of note, no serum or urine M - protein values were included, 
since about 40% of patients with symptomatic MM have a 
serum M - protein level lower than 30   g/L and 3% have non -
 secretory myeloma. In the same sense, no minimal proportion 
of bone marrow plasma cells was required because about 5% of 

  Table 31.2    Myeloma - related organ or tissue impairment 

(end - organ damage) due to the plasma cell proliferative process. 

  Increased serum calcium  

  Renal insuffi ciency  

  Anaemia: haemoglobin 2   g/dL below the lowest normal limit  

  Bone lesions: lytic lesions or osteoporosis with compression 

fractures (possibly confi rmed by MRI or CT)  

  Other: symptomatic hyperviscosity (rare), amyloidosis, recurrent 

bacterial infections (more than 2 episodes in 12 months), 

extramedullary plasmacytomas  

  Table 31.3    Symptomatic multiple myeloma.   *    

  M - protein in serum and/or urine  

  Bone marrow (clonal) plasma cells or plasmacytoma   †     

  Related organ or tissue impairment (end - organ damage, 

including bone lesions)  

    * Some patients may have no symptoms but have related organ or 

tissue impairment.  

    †  If fl ow cytometry is performed, most plasma cells ( > 90%) will 

show a  ‘ neoplastic ’  phenotype.   

  Table 31.4    Laboratory work - up for a patient with monoclonal 

gammopathy. 

  History and physical examination  

  Complete blood count and differential peripheral blood fi lm  

  Chemistry including calcium and creatinine  

  Serum protein electrophoresis and immunofi xation  

  Nephelometric quantifi cation of immunoglobulins  

  24 - hour urine collection for electrophoresis and immunofi xation  

  Bone marrow aspirate (cytogenetics, immunophenotyping and 

plasma cell labelling index if available)  

  Radiological skeletal bone survey: CT or MRI may be helpful  

   β  2  - Microglobulin, C - reactive protein and lactate dehydrogenase  

  Measurement of free monoclonal light chains if available  
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trating cells will give the defi nitive diagnosis, as well as the 
existence of osteolytic lesions, which are absent in Waldenstr ö m 
macroglobulinaemia.  

  Osteosclerotic  m yeloma ( POEMS   s yndrome) 

 POEMS syndrome is characterized by polyneuropathy, orga-
nomegaly, endocrinopathy, M - protein and skin changes. The 
clinical picture consists of a chronic infl ammatory demyelinat-
ing polyneuropathy, more motor than sensory, and osteoscle-
rotic lesions. Hepatomegaly is observed in half of the patients. 
Hyperpigmentation, hypertrichosis, angiomatous lesions on 
the trunk, gynaecomastia and testicular atrophy may occur. 
Papilloedema is frequently present. The M - protein is com-
monly of IgA  λ  type ( < 30   g/L) and the bone marrow contains 
less than 5% plasma cells. Thrombocytosis is common. 
Castleman disease can be associated and VEGF is universally 
increased. Biopsy of an osteosclerotic lesion is generally neces-
sary to confi rm the diagnosis.   

  Disease  c omplications and  t heir 
 m anagement 

 Figure  31.4  illustrates the clinical manifestations of multiple 
myeloma.   

  Skeletal  i nvolvement 

 Bone involvement is the most frequent clinical complication in 
patients with MM. About 70% of patients have lytic bone 
lesions with or without osteoporosis and another 20% have 
severe osteoporosis without lytic lesions. The skeletal involve-
ment leads to bone pain and can result in pathological fractures. 
The pathophysiology of bone disease has been described above. 
Some patients develop pathological fractures of long bones and 
require orthopaedic surgery. In the event of extensive lesions, 
surgery can be followed by radiation therapy. On the other 
hand, prophylactic orthopaedic intervention must be consid-
ered in patients with large lytic lesions at high risk of fracture. 
It is important to consider that patients with severe back pain 
due to vertebral compression fractures can benefi t from verte-
broplasty or kyphoplasty. Spinal cord compression caused by a 
vertebral fracture is very rare in patients with MM. This com-
plication is usually caused by a plasmacytoma arising from a 
vertebral body. 

 Between 15 and 20% of patients with MM have hypercalcae-
mia at the time of diagnosis. A common complication of hyper-
calcaemia is renal impairment caused by interstitial nephritis. 
Treatment of hypercalcaemia with hydration and bisphospho-
nates is a medical emergency. Zoledronic acid is the bisphos-
phonate of choice (quicker response and signifi cantly longer 
time to recurrence compared with pamidronate). With the 

  Solitary  p lasmacytoma of  b one 

 The existence of a solitary plasmacytoma has been recognized 
in up to 3% of patients with a plasma cell dyscrasia, usually on 
the vertebral column. The diagnostic criteria require the exist-
ence of a solitary plasma cell tumour in which the biopsy con-
fi rms plasma cell histology, a negative skeletal survey, absence 
of plasma cell infi ltration in a random bone sample ( < 10%), as 
well as no evidence of anaemia, hypercalcaemia or renal impair-
ment. Some groups suggest that patients in whom a paraprotein 
persists after the eradication of plasmacytoma with local treat-
ment should undergo a review of the diagnosis. The treatment 
of choice is local radiotherapy, but about two - thirds of patients 
with solitary bone plasmacytoma develop MM at 10 years ’  fol-
low - up, with a median time to progression of 2 years.  

  Extramedullary  p lasmacytoma 

 Extramedullary plasmacytoma is a plasma cell tumour that 
arises outside the bone marrow, most frequently in the upper 
respiratory tract (nose, paranasal sinuses, nasopharynx and 
tonsils). Other sites include parathyroid gland, orbit, lung, 
spleen, gastrointestinal tract, testes and skin. In most cases the 
lesion is unique, although the presence of more lesions (multi-
ple plasmacytomas) has also been reported. Diagnosis is 
based on the detection of the plasma cell tumour in an extramed-
ullary site, in the absence of bone marrow plasma cell infi ltra-
tion, bone lytic lesions and other signs of MM (end - organ 
damage).  

  Non -  s ecretory  m ultiple  m yeloma 

 This specifi c type of MM requires particular attention, since it 
is very diffi cult to diagnose. The only way to make a defi nitive 
diagnosis is to demonstrate the presence of tissue infi ltration 
(usually bone marrow) by cells with plasma cell morphology. 
However, plasma cell infi ltration must be greater than 10% and 
clonality must be assessed by immunophenotyping (demon-
stration of cytoplasmic immunoglobulins with restricted light 
chain: positive production without excretion). In addition, the 
serum free light chains are abnormal and this is a most useful 
parameter for the follow - up of these patients. However, excep-
tional cases exist in which no monoclonal protein can be 
observed within the plasma cells. In these cases, it is mandatory 
to demonstrate clonality by the study of the rearrangement 
status of the immunoglobulin genes. Additional detection of 
aneuploid DNA content by fl ow cytometry or an abnormal 
clone by cytogenetics may be helpful.  

  IgM  m ultiple  m yeloma 

 This exceptional form of myeloma has been reported very rarely 
and must be distinguished from Waldenstr ö m macroglobuli-
naemia. The morphology and immunophenotype of the infi l-
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and the Nordic countries. Pamidronate is administered at a 
monthly dose of 90   mg via a 2 - hour intravenous infusion. 
Zoledronic acid, at a monthly dose of 4   mg, is at least as effective 
as pamidronate and has the advantage that it can be adminis-
tered via a 15 - min infusion. In patients with renal function 
impairment, the dose of zoledronic acid must be reduced to a 

availability of zoledronic acid, forced diuresis and glucocorti-
coids are usually no longer necessary. 

 Oral clodronate and the intravenous agents pamidronate and 
zoledronic acid are of clinical benefi t in the treatment of bone 
disease in patients with MM. For different reasons clodronate 
has not been extensively used in clinical practice outside the UK 
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     Figure 31.4     (a) Clinical manifestations in myeloma and (b) bone marrow infi ltration, monoclonal band (IgGK by immunofi xation) 
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diagnosis. The main causes of renal failure in MM are (i) light -
 chain excretion resulting in cast nephropathy (myeloma kidney) 
and (ii) glomerular deposition of immunoglobulin (light - 
chain amyloidosis or immunoglobulin deposition disease). In 
myeloma kidney, the typical feature consists of the presence 
of myeloma casts, mainly composed of light chains, in the 
distal tubules and collecting ducts. There is a correlation 
between the degree of cast formation and the severity of renal 
failure. Light - chain tissue deposition usually consists of glomer-
ular deposits of immunoglobulins resulting in nephrotic syn-
drome. The amyloid deposits are fi brillar structures of light 
chains showing positive Congo red staining. In light - chain 
deposition disease, the deposit of light - chain immunoglobulins 
is non - fi brillar (Congo red negative). In contrast with amy-
loidosis, the light chain is usually of  κ  type. The characteristic 
clinical feature is a nephrotic syndrome, but renal function can 
rapidly deteriorate resembling glomerulonephritis (see also 
Chapter  32 ). 

 The median survival of patients with MM and renal insuffi -
ciency is less than 1 year. However, the prognosis mainly 
depends on the reversibility of renal function. Thus, the median 
survival of patients with reversible renal failure is similar to that 
of patients with normal renal function, whereas patients with 
non - reversible renal failure have a median survival of less than 
6 months. The factors associated with renal function recovery 
include serum creatinine lower than 354    µ mol/L (4   mg/dL), 24 -
 hour urinary protein excretion lower than 1   g, and serum 
calcium higher than 2.875   mmol/L (11.5   mg/dL). 

 Vincristine, doxorubicin (Adriamycin) and high - dose dex-
amethasone (VAD), or cyclophosphamide and dexamethasone, 
or even dexamethasone alone in very fragile patients, appear to 

maximum of 3   mg. A panel from the American Society of 
Clinical Oncology (ASCO) recommended the use of either 
pamidronate or zoledronic acid in patients with MM with either 
lytic bone lesions or osteoporosis. It was suggested that bisphos-
phonates should be used indefi nitely once initiated. However, 
the appearance of severe late complications, such as osteonecro-
sis of the jaw, related to the duration of bisphosphonate 
exposure has resulted in a reconsideration of the initial recom-
mendations. Osteonecrosis of the jaw is associated with the 
duration of bisphosphonate exposure, type of bisphosphonate 
(higher with zoledronic acid than with pamidronate) and 
history of recent dental procedure. The current recommenda-
tions for treatment with bisphosphonates in MM patients, 
based on a Mayo Clinic consensus statement as well as consen-
sus panels from both the IMWG and the ASCO, do not recom-
mend the initial use of bisphosphonates for more than 2 years. 
In relapsed patients treatment with bisphosphonates can be 
restarted and administered concomitantly with active therapy. 
Finally, in patients in whom the bone disease is a consequence 
of excess RANK - L activity, newer molecules such as denosumab 
might be of benefi t. The pathogenesis of myeloma bone disease 
is summarized in Figure  31.5 .    

  Renal  f ailure 

 About 20% of patients with MM have a serum creatinine 
higher than 177    µ mol/L (2   mg/dL) at diagnosis. The degree of 
renal failure is usually moderate, with a serum creatinine 
lower than 354    µ mol/L (4   mg/dL). However, in some series 
up to 10% of patients with newly diagnosed MM have renal 
failure severe enough to require dialysis from the time of 

RANKL

RANK

Myeloma
cell

MCP1
MCP2

MCP3

Stromal
cell

AML-1A
AML-1B

Osteoclast
precursor

Osteoclast

Bone
disease

Bone

CP

Osteoblast

Wnt pathwayDKK1
sFRP-2*

Osteoprotegerine

IL-6
MIP-1α 

VEGF

     Figure 31.5     Pathogenesis of bone 

disease. (For abbreviations, see text)  



Multiple myeloma

587

of the group including plasma exchange. Similarly, in a large 
randomized trial there was no conclusive evidence that plasma 
exchange improved the outcome of patients with MM and acute 
renal failure. In our experience, patients with renal failure 
severe enough to require dialysis do not benefi t from plasma 
exchange. However, it is our belief that in non - oliguric patients 
an early plasma exchange programme along with forced diure-
sis and chemotherapy could be of benefi t. When excluding the 
patients who die in this early period, the median survival of 
patients with MM and non - reversible renal failure needing 
chronic dialysis is almost 2 years and 30% of them survive for 
more than 3 years. Thus, long - term dialysis is a worthwhile 
supportive measure for patients with MM and end - stage renal 
failure.  

  Anaemia and  b one  m arrow  f ailure 

 Approximately 35% of patients with newly diagnosed MM have 
a haemoglobin lower than 9   g/dL. In addition, severe anaemia 
is a frequent complication later in the course of the disease due 
to disease progression. Anaemia is associated with a signifi cant 
loss in quality of life and poor prognosis. The main causes of 
anaemia in MM are bone marrow replacement by plasma cells, 
relative erythropoietin defi ciency, renal insuffi ciency and chem-
otherapy with cytotoxic agents. 

 Severe granulocytopenia and thrombocytopenia at the time 
of diagnosis are unusual. About 10% of patients have a platelet 
count of less than 100    ×    10 9 /L, but platelet counts lower than 
20    ×    10 9 /L with risk of severe bleeding are very unusual. The 
development of an unexplained pancytopenia in patients previ-
ously treated with alkylating agents, particularly melphalan, is 
suspicious of myelodysplasia. 

 A number of trials have shown the benefi cial effect of recom-
binant human erythropoietins and darbepoetin alfa in the 
treatment of myeloma - associated anaemia. The response to 
erythropoietin is associated with a signifi cant improvement in 
quality of life. An important aspect is that the most signifi cant 
improvement in quality of life is reached when the haemoglobin 
increases from 11 to 12   g/dL, but levels above 14   g/dL should be 
avoided due to its association with a higher risk of thrombosis. 
Thus, the goal should be maintenance of the haemoglobin 
around 12   g/dL, with careful dose tritiation in order to achieve 
a good quality of life while minimizing severe complications 
such as thrombotic events. The major cause of erythropoietin 
failure is iron defi ciency. Iron repletion should be indicated 
when there is evidence of functional iron defi ciency measured 
by an increased soluble transferrin receptor. The effi cacy of oral 
iron is limited. It seems that the best iron supplemental therapy 
is the administration of iron saccharate. Treatment with granu-
locyte colony - stimulating factor (G - CSF) may be required to 
treat chemotherapy - induced severe granulocytopenia. Patients 
treated with lenalidomide may occasionally require G - CSF 
therapy.  

be better approaches than melphalan - containing regimens 
because of both lower myelosuppression and quicker action. Of 
these, the most frequently used has been VAD. However, it 
seems that the effect of vincristine and doxorubicin is only 
marginal, the effi cacy of VAD mainly coming from high - dose 
dexamethasone. In addition, a randomized trial from the 
Nordic Myeloma Study Group has recently shown that the asso-
ciation of dexamethasone and cyclophosphamide was more 
convenient and as effective as VAD when given as up - front 
therapy. The novel drugs introduced for myeloma treatment 
may also be of great value in patients with renal failure. Taking 
into account that the action of bortezomib is very quick, it is 
probably an ideal agent for rapidly decreasing light chains in 
order to prevent the development of irreversible renal failure by 
avoiding further tubular light - chain damage. In a retrospective 
series of 24 patients with relapsed/refractory MM and dialysis -
 dependent renal failure, the overall response rate (RR) was 75%, 
with 30% complete remissions (CR) or near - CR. Hopefully, 
ongoing prospective studies will confi rm the benefi t of borte-
zomib - based therapies in patients with newly diagnosed 
myeloma and renal failure. The association of lenalidomide and 
dexamethasone could also be a good treatment option for 
patients with renal failure. However, the dose of lenalidomide 
must be adjusted to the degree of renal failure according to the 
guidelines for the use of lenalidomide in patients with renal 
function impairment. Although thalidomide has been used for 
more than 10 years, little information on its effi cacy and toxicity 
in patients with renal failure is available, but it is also probably 
a useful agent for these patients. 

 With regard to the use of high - dose therapy/autologous stem 
cell transplantation (SCT) in patients with MM and renal 
failure, the largest experience comes from the Arkansas group, 
with a reversibility of renal failure of 43% but higher morbidity 
and mortality (6% and 13% after a single or tandem transplant, 
respectively) than in patients with normal renal function. 
Chemoresistant disease, low serum albumin and older age were 
associated with a poorer outcome. According to the results of a 
Spanish group, patients with serum creatinine above 442    µ mol/L 
(5   mg/dL), haemoglobin below 9.5   g/dL and/or poor perform-
ance status should be excluded from autologous SCT because 
of the high transplant - related mortality (TRM). In patients with 
no overt myeloma and low plasma cell mass in whom renal 
function impairment is due to glomerular light - chain deposi-
tion (light - chain deposition disease), the likelihood of response 
is higher than that in MM because of the low plasma cell mass 
at the time of transplantation. In this situation there is no need 
for tumour reduction with induction chemotherapy before 
stem cell mobilization and high - dose therapy. 

 Theoretically, the removal of nephrotoxic light chains with 
plasma exchange could avoid further renal failure and hopefully 
prevent irreversible renal failure. The Mayo Clinic group, in a 
small controlled trial, compared chemotherapy with chemo-
therapy plus plasma exchange and found only a trend in favour 
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with high - dose dexamethasone must be started immediately at 
a loading dose of 100   mg followed by 25   mg every 6 hours fol-
lowed by progressive tapering. Local radiation therapy should 
be started as soon as possible, simultaneously with high - dose 
dexamethasone. If the spinal cord compression is caused by a 
vertebral collapse or by spinal instability rather than a plasma-
cytoma (which is very rare), urgent surgical decompression 
followed by fi xation of a prothesis of bone graft or methacrylate 
is required. 

 Nerve root compression can cause back pain that follows 
a radicular metameric distribution with or without radicular 
sensory involvement. Treatment with radiation therapy is 
helpful, allowing time for the action of systemic chemotherapy. 
Clinically signifi cant peripheral neuropathy is very uncommon 
in newly diagnosed patients with MM. Leptomeningeal involve-
ment in the central nervous system (CNS) with detection 
of plasma cells in the cerebrospinal fl uid (CSF) is exceedingly 
rare. The frequency of CNS involvement is roughly 1%, the 
most frequent presenting features being paraparesis, symptoms 
from increased intracranial pressure, cranial nerves palsies 
and confusion. The CSF examination frequently shows plasma 
cells of plasmablastic morphology as well as an increased 
protein concentration with positive immunofi xation for the 
myeloma protein. Unfortunately, despite active treatment 
measures such as intrathecal therapy (methotrexate, cytarabine, 
glucocorticoids), cranial or even craniospinal irradiation along 
with systemic therapy, the prognosis is extremely poor with a 
median survival of 3 months from the diagnosis of CNS 
involvement.   

  Prognostic  f actors 

 The outcome for patients with MM is highly heterogeneous, 
with survival duration ranging from a few months to more than 
10 years. This heterogeneity relates to (i) specifi c characteristics 
of the tumour itself, (ii) host factors and (iii) a series of factors 
resulting from the interaction between the tumour clone and 
the host, which mainly refl ect tumour burden and disease com-
plications (Table  31.5 ).   

  Host  f actors 

 The favourable infl uence of a good performance status 
(ECOG    ≥    2) and young age ( < 65 – 70 years) is well established. 
In contrast, neither sex nor race has prognostic infl uence. 
Immune surveillance, by T and natural killer (NK) cells, plays 
a relevant role in most malignancies, and low numbers of 
mature NK and CD4 cells have been reported in advanced - stage 
MM. In addition, patients who develop expanded T - cell clones 
(CD8 + CD57 + CD28  −  ), which can recognize autologous idiotypic 
immunoglobulin structures, display favourable outcome.  

  Infection 

 Infectious complications are the major cause of morbidity 
and mortality in patients with MM. The highest risk of infection 
is observed during the fi rst 2 months of starting therapy, in 
patients with severe chemotherapy - induced granulocytopenia 
and in those with relapsed and refractory disease. The main 
cause of infection in MM is the impaired antibody production, 
leading to a decrease in the uninvolved immunoglobulins. 
Other important causes include chemotherapy - induced granu-
locytopenia, renal function impairment and glucocorticoid 
treatment, particularly high - dose dexamethasone. Most infec-
tions in newly diagnosed patients and during the fi rst cycles of 
chemotherapy are caused by  Streptococcus pneumoniae , 
 Staphylococcus aureus  and  Haemophilus infl uenzae , while in 
patients with renal failure, as well as in those with relapsed 
and/or refractory advanced disease, more than 90% of the 
infectious episodes are caused by Gram - negative bacilli or 
 Staph. aureus . 

 An infectious episode in a patient with MM should be 
managed as a potentially serious complication requiring imme-
diate therapy. In case of suspected severe infection and before 
the identifi cation of the causal agent, treatment against encap-
sulated bacteria and Gram - negative microorganisms should be 
initiated. Although prophylaxis of infection in patients with 
MM is a controversial issue, some general guidelines can be 
offered. Intravenous immunoglobulin prophylaxis is not 
recommended. Pneumococcal vaccination is recommended, 
particularly in patients with IgG myeloma with high - serum 
M - protein levels, which are usually associated with very low 
levels of uninvolved immunoglobulins. Antibiotic prophylaxis 
is likely of benefi t within the fi rst 2 months of initiation of 
therapy, especially in patients at high risk of infection (recent 
past history of serious infections, such as recurrent pneumonia, 
or renal failure).  

  Nervous  s ystem  i nvolvement 

 Spinal cord compression from a plasmacytoma, which occurs 
in about 10% of patients, is the most frequent and serious neu-
rological complication in MM. The dorsal spine is the most 
common site of involvement, followed by the lumbar region. 
The clinical picture of spinal cord compression consists of back 
pain and paraparesis. Although it can evolve for several days or 
even a few weeks, the onset can be abrupt, resulting in severe 
paraparesis or paraplegia in a few hours. The picture is usually 
accompanied by a sensitive level. Lumbar involvement can 
cause a cauda equina syndrome (low back pain with radicular 
distribution and leg weakness). 

 Spinal cord compression is an emergency requiring immedi-
ate medical action. When suspected, urgent magnetic resonance 
imaging (MRI) should be performed. If confi rmed, treatment 
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or by fl ow cytometry, is one of the most important prognostic 
markers.  

  Tumour  b urden and  d isease  c omplications 

 A high proportion of plasma cells in the bone marrow, diffuse 
bone marrow infi ltration and the presence of circulating plasma 
cells refl ect a high tumour burden, but their prognostic infl u-
ence is modest. Similarly, the impact of skeletal lesions, evalu-
ated by radiography or bone resorption markers, is not clear. 
In contrast, disease complications such as anaemia, thrombo-
cytopenia and particularly renal insuffi ciency have a major 
infl uence. Nevertheless, the most important factor is the con-
centration of  β  2  - microglobulin, which increases as a result of 
both growth of tumour burden and deterioration in renal func-
tion. The higher the value, the worse the prognosis. In contrast, 
 β  2  - microglobulin is not helpful for disease monitoring. 
C - reactive protein is a surrogate marker for IL - 6 (a major 
plasma cell growth factor), which also correlates with outcome. 
In contrast to hypoalbuminaemia, neither the amount of para-
protein nor its isotype infl uences prognosis. 

 Only a few of the prognostic factors have real independent 
value. A summary of the most important is shown below. 
  1     Two host factors ( age  and  performance status ) refl ect the 
ability of the patient to tolerate chemotherapy.  
  2     Two intrinsic characteristics of the malignant clone ( cytoge-
netics  and  plasma cell proliferative activity ).  
  3     One biochemical marker that refl ects tumour burden 
(  β  2  - microglobulin ).    

 A new International Staging System (ISS), derived from 
more than 11   000 patients, has shown that  β  2  - microglobulin 
and albumin are the best combination of easily available 
markers for discriminating prognostic subgroups: stage I ( β  2  -
 microglobulin  < 3.5   mg/dL, albumin  > 3.5   mg/dL); stage III ( β  2  -
 microglobulin  > 5.5   mg/dL); stage II (the rest). This substitutes 
for the Durie and Salmon classifi cation, which affords little 
prognostic information. In the next few years improved staging 
systems using cytogenetics and S - phase analysis should be 

  Malignant  c lone  f actors 

 The second cohort of prognostic factors are those that refl ect 
specifi c characteristics of myelomatous plasma cells and include 
morphology, immunophenotyping, cytogenetics, oncogenes, 
multidrug resistance and proliferative activity of plasma cells. 
Immature/plasmablastic morphology is associated with poor 
outcome. With regard to antigen expression, we have observed 
that downregulation of CD117 (c - Kit) and CD56, and expres-
sion of CD28 and CD19, are associated with poor prognosis. 
As occurs with acute leukaemia, cytogenetics is emerging as 
one of the most important prognostic tools for MM. Therefore, 
investigation of cytogenetic changes (mainly by FISH, since 
cells from MM patients frequently do not yield mitoses in 
conventional karyotyping) should be mandatory in all newly 
diagnosed MM patients. Among  IGH  translocations, t(4;14) 
and t(14;16) have been consistently associated with unfavour-
able prognosis, whereas t(11;14) does not have a negative infl u-
ence on survival. Initial studies indicated that monosomy 13/
del(13) was associated with poor outcome; however, recent 
analyses based on large series of MM patients have revealed 
that the presence of monosomy 13/del(13) as a unique abnor-
mality, without concomitant  IGH  abnormalities, is probably 
not indicative of unfavourable prognosis. In contrast, del(17p) 
(with deletion of the  TP53  gene) is one of the most, if not 
the most, adverse prognostic factor in MM. It has also been 
reported that amplifi cations on 1q and del(22) are associated 
with poor outcome, although this requires confi rmation in 
larger series of patients. Moreover, the presence of complex as 
well as non - hyperdiploid karyotypes also predict treatment 
failure. Similarly, patients with chromosome losses detected by 
comparative genomic hybridization display very short survival. 
In contrast, hyperdiploid tumours with multiple trisomies 
involving chromosomes 3, 5, 7, 9, 11, 15, 19 and 21 tend to have 
a favourable prognosis. In line with this latter observation, we 
have shown that patients with hyperdiploid DNA cell content 
(defi ned by fl ow cytometry) have a favourable outcome. Finally, 
the proliferative activity of the malignant plasma cells, as 
assessed either by the labelling index with bromodeoxyuridine 

  Table 31.5    Prognostic factors in  MM . 

   Prognostic factors     Tumour related     Host related     Tumour burden  

  Essential    Cytogenetics/FISH: t(4;14), t(14;16), 

 TP53 ,  RB   

  Age 

 Performance status  

  Internatonal Staging System 

( β  2  - microglobulin/albumin)  

  Additional    Plasma cell proliferation 

 Immunophenotyping markers  

        

  New and promising    Gene molecular markers:  PSMD9  

( p27 ),  CKS1B  (1q21)  

  Immune status    Circulating clonotypic plasma cells 

 sRANK - L  
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   EBMT   c riteria for  r esponse,  r elapse and  p rogression 
 With the introduction of high - dose therapy/SCT, the M - protein 
disappears in a signifi cant number of patients, a fact that 
is associated with a signifi cant prolongation of survival. In 
this context, the European Group for Blood and Marrow 
Transplantation (EBMT) developed new criteria defi ning CR 
(negative immunofi xation in serum and urine and less than 5% 
bone marrow plasma cells), PR ( ≥ 50% reduction in serum 
M - component and  ≥ 90% in 24 - hour urine Bence Jones 
proteinuria), minimal response (MR) (25 – 49% decrease in 
M - component), as well as criteria for relapse (reappearance of 
M - protein by immunofi xation in patient who had achieved 
CR, and progression from PR or MR). Any type of response 
should be maintained for a minimum of 6 weeks. These criteria 
have been shown to be useful and reproducible in both trans-
plant and non - transplant series as well as in prospective 
clinical trials.  

  Uniform  r esponse  c riteria 
 The IMWG has expanded the EBMT criteria by adding the 
categories of stringent CR (sCR) and very good partial response 
(VGPR) (Table  31.6 ). Patients with negative immunofi xation 
in serum and urine and with a normal free light - chain ratio 
are considered in sCR. The free light - chain measurement has 
also been included for the evaluation of response in patients 
with non - secretory and oligosecretory disease. VGPR requires 
a decrease in the M - protein size of at least 90%. In addition, 
time to event, duration of response, clinical relapse and time to 

developed for use by reference centres and eventually for all 
patients with myeloma.  

  Response to  t herapy  a s a  p rognostic  f actor 

 In addition to all the variables that can be measured at diagnosis 
and which have already been mentioned, response to front - line 
therapy represents one of the most important prognostic factors 
in most haematological malignancies. In the case of MM there 
is still open debate about the importance of the depth of 
response on patient outcome. The reason for this controversy 
is probably that, historically, until the introduction of high - dose 
chemotherapy, CR was extremely rare and the only available 
comparison was between responding patients (achieving partial 
or minor responses) and non - responding patients, with the 
former having a better outcome. A recently published meta -
 analysis including 21 reports with independent datasets for 
which outcome data were reported has shown a very signifi cant 
association between the maximal response obtained after treat-
ment and the two main long - term - outcome parameters, i.e. 
overall survival (OS) and time to progression - related events. 
However, it is clear that more sensitive techniques (e.g. multi-
parametric immunophenotyping, molecular analysis of bone 
marrow plasma cells by PCR, serum free light chain test, and 
imaging techniques such as MRI or positron emission tomog-
raphy to detect myeloma activity outside the bone marrow) are 
needed to evaluate response in MM and these may contribute 
to a better assessment of the impact of response in fi nal outcome. 
We have shown that when transplanted MM patients show 
undetectable residual myelomatous plasma cells by immu-
nophenotyping, progression - free survival (PFS) and OS are 
signifi cantly longer, and this parameter is signifi cantly more 
powerful than negative immunofi xation. 

  Criteria of  r esponse 
 Response criteria were initially developed by the Chronic 
Leukaemia and Myeloma Task Force (CLMTF) in 1968. The 
main response parameter was a minimum 50% reduction in the 
M - protein. In 1972 the Southwest Oncology Group (SWOG) 
defi ned partial response (PR) as a reduction of at least 75% in 
the calculated serum paraprotein synthetic rate and/or a 
decrease of at least 90% in urinary light chain urine protein 
excretion sustained for at least 2 months. The Medical Research 
Council (MRC) introduced the concept of plateau phase, 
defi ned as a period of stability after chemotherapy in which 
tumour progression does not occur despite the presence of 
measurable disease. The minimum period of stability required 
for defi nition of plateau phase was 3 months. Since CRs were 
rarely observed with the classical conventional dose chemo-
therapy, neither the CLMTF nor the SWOG response criteria 
included a defi nition of CR. In addition there were no defi ni-
tions for relapse and progression. 

  Table 31.6    International uniform response criteria for multiple 

myeloma ( IMWG  response criteria). 

   Response category  *       Criteria  

  Complete remission 

(CR)  

  Negative immunofi xation (serum and 

urine)  

   < 5% bone marrow plasma cells  

  No soft tissue plasmacytomas  

  Stringent CR    As above,  plus   

  Normal free light - chain ratio  

  Absence of clonal plasma cells   †     

  Very good partial 

response  
   ≥ 90% decrease in serum M - protein  

  Urine M - protein  < 100   mg per 24 hours  

  Partial response     ≥ 50% decrease in serum M - protein  

   ≥ 90% decrease in urine M - protein or 

 < 200   mg per 24 hours  

   ≥ 50% decrease in soft tissue 

plasmacytomas  

    * All response categories require two consecutive measurements 

made at any time.  

    †  Determined by immunohistochemistry or immunofl uorescence.   
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were superior to conventional induction treatment, although 
the response rate (PR or greater) obtained with thalidomide 
plus dexamethasone (63%) was lower than that achieved with 
TAD or TVAD (80%, with CR rates usually  < 10%). The MRC 
group has compared cyclophosphamide (C) plus thalidomide 
and dexamethasone with CVAD as induction regimen before 
transplantation; the thalidomide arm was signifi cantly superior 
(RR 87% vs. 75%; CR 20% vs. 12%). In studies evaluating 
bortezomib combination therapy, data from a French rand-
omized trial that compared bortezomib plus dexamethasone 
with VAD show the superiority of bortezomib plus dexametha-
sone, both before and after transplantation (Table  31.7 ). The 
Italian group has reported similar results on comparing borte-
zomib, thalidomide and dexamethasone with thalidomide and 
dexamethasone (Table  31.7 ). The high effi cacy of bortezomib -
 based regimens as induction treatment is consistent with several 
pilot studies using either bortezomib plus dexamethasone alone 
or in combination with doxorubicin (Adriamycin/Doxil) or 
thalidomide, with RRs usually over 80% and CR rates of 
18 – 32%. With regard to lenalidomide, two large randomized 
studies have shown that the majority of patients ( > 85%) 
respond to lenalidomide plus dexamethasone induction, but a 
minimum of four to six cycles would probably be required to 
achieve a substantial number of CRs. Thalidomide or borte-
zomib combinations did not affect stem cell collection or 
granulocyte and platelet recovery after transplantation. For 
lenalidomide, three recent reports indicate a decrease in CD34 -
 positive cells collected and recommended harvesting early in 
the course of induction with lenalidomide and/or using cyclo-
phosphamide along with G - CSF. Although these novel induc-
tion regimens appear to be clearly superior to VAD, a longer 
follow - up is still required.    

  Autologous  s tem  c ell  t ransplantation 
 High - dose therapy (usually melphalan 200   mg/m 2 ) followed by 
autologous SCT prolonged OS compared with standard - dose 
therapy in prospective randomized trials conducted by the 
French (IFM) and English (MRC) groups and has provided 
evidence for more than 10 - year survivorship in at least a subset 
of patients. Nevertheless, although the SWOG 9321 study in the 
USA, the French MAG91 study and the Spanish PETHEMA - 94 
trial confi rmed the benefi t of autologous SCT in terms of RR 
and event - free survival (EFS), they did not fi nd superiority in 
terms of survival compared with standard - dose therapy. These 
discrepancies can be partly explained by differences in study 
design (the Spanish study randomized patients responding to 
initial therapy, while in the others randomization was per-
formed up - front), differences in the conditioning regimens 
and, particularly, differences in the intensity and duration of 
the chemotherapy arm (the dose of alkylating agents and ster-
oids was higher in the SWOG and Spanish trials, which may 
explain why OS for conventionally treated patients was longer 
in these two studies compared with the IFM and MRC trials). 

alternative therapy are emphasized as critical end points. More 
recently, the IMWG has considered the possibility of also 
adding the parameters  ‘ CR by immunophenotyping ’  and 
 ‘ CR by molecular techniques ’ , as well as the reintroduction of 
minor responses for treatment evaluation of relapse/refractory 
patients.       

  Treatment 

 In this section we focus on the treatment of the malignant clone, 
since the management of disease complications (anaemia, renal 
insuffi ciency, bone disease) has been discussed above. 

 Melphalan – prednisone (MP) was introduced for the treat-
ment of MM in the late 1960s. In the subsequent 30 years 
treatment improvements remained stagnant, since more 
complex chemotherapy combinations (e.g. VCMP, VBAD, 
VAD) only led to small increases in the overall RR but without 
differences in survival, as assessed in a large meta - analysis that 
included over 6000 patients. The next step forward was the use 
of high - dose melphalan followed by stem cell support (autolo-
gous SCT) for young myeloma patients, which resulted in a 
signifi cant improvement in disease - free survival and OS. 
However, for elderly patients, MP remained the standard of 
care. From 2000, there was a revolution in the treatment of MM 
with the availability of new agents with distinct mechanisms of 
action: the immunomodulatory drugs thalidomide and lenal-
idomide (Revlimid) and the proteasome inhibitor bortezomib 
(Velcade). 

 In this section we fi rst discuss the treatment of newly diag-
nosed patients stratifi ed according to age (above or below 65 – 70 
years), which categorizes the patients as transplant or non -
 transplant candidates, and then analyse the options for relapse/
refractory patients, as well as emerging novel agents. 

  Treatment of  n ewly  d iagnosed  t ransplant 
 c andidate  p atients 

 Currently, treatment in this setting usually includes three to six 
cycles of induction therapy, consolidation with autologous SCT 
and the possibility of maintenance therapy. 

  Induction 
 The VAD combination has long been the gold standard as a 
preparatory regimen for young newly diagnosed MM patients 
who are candidates for autologous SCT, with PR rates ranging 
from 52 to 63% and CR rates from 3 to 13%. However, novel 
drug combinations appear to be superior to VAD - like regimens 
for decreasing tumour burden before transplantation. As shown 
in Table  31.7 , three randomized trials have compared thalido-
mide (T) - based regimens (TD or TAD or TVAD) versus either 
high - dose dexamethasone or VAD as initial therapy in trans-
plant - eligible patients. In all studies, thalidomide combinations 
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 With regard to tandem autologous SCT, its use will decrease 
for two reasons: (i) according to the French and Italian experi-
ence, only patients achieving less than a VGPR with the fi rst 
transplant benefi t from the second; and (ii) a similar benefi t is 
obtained on using thalidomide as consolidation/maintenance 
therapy. In contrast, a second transplant at relapse may be 
increasingly used, providing that the duration of the response 
to the fi rst transplant has lasted for more than 2 – 3 years.  

  Maintenance 
 The third step in the sequence of treatment is maintenance. 
Interferon and/or corticosteroids have shown little benefi t and 
have been abandoned. The availability of novel agents (particu-
larly thalidomide and lenalidomide, which are available in oral 
formulations) has transformed the concept of maintenance in 
an attempt to prolong the duration of responses after transplan-
tation. The IFM group has shown that thalidomide mainte-
nance after tandem autologous SCT is signifi cantly superior to 
no maintenance or pamidronate alone in terms of EFS (52%, 
36% and 37% at 3 years) and OS (87% vs. 74% at 4 years). This 
superiority has been confi rmed by an Australian study that 
compared thalidomide plus prednisone with prednisone alone. 
Of note, the Arkansas group has also observed that the use of 

Despite these discrepancies, high - dose therapy is currently con-
sidered standard of care for younger patients with MM, mainly 
based on the benefi t on RR and EFS. 

 In the setting of novel agents, it is also important to defi ne 
whether autologous SCT enhances the RRs obtained with these 
new induction regimens. As mentioned above, studies based on 
bortezomib combinations, including two randomized trials, 
have shown that the CR rate was improved following autolo-
gous SCT (Table  31.8 ), suggesting that induction with novel 
agents and autologous SCT are complementary rather than 
alternative treatment approaches. Nevertheless, the benefi t in 
terms of EFS and OS remains to be seen. With regard to tha-
lidomide, it appears that the initial advantage of thalidomide -
 based regimens (TAD) compared with VAD is not so evident 
after autologous SCT. Data on lenalidomide are very encourag-
ing, though still scanty. Nevertheless, some investigators argue 
that this approach may be challenged by the optimal results 
obtained with  ‘ long - term ’  treatment with novel combinations 
(i.e. lenalidomide plus dexamethasone). Although a rand-
omized trial comparing these two approaches would be most 
interesting, the transplant approach induces a very high CR rate 
(a goal in all haematological malignancies) and patients enjoy 
a long - term period free of treatment.   

  Table 31.7    Response to induction treatment in transplant candidate patients: results from Phase  III  front - line trials.   *    

   Regimen     Patients     PR or better (%)     CR   +   n - CR (%)     Study  

  TD vs. D    470    63 vs. 46    7 vs. 2.6    Rajkumar  et al .  (2008)   

  TD vs. VAD    200    76 vs. 52    10 vs. 8    Cavo  et al .  (2005)   

  TAD vs. VAD    400     –     35 vs. 13    Macro  et al . (ASH 2006)  

  TVAD vs. VAD    230    81 vs. 66     –     Zervas  et al .  (2007)   

  CTD vs. CVAD    251    87 vs. 75    19 vs. 9    Morgan  et al . (ASH 2007)  

  BD vs. VAD    482    80 vs. 63    21 vs. 8    Harousseau  et al . (ASH 2008)  

  BTD vs. TD    256    93 vs. 74    36 vs. 9    Cavo  et al . (ASH 2008)  

  LD high  vs. LD low    †       445    82 vs. 71    4 vs. 2    Rajkumar  et al . (ASH 2008)  

  LD vs. D    198    85 vs. 51    22 vs. 4    Zonder  et al . (ASH 2007)  

    * Response after autologous SCT (CR   +   n - CR): TAD vs. VAD (16% vs. 11%); CTD vs. CVAD (51% vs. 39%); BD vs. VAD (35% vs. 

24%); BTD vs. TD (57% vs. 28%).  

    †  High - dose dexamethasone (three pulses), low - dose dexamethasone (one pulse).  

  A, Adriamycin; B, bortezomib; D, dexamethasone; L, lenalidomide; T, thalidomide; V, vincristine; CR, complete remission; n - CR, near 

complete remission; ASH, American Society for Hematology Annual Meeting.   

  Table 31.8    Result of randomized trials comparing autologous  SCT  with chemotherapy. 

        Patients     CR (%)     EFS (months)     OS (months)  

  IFM90 (Attal  et al .  1996 )    200    22/5    28/18    57/44  

  MRC 03 (Child  et al .  2003 )    401    44/8    31/19    54/42  

  PETHEMA 95 (Blad é   et al .  2005 )    185    30/11    42/33    61/66  

  US - Intergroup (Barlogie  et al . 2006)    516    11/11    25/21    58/53  

   CR, complete remission; EFS, event - free survival; OS, overall survival.   
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phocyte infusions given for relapsed myeloma following alloge-
neic transplantation induce responses in 30 – 50% of patients, 
but unfortunately the long - term effi cacy is limited.   

  Treatment of  n ewly  d iagnosed  e lderly and 
 n on -  t ransplant  c andidate  p atients 

 MP has been the gold standard for over 40 years, although 
recent results based on the combination of MP with either 
thalidomide or bortezomib, and probably also with lenalido-
mide, indicate that there are now new standards of care for 
elderly MM patients. As shown in Table  31.9 , fi ve randomized 
trials have compared thalidomide plus MP (MPT) with MP. 
In all studies both the RRs and CRs were signifi cantly higher 
in the MPT arm (RR 57 – 76% for MPT vs. 31 – 48% for MP; 
CR 7 – 16% for MPT vs. 1 – 4% for MP). Moreover, the fi ve 
studies showed a signifi cant advantage of MPT treatment in 
terms of PFS/time to progression (TTP) (prolongation in PFS 
ranging from 2 to 9 months). However, only in the two French 
studies was MPT treatment associated with a signifi cant pro-
longation in OS. The toxicity associated with the high dose of 
thalidomide used in some of these trials may explain the sur-
vival discrepancies. Preliminary data from the MRC Myeloma 
IX trial show that the combination of cyclophosphamide, 
thalidomide and dexamethasone is superior to MP in terms of 
RR (82% vs. 49%) and CR (22% vs. 6%). The proteasome 
inhibitor bortezomib has been tested in combination with 
MP (BMP) in a pilot study conducted by the Spanish group; 
the positive results have been recently confi rmed in a large 
(682 patients) randomized study (VISTA) that showed the 
superiority of BMP over MP (RR 71% vs. 35%; CR 30% vs. 4%). 
BMP treatment was associated with a 52% reduction in risk of 
progression, with a median TTP of 24 compared with 16.6 
months ( P     <    0.0001) and a 36% reduction in risk of death, 
which translates into an OS at 3 years of 72% for BMP and 59% 
for MP. This benefi t was present despite 45% of MP patients 
receiving bortezomib on progression. In addition, time to next 
therapy and treatment - free interval were signifi cantly pro-
longed in patients treated with BMP and the benefi t of this 
combination was observed across all patient subgroups, includ-
ing those with advanced age, renal insuffi ciency and high - risk 
cytogenetics.   

 Lenalidomide has also been combined with MP. A pilot study 
showed an RR of 81%, a CR of 17% and an EFS of 87% at 16 
months, and it is currently being tested in a randomized trial 
comparing lenalidomide plus MP with MP. Nevertheless, these 
MP combinations are being challenged by the recent results 
reported with lenalidomide plus dexamethasone, particularly 
using low - dose dexamethasone, with a 2 - year survival probabil-
ity of 82% in patients 65 years or older. 

 A fi nal controversial issue is whether there is a preference for 
any one of the three novel MP combinations. 

thalidomide as part of the induction and maintenance phases 
was associated with longer EFS, although this does not translate 
into a prolonged OS. This raises an important concern about 
whether the continuous use of novel agents may induce more 
resistant relapses. Moreover, the benefi t of thalidomide main-
tenance for patients who are already in CR as well as for those 
with poor cytogenetics is not well established. Accordingly, 
although randomized trials are required to defi ne the role 
of long - term maintenance ( > 1 year), a short treatment with 
thalidomide would be justifi ed in patients who have not 
achieved CR after autologous SCT. It is possible that the better 
tolerance of lenalidomide will facilitate its use in maintenance 
programmes.  

  Allogeneic  s tem  c ell  t ransplantation 
 Allogeneic SCT remains the only curative therapeutic approach 
in MM. However, it is associated with a high TRM (up to 30 –
 50%) and high morbidity mainly due to chronic graft - versus -
 host disease (GVHD). Accordingly, it should be used in carefully 
defi ned situations and preferably within the context of clinical 
trials. In order to decrease TRM, different reduced - intensity 
conditioning regimens (allo - RIC), mainly based on fl udarabine 
and melphalan or fl udarabine plus radiotherapy (2   Gy) have 
been introduced. The TRM decreases by 25 – 25% but this is 
associated with a higher incidence of relapses. In a prospective 
randomized trial, the French group compared double 
autologous SCT with autologous SCT followed by allo - RIC 
among patients displaying poor prognostic features (high  β  2  -
 microglobulin and monosomy 13). Unfortunately, there were 
no event - free survivors at 5 years after either double autologous 
SCT or autologous SCT followed by allo - RIC. In contrast, the 
Italian group, using a similar approach, has described an 
improvement in terms of OS among patients receiving autolo-
gous SCT followed by allo - RIC compared with double autolo-
gous SCT. The Spanish group has recently reported a comparison 
between double autologous SCT and autologous SCT followed 
by allo - RIC in patients failing to achieve at least near CR after 
a fi rst autologous SCT. Although there was a higher increase in 
CR rate and a trend towards a longer PFS in favour of allo - RIC, 
this was associated with a trend towards a higher TRM (16% 
vs. 5%;  P    =   0.07) and no statistical difference in EFS and OS. 
Differences in patient characteristics, GVHD prophylaxis and 
conditioning regimens could contribute to these discrepant 
results. Moreover, unfortunately, a high proportion of patients 
developed extramedullary relapses without bone marrow 
involvement, indicating that although the disease may be under 
control in the bone marrow milieu, extramedullary spread 
may occur. 

 With regard to the use of allogeneic SCT as rescue therapy, 
a prerequisite is to obtain a CR or VGPR before the transplant 
since most patients with active disease will not benefi t from this 
procedure. Once again these transplants should be performed 
by experienced groups and within clinical trials. Donor lym-
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relapse ( < 1 year), intermediate relapse (1 – 3 years) and late 
relapse ( > 3 years). If the relapse occurs within the fi rst year after 
transplantation, patients should be immediately considered 
high risk and, in order to overcome drug resistance, rescued 
with either a combination of all potentially effective drugs (e.g. 
BTD plus cisplatin, Adriamycin, cyclophosphamide and etopo-
side; or bortezomib, lenalidomide and dexamethasone) or alter-
nating cycles of two combinations of non - cross - resistant agents 
(BCD alternating with lenalidomide or TAD). Nevertheless, it 
must be pointed out that these types of combinations should 
ideally be conducted within controlled clinical trials. If CR is 
achieved, the patient could proceed to allogeneic SCT with RIC, 
although this must still be considered an investigational 
approach. 

 If relapse occurs 1 – 3 years after autologous SCT, we would 
favour rescue with novel agents used in a sequential (not simul-
taneous) manner, starting with one line of treatment (different 
from the one used as induction) and shifting to the second and 
subsequent lines only when disease progression occurs. Within 
this category of patients, those under 55 years old with an HLA -
 identical sibling and a suboptimal response to the fi rst line of 
treatment should be considered for allogeneic SCT with RIC. 
Finally, if relapse occurs more than 3 years after the fi rst autolo-
gous SCT, an attractive possibility is reinduction with the initial 
treatment or other novel - agent combination followed by a 
second autologous SCT. 

 In the elderly patients, treatment decisions at relapse must 
take into account the general condition of the patient. Once the 
patient relapses, after up - front treatment, the durations of sub-
sequent responses to rescue therapies are progressively short-
ened. Therefore, the current goal in relapsed MM is to optimize 

  1     The most mature data are with MPT and BMP.  
  2     For patients with antecedent, or risk of, deep venous throm-
bosis (DVT), BMP could be the preferred option.  
  3     In patients with antecedent peripheral neuropathy, lenalido-
mide plus MP should be the choice.  
  4     In patients with renal insuffi ciency, BMP is safe.  
  5     In patients living long distances from hospital, oral treatment 
(MPT, or lenalidomide plus MP) would be preferable.  
  6     In patients with poor compliance with treatment, BMP could 
be better.  
  7     If costs are a concern, MPT is less expensive.    
 An individualized treatment approach would probably be valu-
able. The toxicity profi le of novel agents is discussed at the end 
of the treatment section. 

 In patients over 75 years of age or in fragile condition, the 
recommendation is to use modifi ed regimens, with a lower 
dose of thalidomide (100   mg) and lenalidomide (15 – 20   mg) or 
bortezomib 1   mg/m 2  (or a weekly schedule). One additional 
possibility in these patients is to substitute melphalan with 
cyclophosphamide (50   mg/day or 1   g every 21 days), since this 
latter agent is less myelotoxic. In very elderly patients, special 
attention must be paid to infectious episodes (require active 
treatment) and renal function (appropriate hydration), particu-
larly during the fi rst 3 months of treatment when they are 
responsible for the high incidence of early deaths.  

  Treatment at  r elapse 

 It is important to separate the young ( < 55 years) from the 
elderly ( > 55 years) patients. In patients relapsing after trans-
plantation, we discriminate three cohorts of patients: early 

  Table 31.9    Results from randomized Phase  III  trials in newly diagnosed elderly patients. 

   Study     Regimen     No. of patients     CR with negative 

immunofi xation  

   TTP/PFS (months)     Overall survival  

  GIMEMA (Palumbo  et al .  2006, 

2008 )  

  MPT 

 MP  

  129 

 126  

  15.5% 

 2.4%  

  29.2 

 13.6  

  NS (45 vs. 47 months)  

  IFM 99 (Facon  et al .  2007 )    MPT 

 MP  

  125 

 196  

  13% 

 2%  

  27.5 

 17.8  

  51.6 vs. 33.2 months 

 HR 0.59,  P    =   0.0006  

  IFM 01 (Hulin  et al ., ASH 2007, 

Abstract 75)  

  MPT 

 MP  

  113 

 116  

  7% 

 1%  

  24.1 

 19  

  45.3 vs. 27.7 months 

 HR N/A,  P    =   0.03  

  NMSG (Gulbrandsen  et al ., EHA 

2008, Abstract 209)  

  MPT 

 MP  

  362    6% 

 3%  

  20 

 18  

  29 vs. 33 months  

  HOVON (Wijermans  et al ., ASH 

2008, Abstract 649)  

  MPT 

 MP  

  152 

 149  

  1% 

 1%  

  TTP, 0.05 

 PFS, NS  

  NS  

  VISTA (San Miguel  et al .  2008 )    BMP 

 MP  

  344 

 338  

  30% 

 4%  

  24.0 

 16.6  

  72% vs. 59% at 3 years 

 HR 0.61,  P    =   0.0078  

   B, bortezomib; M, melphalan; P, prednisone; T, thalidomide; CR, complete remission; TTP, time to progression; PFS, progression - free 

survival; HR, hazard ratio; ASH, American Society for Hematology Annual Meeting; EHA, European Haematology Association Annual 

Meeting.   
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induction should be instituted. Table  31.10  summarizes the 
most relevant results and combinations reported in relapsed 
patients. Thalidomide has been widely used, although few ran-
domized studies have been conducted; the RR ranges between 
25 and 70% depending on whether it has been used as a single 
agent or in combination with alkylating agents and corticoster-
oids. Bortezomib as a single agent has been shown to be 

the effi cacy of novel drugs through their most appropriate com-
binations, to establish optimal sequences of treatment and to 
promote active clinical research on experimental agents that 
have already shown promising activity in  in vitro  and animal 
models. 

 At fi rst relapse, a regimen based on novel drugs (thalidomide, 
lenalidomide or bortezomib) and different from that used as 

  Table 31.10    Relapse/refractory patients: response to thalidomide, lenalidomide and bortezomib: single agents and combinations. 

   Drug/combination     No. of 

patients  

   Response rate     Study  

   PR or better (%)     CR (%)  

   Thalidomide - based combinations   

  T monotherapy (200 – 800   mg)    169    24    2    Singhal ( N Engl J Med  1999)  

  T monotherapy (meta - analysis)    1629    28    1.6    Glasmacher ( Br J Haematol  2005)  

  TD     > 400    42 – 58    3 – 13    Several  *    

  TD vs. placebo - D    116    65 vs. 28    NR    Fermand  et al . (ASH 2006)  

  TCD     > 200    56 – 76    5 – 20    Several  †    

   Lenalidomide - based combinations   

  L monotherapy    104    14    4    Richardson ( Blood  2006)  

  LD vs. D    175 vs. 176    60 vs. 22    15 vs. 2    Weber  &  Dimopoulos ( N Engl J 

Med  2007)  

  LAD    69    87    23    Knop (ASH 2007)  

  Pegylated liposomal 

doxorubicin   +   VDL  

  62    75    29 (CR   +   n - CR)    Baz ( Ann Oncol  2007)  

  LCD    21    65    NR    Morgan ( Br J Haematol  2007)  

   Bortezomib - based combinations   

  B monotherapy vs. D    669    43 vs. 18    16 vs. 1    Richardson ( N Engl J Med  2005)  

  Pegylated liposomal 

doxorubicin   +   

B vs. B monotherapy  

  646    48 vs. 43    14 vs. 11    Orlowski ( J Clin Oncol  2007)  

  BM    26    47    11    Berenson ( J Clin Oncol  2006)  

  BM    21    68    34 (CR   +   n - CR)    Popat (ASH 2007)  

  BCP    37    88    40    Reece ( J Clin Oncol  2008)  

  BCD    50    82    16    Kropff ( Br J Haematol  2007)  

  BCD    47    75    31    Davies ( Haematologica  2007)  

   Immunomodulators (thalidomide/lenalidomide) plus bortezomib   

  BT    ±    D    85    55    16 (CR   +   n - CR)    Pineda - Rom á n ( Leukemia  2008)  

  BT   +   pegylated liposomal 

doxorubicin  

  21    56    22 (CR   +   n - CR)    Chanan - Khan ( Leukemia and 

Lymphoma  2005)  

  BTAD    20    63    24 (CR   +   n - CR)    Hollmig (ASH 2006)  

  BTMP    30    67%    14 (CR), 

7 (n - CR)  

  Palumbo ( Blood  2007)  

  BTMD    53    60    11    Terpos ( Leukemia  2008)  

  BL    27    79    33    Richardson (ASH 2007)  

    * Weber ( J Clin Oncol  2003), Dimopoulos ( Ann Oncol  2001) and Palumbo ( Haematologica  2001).  

    †  Kropff ( Haematol J  2003), Garc í a - Sanz ( Leukemia  2004) and Dimopoulos ( Haematol J  2004).  

  A, Adriamycin; B, bortezomib; C, cyclophosphamide; D, dexamethasone; L, lenalidomide; M, melphalan; P, prednisone; T, thalidomide; 

V, vincristine; CR, complete remission; n - CR, near complete remission; ASH, American Society for Hematology Annual Meeting.   
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signifi cantly superior to high - dose dexamethasone in relapsed/
refractory patients (RR 43% vs. 18%; CR 16% vs. 1%; TTP 6 
vs. 3 months). The addition of pegylated doxorubicin increased 
EFS to 9.3 months. With regard to lenalidomide, a large rand-
omized trial has shown that lenalidomide plus dexamethasone 
is signifi cantly superior to dexamethasone alone (RR 60% vs. 
20%; CR 15% vs. 2%; TTP 11.1 vs. 4.7 months). The most 
widely used regimens at relapse include: 
   •      thalidomide/dexamethasone or thalidomide/cyclophospha-
mide/dexamethasone;  
   •      lenalidomide/dexamethasone or lenalidomide/dexametha-
sone/doxorubicin;  
   •      bortezomib/dexamethasone or bortezomib/liposomal doxo-
rubicin with or without dexamethasone or bortezomib/cyclo-
phosphamide/dexamethasone (Table  31.10 ).      

 At second or subsequent relapse, usually after the patient has 
already failed bortezomib and at least one immunomodulator, 
a clinical trial with experimental agents should be encouraged. 
If the patient is not a candidate for active therapy, palliative 
treatment with oral cyclophosphamide (50   mg/day) and pred-
nisone (30   mg on alternating days) can be considered.  

  Side -  e ffects  a ssociated with  n ovel  a gents 

 Because of the previous history of thalidomide a major concern 
was its toxicity profi le. The side - effects are dose related and the 
most common include constipation, weakness, somnolence and 
neuropathy. Peripheral neuropathy is a common adverse event 
with thalidomide therapy and often limits the dose and dura-
tion of treatment. The use of combination therapy has raised 
concern about an increased risk of DVT. Apparently the major 
risk of DVT occurs when tumour load is high and thalidomide 
is combined with chemotherapy, especially Adriamycin (30% 
incidence vs. 4% when thalidomide is used alone). Accordingly, 
in this setting, anticoagulant prophylaxis with low - molecular -
 weight heparin (LMWH) or aspirin is mandatory. Current data 
suggest that lenalidomide is better tolerated than thalidomide 
in several aspects: it does not usually produce clinically signifi -
cant somnolence, constipation or neuropathy, although the 
incidence of myelosuppression is higher, mainly neutropenia 
(grade 3 in 17 – 30%) and thrombocytopenia, which are man-
ageable with dose reduction and growth factor support. 
Similarly to thalidomide, lenalidomide is associated with a 
higher risk of DVT (5 – 25%) and the risk increases in patients 
with comorbidities, previous history of DVT, concomitant use 
of erythropoietin, high - dose dexamethasone, anthracyclines or 
high tumour mass. For these reasons, anticoagulant prophylaxis 
with LMWH or aspirin is mandatory. The most frequent toxici-
ties of bortezomib include fatigue, gastrointestinal symptoms 
(grade 3 in 15 – 25%), cyclical thrombocytopenia and, particu-
larly, peripheral neuropathy. This latter side - effect, classifi ed as 
grade 3 in 9 – 20% of patients, is the main reason for treatment 
discontinuation, and the early detection of peripheral neuropa-

thy is most important in order to reduce the dose or frequency 
of injections. Nevertheless, it resolved or improved in two -
 thirds of patients after completion or discontinuation of 
therapy.  

  Promising  n ew  d rugs 

 Some of the molecular events responsible for the transfor-
mation of a normal into a malignant plasma cell represent 
potential therapeutic targets. Thus the t(4;14) translocation 
leads to constitutive activation of the oncogenic tyrosine kinase 
receptor FGFR3, with subsequent phosphorylation of the anti -
 apoptotic STAT3 signalling pathway. Moreover, several  IGH  
translocations lead to cyclin D deregulation, and represent a 
common pathogenic event in MM. Therefore, the use of inhibi-
tors of cyclin - dependent kinases, aurora kinase inhibitors and 
inhibitors of the FGFR3 tyrosine kinase could be attractive 
therapeutic targets. Although  in vitro  studies have shown that 
FGFR3 tyrosine kinase inhibitors such as CHIR - 258/TKI or 
AB1010 inhibit FGFR3 autophosphorylation in cells carrying 
the translocation, resulting in cell growth arrest and apoptosis, 
preliminary clinical data show very limited activity as single 
agents. 

 The second area of MM pathogenesis that has important 
implications for treatment is the interaction between the malig-
nant cell and the bone marrow microenvironment, which pro-
motes MM cell growth and proliferation. As mentioned in the 
section on pathogenesis, adhesion of myeloma cells to bone 
marrow microenvironment induces a drug - resistant plasma 
cell phenotype. Moreover, this binding also induces the tran-
scription and secretion of cytokines (TNF -  α , IL - 6, IGF - 1, SDF -
 1 α , VEGF), by both the plasma cells and bone marrow stromal 
cells, that on interacting with their corresponding receptors 
trigger signalling pathways (e.g. RAF/MEK/MAPK, PI3K/AKT 
and JAK/STAT) that promote cell proliferation and prevent 
apoptosis. Several drugs that affect these pathways are already 
in the early phases of clinical investigation, including the 
following. 
  1     Agents against receptors present in plasma cells, which can 
be targeted by specifi c drugs or monoclonal antibodies, includ-
ing death receptors (e.g. DR4 - 6 and FAS), tyrosine kinase 
receptors, VEGF - R, TACI, IL6 - R, IGF - 1R or the CD56 or CD40 
antigens.  
  2     Several clinical trials are being conducted with inhibitors 
directed at signalling pathways, including farnesyltransferase 
(tipifarnib), RAF (RAF 265), STAT3 (atiprimod), mTOR 
(everolimus) or AKT (perifosine).  
  3     Drugs that interfere with the unfolded protein response and 
epigenetics, such as the new proteasome inhibitors (NPI - 0052 
and carfi lzomib), Hsp90 inhibitors or histone deacetylase 
inhibitors.    

 Unfortunately, the expectations raised by some of these 
agents have not been confi rmed in the clinic as yet. It is prob-
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able that these targeted therapies will be more effective in com-
binations with other agents that have already shown clear 
effi cacy in MM.   
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  Introduction 

 Amyloidosis is a disorder of protein folding in which normally 
soluble proteins are deposited in the extracellular space as insol-
uble fi brils that progressively disrupt tissue structure and func-
tion. Some 25 different unrelated proteins can form amyloid  in 
vivo , and clinical amyloidosis is classifi ed according to the fi bril 
protein type (Table  32.1 ). Of interest, although the term 
 ‘ amyloid ’  is derived from the Greek for  ‘ starch - like ’ , the misno-
mer was recognized over 100 years ago and has remained 
unchallenged.   

 Amyloid deposition is remarkable in its diversity; it can be 
systemic or localized, acquired or hereditary, life - threatening or 
merely an incidental fi nding. Clinical consequences are seen 
when the accumulation of amyloid fi brils is suffi ciently substan-
tial to cause structural disruption of tissues or organs, leading 
to their impairment or failure. The pattern of organ involve-
ment varies within and between fi bril types and clinical pheno-
types overlap greatly. In systemic amyloidosis, virtually any 
tissue may be involved and the disease is often fatal, although 
its prognosis has been improved by increasingly effective 
treatments for some of the conditions that underlie it. Greater 
understanding of the pathogenesis of the disease, allowing 
improved subtyping and appropriate targeted therapies, with 
improved supportive care including haemodialysis and solid 
organ transplantation in selected patients have also infl uenced 
the prognosis of this disorder. In localized amyloidosis, deposits 
are confi ned to a particular organ or tissue and are usually clini-
cally silent, although they can cause serious consequences such 

as haemorrhage in local respiratory or urogenital tracts. In addi-
tion to the amyloidoses, local amyloid deposition is a pathologi-
cal feature of uncertain signifi cance in other important diseases 
including Alzheimer disease, the prion disorders and type 2 
diabetes mellitus. 

 The chapter is devoted mainly to describing the clinical fea-
tures, diagnosis and management of AL (monoclonal immu-
noglobulin light chain) amyloidosis, which is the most common 
and serious form of systemic amyloidosis in industrialized soci-
eties. The differential diagnosis and other amyloid fi bril types 
that can mimic AL type, including their diagnosis and manage-
ment, are also discussed.  

  Pathogenesis of  a myloid 

 Amyloidosis challenges the dogma that the tertiary structure of 
proteins is determined solely by their primary amino acid 
sequence. Amyloid - forming proteins can exist in two com-
pletely different stable structures, the transformation evidently 
involving massive refolding of the native form into one that can 
autoaggregate in a highly ordered manner to produce the char-
acteristic predominantly  β  - sheet, rigid, non - branching fi brils of 
10 – 15   nm in diameter and of indeterminate length. Acquired 
biophysical properties common to all amyloid fi brils include 
insolubility in physiological solutions, relative resistance to pro-
teolysis, and ability to bind Congo red dye in an ordered manner 
that gives the diagnostic green birefringence under cross - 
polarized light. 

 Amyloid deposition can occur in three circumstances. 
  1     When there is a sustained abnormally high concentration of 
certain normal proteins, such as serum amyloid A (SAA) 
protein in chronic infl ammation and  β  2  - microglobulin in renal 
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  Table 32.1    Classifi cation of amyloidosis.   *    

   Type     Fibril precursor protein     Clinical syndrome  

  AA    Serum amyloid A protein    Systemic amyloidosis associated with acquired or hereditary 
chronic infl ammatory diseases. Formerly known as secondary or 
reactive amyloidosis  

  AL    Monoclonal immunoglobulin light chains    Systemic amyloidosis associated with myeloma, monoclonal 
gammopathy, occult B - cell dyscrasia. Formerly known as 
primary amyloidosis  

  ATTR    Normal plasma transthyretin    Senile systemic amyloidosis with predominant cardiac involvement  

  ATTR    Genetic variants of transthyretin (e.g. ATTR 
Met30, Ala60, Ile122)  

  Familial amyloid polyneuropathy (FAP), with systemic amyloidosis 
and often prominent amyloid cardiomyopathy  

  A β  2 M     β  2  - Microglobulin    Dialysis - related amyloidosis (DRA) associated with renal failure 
and long - term dialysis. Predominantly musculoskeletal 
symptoms  

  A β      β  - Protein precursor (and rare genetic 
variants)  

  Cerebrovascular and intracerebral plaque amyloid in Alzheimer 
disease. Occasional familial cases  

  AApoAI    Genetic variants of apolipoprotein A - I (e.g. 
AApoAI Arg26, Arg60)  

  Autosomal dominant systemic amyloidosis. Predominantly 
non - neuropathic with prominent visceral involvement, especially 
nephropathy. Minor wild - type ApoAI amyloid deposits may 
occur in the aorta  

  AApoAII    Genetic variants of apolipoprotein A - II    Autosomal dominant systemic amyloidosis with predominant renal 
involvement  

  AFib    Genetic variants of fi brinogen  α  chain (e.g. 
AFib Val526)  

  Autosomal dominant systemic amyloidosis. Non - neuropathic 
usually with prominent nephropathy  

  ALys    Genetic variants of lysozyme (e.g. ALys His67)    Autosomal dominant systemic amyloidosis. Non - neuropathic with 
prominent renal and gastrointestinal involvement  

  ACys    Genetic variant of cystatin C (Gln68)    Hereditary cerebral haemorrhage with cerebral and systemic 
amyloidosis  

  AGel    Genetic variants of gelsolin (e.g. Asn187)    Autosomal dominant systemic amyloidosis. Predominant cranial 
nerve involvement with lattice corneal dystrophy  

  AIAPP    Islet amyloid polypeptide    Amyloid in islets of Langerhans in type 2 diabetes mellitus and 
insulinoma  

  ALECT2    Leukocyte chemotactic factor II    Systemic amyloidosis with predominant renal involvement  

    * Amyloid composed of peptide hormones, prion protein and unknown proteins not included.   

failure, which underlie susceptibility to AA and  β  2  - microglobulin 
amyloidosis respectively.  
  2     When there is a normal concentration of a normal, but inher-
ently amyloidogenic, protein over a very prolonged period, such 
as transthyretin (TTR) in senile amyloidosis and  β  - protein in 
Alzheimer disease.  
  3     When there is production of an acquired or inherited variant 
protein with an abnormal structure, such as amyloidogenic 
monoclonal immunoglobulin light chains in AL amyloidosis or 
the hereditary amyloidogenic variants of TTR, lysozyme, apoli-
poprotein A - I and fi brinogen A α  chain.    
 The genetic and environmental factors that infl uence individual 
susceptibility to and timing of amyloid deposition are unclear, 
but once the process has begun, amyloid deposition is unremit-
ting as long as the supply of the respective precursor protein 
remains undiminished. 

 Amyloid deposits consist mainly of amyloid fi brils but they 
also contain some common minor constituents, including 
certain glycosaminoglycans (GAGs) and the normal circulating 
plasma protein serum amyloid P component (SAP), as well as 
various other trace proteins. SAP binds in a specifi c calcium -
 dependent manner to a ligand that is present on all amyloid 
fi brils but not on their precursor proteins. This phenomenon is 
the basis for the use of SAP scintigraphy in some centres for 
imaging and monitoring amyloid deposits. Studies in knockout 
mice indicate that SAP contributes to amyloidogenesis. 

 Amyloid fi bril - associated GAGs mainly comprise heparan 
and dermatan sulphates. Their universal presence, restricted 
heterogeneity and intimate relationship with the fi brils suggest 
that they may also contribute to the development or stability 
of amyloid deposits, a possibility that has lately been supported 
by the inhibitory effect of low - molecular - weight GAG ana-
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amyloidogenic, but it is not possible to identify these from their 
class or abundance. Monoclonal light chains that form amyloid 
are able to exist in partly unfolded states, involving loss of terti-
ary or higher order structure. These readily aggregate, with 
retention of  β  - sheet secondary structure, into protofi laments 
and fi brils. 

 The inherent  ‘ amyloidogenicity ’  of certain monoclonal light 
chains has been demonstrated in an  in vivo  model in which 
purifi ed Bence Jones proteins were injected into mice. Animals 
receiving light chains from patients with AL amyloidosis devel-
oped typical amyloid deposits composed of the human protein, 
whereas animals receiving light chains from myeloma patients 
without amyloid did not. AL fi brils are more commonly derived 
from  λ  than  κ  light chains, despite the fact that  κ  isotypes pre-
dominate among both normal immunoglobulins and mono-
clonal gammopathies. Some amyloidogenic light chains have 
distinctive amino acid replacements or insertions compared 
with non - amyloid monoclonal light chains, including replace-
ment of hydrophilic framework residues by hydrophobic ones, 
changes that can promote aggregation and insolubility. Certain 
light - chain isotypes, notably V  λ VI , are especially amyloidogenic, 
and there is a degree of concordance between some isotypes and 
their tropism for being deposited as amyloid in particular organ 
systems. For example, the V  λ VI  isotype often presents with dom-
inant renal involvement, whereas the V  λ II  isotype frequently 
involves the heart.  

  The  p lasma  c ell  d yscrasia 

 Although almost any dyscrasia of differentiated B lymphocytes, 
including multiple myeloma, Waldenstr ö m macroglobulinae-
mia and other malignant lymphomas/leukaemias, may produce 
a monoclonal immunoglobulin that can form AL amyloid, well 
over 80% of cases are associated with low - grade and otherwise 
 ‘ benign ’  monoclonal gammopathies. Histological studies indi-
cate that amyloid deposition occurs in up to 15% of cases of 
myeloma, but usually in small and clinically insignifi cant 
amounts, and that it probably occurs in less than 5% of patients 
with  ‘ benign ’  monoclonal gammopathy of undetermined sig-
nifi cance (MGUS). The cytogenetic abnormalities that com-
monly occur in multiple myeloma and MGUS, such as 14q 
translocations and 13q deletion, have also been observed in AL 
amyloidosis, but their prognostic signifi cance has not been fully 
elucidated.  

  Clinical  f eatures 

 AL amyloidosis accounts for 1 in 1500 deaths in the UK and 
occurs equally in men and women. The age - adjusted incidence 
of AL amyloidosis in the USA is estimated to be 5.1 – 12.8 per 
million persons per year, which is equivalent to approximately 
600 new cases per year in the UK. The median age at presenta-
tion is 65 years, but it can occur in young adults and is most 

logues on the experimental induction of AA amyloidosis in 
mice. 

 Many of the pathological effects of amyloid can be attributed 
to its physical presence. Extensive deposits, which may amount 
to kilograms, are structurally disruptive and incompatible with 
normal function, as are strategically located smaller deposits, 
for example in glomeruli or nerves. Amyloid fi brils may also be 
directly cytotoxic but they appear to evoke little or no local 
infl ammatory reaction in the tissues. However, the relationship 
between the quantity of amyloid and degree of associated organ 
dysfunction differs greatly between individuals, and there is a 
strong impression that the rate of new amyloid deposition may 
be as important a determinant of progressive organ failure as 
the amyloid load itself. 

 Treatments that substantially reduce the supply of amy-
loidogenic precursor protein frequently result in stabilization 
or regression of existing amyloid deposits, and are often associ-
ated with preservation or improvement in the function of 
organs infi ltrated by amyloid.  

  Systemic  AL   a myloidosis 

 Systemic AL (formerly known as  ‘ primary ’ ) amyloidosis occurs 
in a small proportion of individuals with monoclonal B - cell 
dyscrasia. AL fi brils are derived from monoclonal immu-
noglobulin light chains, which are unique in each patient. It is 
this uniqueness of an individual ’ s light chains that helps to 
explain the considerable heterogeneity in the way AL amyloido-
sis affects individual organs and its clinical outcome. Virtually 
any organ other than the brain may be directly affected. The 
kidneys, heart, liver and peripheral nervous system are the 
organs most often involved and most often associated with 
clinical consequences. Early symptoms are often non - specifi c. 
Screening techniques can fail to detect any underlying mono-
clonal gammopathy, leading to a delay in diagnosis, by which 
time the deposits are often extensive and the prognosis poor. 
This emphasizes the need to consider AL amyloidosis as a 
potential diagnosis in a range of vague clinical presentations, 
and the need for prompt appropriate investigations, such as 
biopsy of the affected organ and serum free light chain (SFLC) 
analysis. 

   AL   fi  brils and  m onoclonal  l ight  c hains 

 AL amyloid fi brils are derived from the N - terminal region of 
monoclonal immunoglobulin light chains and consist of the 
whole or part of the variable (V L ) domain. The molecular 
mass of the fi bril subunit protein therefore varies between about 
8 and 30   kDa. All monoclonal light chains are structurally 
unique and the propensity for certain ones to form amyloid 
fi brils is an inherent property related to their particular struc-
ture. Only a small proportion of monoclonal light chains are 
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changes in pain and temperature sensation followed later by 
motor defi cits occur in 10 – 20% of cases and carpal tunnel syn-
drome occurs in 20%. Autonomic neuropathy leading to impo-
tence, orthostatic hypotension and gastrointestinal disturbances 
may occur alone or together with peripheral neuropathy, and 
has a poor prognosis. Involvement of dermal blood vessels is 
common and may cause purpura, most distinctively in a peri-
orbital distribution ( ‘ raccoon eyes ’ ). Direct skin involvement 
takes the form of papules, nodules and plaques, usually on the 
face and upper trunk. Articular amyloid is rare but the symp-
toms can be severe and superfi cially mimic an infl ammatory 
polyarthritis. Soft - tissue infi ltration may occur, characteristi-
cally involving the submandibular region or the glenohumeral 
joints and surrounding tissues to produce the  ‘ shoulder pad ’  
sign, or lymph nodes themselves can be infi ltrated. Thyroid 
infi ltration with amyloid, occasionally resulting in hypothy-
roidism, has been reported. An uncommon but serious mani-
festation of AL amyloidosis is an acquired bleeding diathesis 
that may be associated with defi ciency of factor X and some-
times also factor IX, or with increased fi brinolysis. It does not 
occur in other amyloidoses, although in both AL and AA disease 
there may be serious bleeding in the absence of any identifi able 
factor defi ciency.    

  Diagnosis and  i nvestigation of  AL  
 a myloidosis 

 Amyloid should be considered in the differential diagnosis of 
renal failure, nephrotic syndrome, restrictive cardiomyopathy, 
peripheral or autonomic neuropathy and hepatomegaly, but 
early symptoms are often very non - specifi c and insidious, such 
as malaise or weight loss. The index of suspicion should be high 
in patients known to have clonal B - cell dyscrasias, but in 
practice the diagnosis of amyloidosis is usually an unexpected 
fi nding following biopsy of an organ with disturbed function. 
The approach to diagnosis is outlined in Table  32.2 , and essen-
tially comprises confi rmation of the presence of amyloid, 
determination of fi bril type, characterization of the underlying 
plasma cell dyscrasia, and evaluation of the extent, distribution 
and function of involved organs.   

  Confi rming the  p resence of  a myloid 

  Histology 
 In systemic forms of amyloidosis, deposits occur in blood 
vessels and as small interstitial foci throughout the body. This 
provides the basis for  ‘ screening ’  biopsies, such as of the rectum 
by fl exible sigmoidoscopy or of abdominal fat by needle aspira-
tion, both of which are diagnostic in 50 – 80% of cases. Bone 
marrow trephine biopsies performed to differentiate MGUS 
from myeloma in a newly diagnosed plasma cell dyscrasia can 
also be used to diagnose amyloidosis and are almost pathogno-
monic of the AL type, hence routine Congo red staining should 

likely underdiagnosed in the elderly, in whom it would be 
expected to have the highest incidence. AL amyloidosis is the 
most serious and commonly diagnosed form of systemic amy-
loidosis, and presently outnumbers referrals of AA amyloidosis 
to the UK National Amyloidosis Centre by a factor of 4   :   1. 

 Commonly, presenting features are non - specifi c and can be 
as vague as decreased exercise tolerance, fatigue, anorexia, 
weight loss and malaise. Not infrequently, patients are misdiag-
nosed with cardiac failure with symptoms and signs such as 
worsening pedal oedema and/or exertional dyspnoea. All 
these symptoms can be manifestations of amyloid infi ltration 
resulting in nephrotic syndrome with or without renal impair-
ment, cardiac involvement, neuropathy and hepatomegaly. 
Dysfunction of a single organ may dominate the clinical picture. 
The heart is affected in more than 50% of patients and in 30% 
a restrictive cardiomyopathy is a presenting feature. Rarer 
cardiac presentations include arrhythmias and angina, the latter 
sometimes due to coronary amyloid angiopathy. Dominant 
renal amyloid is the presenting feature in one - third of patients, 
typically presenting with nephrotic syndrome and/or renal 
impairment. Gut involvement may cause motility disturbances, 
which can also be secondary to autonomic neuropathy, 
and malabsorption, perforation, haemorrhage or obstruction. 
Macroglossia occurs in 5 – 10% but is almost pathognomonic of 
AL amyloidosis (Figure  32.1 ). Hyposplenism is not infrequent 
in both AA and AL amyloidosis but is rarely documented 
or clinically signifi cant. Painful sensory polyneuropathy with 

     Figure 32.1     Macroglossia in AL amyloidosis.  
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  Table 32.2    Suggested approach to the investigation and monitoring of suspected  AL  amyloidosis. 

        Confi rmation of amyloid     Determination of amyloid 

type  

   Evaluation of organ 

involvement  

   Investigation of plasma cell 

dyscrasia  

   Monitoring  

  Pathology    Biopsy and Congo red 

histology of affected 

organ, screening tissue 

(e.g. rectum or fat 

aspirate) or any 

available specimen  

  Immunohistochemical 

staining of tissue 

sections with a panel of 

antibodies to amyloid 

fi bril proteins (often not 

defi nitive in AL 

amyloidosis)  

  Biopsy of affected organ 

(but subsequent 

biopsies merely to 

determine the extent 

of amyloid 

involvement are not 

recommended)  

  Bone marrow aspirate and 

trephine biopsy with 

immunophenotyping  

  Follow - up biopsies usually 

not helpful in monitoring 

amyloid load  

  Haematology, 

biochemistry, 

immunology  

      Identifi cation of a 

monoclonal 

gammopathy supports 

AL type, but may be an 

incidental fi nding  

  Serum creatinine and 

creatinine clearance, 

albumin, 24 - hour 

urine protein 

 Liver function tests 

 Coagulation screen 

 NT - pro - BNP, troponin, 

thyroid function tests  

  Full blood count, urea 

and electrolytes, 

creatinine, calcium 

 Immunoglobulins 

 Electrophoresis and 

immunofi xation of 

serum and urine 

 Quantitative serum free 

light chain assay  

  Quantitative serum free light 

chain assay (every month 

or two) 

 NT - pro - BNP (3 – 6 monthly) 

 Electrophoresis and 

immunofi xation of serum 

and urine (3 – 6 monthly)  

  Imaging    SAP scintigraphy    SAP scintigraphy (evidence 

of marrow involvement 

is indicative of AL type)  

  Echocardiogram, ECG, 

SAP scintigraphy  

  Skeletal survey    SAP scintigraphy (6 – 12 

monthly)  

  Other        DNA analysis for 

hereditary forms of 

amyloidosis 

 Amyloid fi bril protein 

sequencing  

  As otherwise indicated, 

e.g. nerve conduction 

studies, cardiac MRI  

      Serial assessment of organ 

function, e.g. liver and 

renal function tests, 

including 24 - hour 

proteinuria estimations, 

echocardiography and 

other investigations as 

indicated  

   NT - pro - BNP, N - terminal pro - brain natriuretic peptide.   
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(described by Puchtler and colleagues), fresh reagents, tissue 
sections of optimal 5 – 10    µ m thickness, inclusion of positive 
control tissue and high - quality polarizing fi lters. Some Congo 
red techniques stain connective tissues quite strongly and 
produce white or very pale - green birefringence that can cause 
diagnostic errors.   

 The histological appearance of light chain deposition disease 
(LCDD) can mimic AL amyloidosis and can initially cause a 
diagnostic challenge. However, unlike AL amyloidosis, LCDD 
deposits lack the fi brillar confi guration, with no affi nity for 
Congo red stain and do not produce the characteristic green 
birefringence of amyloid under cross - polarized light.  

  Electron  m icroscopy 
 Electron microscopy is helpful in distinguishing between AL 
amyloidosis and LCDD. Amyloid deposits are fi brillar, whereas 
LCDD deposits are granular. However, amyloid fi brils cannot 
always be convincingly identifi ed ultrastructurally, and a diag-
nosis of amyloidosis made through electron microscopy alone 
should be regarded with caution since other pathological proc-
esses involve deposition of fi brillar material.  

   SAP   s cintigraphy 
 Radiolabelled SAP scintigraphy is a specifi c nuclear medicine 
imaging technique that demonstrates the presence and distribu-
tion of amyloid deposits  in vivo  in a quantitative manner. It was 
developed, and is used routinely, at the UK National Amyloidosis 
Centre.  123 I - labelled SAP localizes rapidly and specifi cally to 
amyloid deposits of all fi bril types, in proportion to the amount 
of amyloid present. SAP scintigraphy confi rms the presence of 
amyloid in most patients with AL type and virtually all with AA 
type, as well as most hereditary forms. The scans provide infor-
mation that is different and complementary to biopsy histology, 
including whole - body and individual organ amyloid load 
both at diagnosis and in serial follow - up studies, for example 
following chemotherapy in AL amyloidosis (Figure  32.3 ). It is 
a particularly good imaging modality for detecting amyloid 
deposition in the liver, spleen, kidneys, bone marrow and 
adrenal glands. The organ distribution of amyloid on SAP 
scintigraphy can be indicative of the fi bril type, for example 
bone uptake essentially occurs only in AL amyloidosis. 
Unfortunately, amyloid in the moving heart and in small or 
diffuse hollow structures such as nerves, the gastrointestinal 
tract and the lungs is not adequately visualized by SAP scintig-
raphy. Various other tracers, including conventional bone -
 seeking agents and radiolabelled aprotinin, sometimes localize 
non - specifi cally to amyloid deposits but do not have any defi ned 
clinical role.     

  Identifying  fi  bril  t ype 
 It has been common practice to diagnose apparently  ‘ primary ’  
cases of amyloidosis as AL in type, especially when a mono-
clonal gammopathy can be demonstrated. However, the under-

be considered in these instances. Diffuse parenchymal amyloid 
deposits may occur in few or many organs, and biopsy of a 
clinically affected organ, for example the kidney, heart, liver or 
gastrointestinal tract, is likely to give positive results in more 
than 95% of cases. The appearance on haematoxylin and eosin -
 stained tissue of pink amorphous material should raise suspi-
cion of amyloid and prompt further more specifi c stains. Many 
cotton dyes, fl uorochromes and metachromatic stains are used, 
but Congo red stains that produce green birefringence under 
cross - polarized light is generally accepted to be the diagnostic 
gold standard in amyloidosis (Figure  32.2 ). False - positive and 
false - negative interpretation of the Congo red stain is not rare 
but can be minimized by using the alkaline - alcohol method 

(a)

(b)

     Figure 32.2     Appearance of amyloid in a bone marrow biopsy 

( × 40, 6 -  µ m section). (a) Congo red stain showing amorphous 

pink material in the interstitium and small blood vessel (arrow). 

(b) Same section under high - intensity cross - polarized light 

showing diagnostic apple - green birefringence.  
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amyloidosis due to a combination of background staining of 
normal immunoglobulin and failure of antibodies to bind to  κ  
or  λ  light chains in their abnormal amyloid conformation. In 
contrast, antibodies against serum amyloid A protein can 
confi rm or exclude AA amyloidosis in virtually all cases and, 
with optimization, immunohistochemical staining is usually 
defi nitive in hereditary forms involving TTR, fi brinogen and 
apolipoprotein A - I. Reliable interpretation of immunohisto-
chemical stains is not possible unless positive and negative con-
trols have been used, and the specifi city of staining by absorption 
with appropriate antigens has been demonstrated in each run.  

   DNA   a nalysis 
 The clinical features in hereditary systemic amyloidosis 
are often indistinguishable from those in AL amyloidosis. 
Sequencing of the genes associated with hereditary amyloidosis 

lying chronic infl ammatory disease process is clinically covert 
in 5 – 10% of patients with AA amyloidosis, and a family history 
is quite often absent in patients with hereditary amyloidosis, 
due to variable penetrance and late onset of symptoms. The 
coincidental presence of a monoclonal gammopathy can there-
fore be gravely misleading and lead to misdiagnosis of AL 
amyloidosis and inappropriate use of cytotoxic agents. The 
combination of immunohistochemical staining and DNA anal-
ysis is vital to aid confi rmation of amyloid fi bril type and exclu-
sion of hereditary forms of amyloidosis. 

  Immunohistochemistry 
 Immunohistochemical staining of amyloid - containing tissue 
sections using a panel of antibodies against known amyloid 
proteins is the most accessible method for characterizing fi bril 
type. However, defi nitive results are often not obtained in AL 

(a) (b) (c)

     Figure 32.3     Radiolabelled  123 I - SAP whole - body scintigraphy, 

anterior images. (a) The tracer has localized virtually exclusively 

to amyloid deposits in the bones in this particular patient, a 

distribution that is almost pathognomonic for amyloid of AL 

type. (b, c) Serial scintigraphs in a 56 - year - old woman with AL 

amyloidosis. At presentation in 1998 (b) she had massive uptake 

in the spleen and liver, obscuring any renal signal. She underwent 

high - dose chemotherapy, and the follow - up scan in 2002 

(c) shows that the deposits have regressed substantially.  



Postgraduate Haematology

606

is highly suggestive of AL type. Immunophenotyping and 
cytogenetic fi ndings in AL amyloidosis are similar to those in 
myeloma. Immunoparesis occurs frequently in AL amyloidosis. 
Lytic lesions or hypercalcaemia are diagnostic of myeloma and 
so skeletal surveys are routinely recommended in new cases of 
AL amyloidosis to help distinguish myeloma from MGUS.  

  Assessment of  o rgan  i nvolvement 
 There are now international consensus criteria, detailed by 
Gertz and colleagues in 2005, for defi ning organ involvement 
in AL amyloidosis (Table  32.3 ). Organ involvement by amyloid 
is variously defi ned clinically, histologically, according to organ 
function and by SAP scintigraphy where available. ECG and 
two - dimensional Doppler echocardiography are vital tools for 
evaluating cardiac involvement. In cardiac amyloidosis, ECG 
may demonstrate reduced QRS voltages in the limb leads and 

should be performed routinely to exclude hereditary amyloido-
sis when the AL type cannot be confi rmed with absolute cer-
tainty by immunohistochemistry as well as in all patients in 
whom familial disease is suspected. DNA analysis for mutations 
in the genes coding for TTR, fi brinogen A α  chain, lysozyme, 
apolipoprotein A - I, apolipoprotein A - II and gelsolin are now 
available at major amyloid centres, including the UK National 
Amyloidosis Centre. Importantly, hereditary TTR and fi brino-
gen A α  chain amyloidosis are much more common than previ-
ously thought. Compounding this, a family history of 
amyloidosis may be absent due to incomplete penetrance. In a 
British series of 350 cases, 34 patients were initially misdiag-
nosed as having AL amyloidosis until genetic sequencing 
demonstrated the alternative hereditary types. Hereditary TTR 
amyloidosis can present with polyneuropathy and/or amyloid 
cardiomyopathy, and there should be a low threshold for 
sequencing the gene for TTR in patients with this phenotype. 
Hereditary fi brinogen A α  - chain amyloidosis should be consid-
ered in any patient with an exclusive renal presentation and has 
a distinctive appearance on renal biopsy, with extensive glomer-
ular involvement and notable absence of extraglomerular 
amyloid. Corroboration by immunohistochemistry and clinical 
features is necessary to confi rm that identifi ed mutations are 
indeed the cause of the amyloid. It is often only possible there-
fore to be confi dent of the diagnosis of AL amyloidosis after 
exclusion of AA and hereditary types by immunohistochemistry 
and genetic sequencing respectively.  

  Mass  s pectrometry 
 Amyloid fi bril proteins can also be characterized by various 
proteomic analyses including mass spectrometry, although 
these techniques are not yet routinely available.   

  Assessment of the  p lasma  c ell  d yscrasia 
 A monoclonal whole paraprotein or free light chains can be 
identifi ed by electrophoresis and immunofi xation of serum and 
urine in only 80% of patients with systemic AL amyloidosis. 
However, SFLC analysis (Freelite, The Binding Site, Birmingham, 
UK) can demonstrate a clonal excess of SFLCs in over 90% of 
cases and can be used to quantitatively monitor the effects of 
chemotherapy on the underlying plasma cell clone on a fre-
quent basis. Unlike whole intact paraproteins, which have a 
half - life of 5 – 20 days, SFLCs have half - lives of only 2 – 6 hours, 
which means that they are ideal for gauging response to chemo-
therapy and have become the standard of care in AL amyloido-
sis. In patients with renal failure,  κ  and  λ  free light chains are 
retained in the serum, leading to higher than normal individual 
light chain levels, but the ratio of free  κ  to free  λ  continues to 
enable the clonal disease to be followed. 

 Bone marrow aspiration and trephine biopsy are required to 
characterize the underlying B - cell dyscrasia, which comprises a 
subtle plasma cell infi ltrate in about 80% of cases. The presence 
of amyloid in a bone marrow specimen other than blood vessels 

  Table 32.3    Non - invasive diagnostic criteria for amyloid - related 

major organ involvement. 

   Heart   

  Echocardiogram demonstrates mean wall thickness  > 12   mm, no 

other cardiac cause found  

   Kidney   

  Proteinuria  > 0.5   g per 24 hours, predominantly albumin  

   Liver   

  Total liver span  > 15   cm in the absence of heart failure or alkaline 

phosphatase  > 1.5 times the institutional upper limit of normal  

   Nerve   

  Peripheral: clinical; symmetric lower extremity sensorimotor 

peripheral neuropathy  

  Autonomic: gastric emptying disorder, pseudo - obstruction, 

voiding dysfunction not related to direct organ infi ltration  

   Gastrointestinal tract   

  Direct biopsy verifi cation with symptoms  

   Lung   

  Direct biopsy verifi cation with symptoms  

  Interstitial radiographic pattern  

   Soft tissue   

  Tongue enlargement, clinical  

  Arthropathy  

  Claudication, presumed vascular amyloid  

  Skin  

  Myopathy by biopsy or psudohypertrophy  

  Lymph node (may be localized)  

  Carpal tunnel syndrome  

  Source :   Gertz  et al .  (2005)  with permission. 
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involvement, and in patients in whom heart failure is evident 
at presentation, median survival is 6 months. 

 Until recently, amyloid deposition has been thought to be 
inexorably progressive and irreversible. It is now clear that 
amyloid deposits usually exist in a slowly dynamic state, and 
that they often gradually regress if the supply of amyloid fi bril 
precursor protein can be reduced. However, the turnover of 
amyloid varies substantially between different individuals and 
organs and the factors that may infl uence this are not yet under-
stood. The knowledge that amyloid can regress has encouraged 
a much more aggressive approach to patient management in 
recent years.  

  Prognostic  f actors 

 Prognosis varies in AL amyloidosis but is generally poor if the 
disease is left untreated. With adequate suppression of amy-
loidogenic light chains, and under favourable circumstances, 
amyloid may stabilize or regress, organ function may improve 
gradually and prolonged survival is not infrequent. Proteinuria 
often improves over 12 – 24 months with adequate suppression 
of the underlying clone, but improvement in renal function, 
soft - tissue involvement including macroglossia, and cardiac 
amyloidosis is generally very slow indeed after a haematological 
response. Therefore, patients should be informed that treat-
ment is aimed at preventing disease progression while being 
encouraged that survival has steadily improved from a median 
of 1 – 2 years in the 1980s and 1990s to more than 4 years 
currently. 

 Various factors help to predict survival at diagnosis. 
Symptomatic or substantial echocardiographic evidence of 
cardiac amyloid is associated with a prognosis of only 6 – 12 
months. Patients with liver involvement and hyperbilirubinae-
mia (bilirubin  >  35    µ mol/L) rarely survive more than 4 months. 
Signifi cant autonomic neuropathy, progressive clonal disease 
unresponsive to chemotherapy and a bone marrow plasmacy-
tosis of over 20% are also associated with poor outcomes. A 
large whole - body amyloid load on SAP scintigraphy and evi-
dence of accumulation of amyloid on follow - up SAP scans are 
also poor prognostic features. 

 A better prognosis is associated with proteinuria or periph-
eral neuropathy as the dominant clinical feature, substantial 
suppression of underlying clonal disease by chemotherapy and 
regression of amyloid deposits on serial SAP scintigraphy. More 
recently, NT - pro - BNP concentration has been introduced as a 
prognostic marker, with raised values at diagnosis associated 
with a poorer prognosis and a fall in concentration  > 30% after 
chemotherapy associated with improved survival.  

  Management 

 Specifi c therapies that inhibit formation of amyloid or enhance 
its clearance are not yet available, although both strategies are 

poor R - wave progression in the chest leads ( ‘ pseudo - infarct ’  
pattern). Echocardiography typically reveals concentrically 
thickened and echogenic heart valves. Cardiac amyloidosis is a 
restrictive cardiomyopathy and diastolic dysfunction is easily 
missed and diffi cult to quantify. Cardiac magnetic resonance 
imaging (MRI) is emerging as a useful tool for identifying 
cardiac amyloidosis and distinguishing it from other restrictive 
cardiomyopathies. The status of other organs can be assessed 
either through routine tests of organ function, such as liver 
function tests, serum creatinine and 24 - hour urine measure-
ments, or by specialist investigations as indicated, for example 
autonomic function and nerve conduction tests and high - reso-
lution pulmonary computed tomography (CT).   

 Glomerular proteinuria (predominantly albuminuria) is 
present in about 90% of patients with renal involvement. 
Abnormalities in liver function tests are unusual and do not 
occur until liver amyloidosis is substantial, and are most com-
monly obstructive in nature. Right - sided heart failure due to 
amyloid cardiomyopathy may cause obstructive liver function 
tests in the absence of liver involvement by amyloid. Anaemia 
is uncommon unless amyloidosis is associated with myeloma, 
bleeding or chronic kidney disease. An abnormal clotting screen 
is relatively common. A prolonged thrombin time is the most 
frequent abnormality, but is generally of no clinical conse-
quence. A prolonged prothrombin time due to acquired factor 
X defi ciency is the most likely coagulation abnormality to be 
associated with clinically signifi cant bleeding. 

 Elevation of N - terminal pro - brain natriuretic peptide (NT -
 pro - BNP) and cardiac troponin concentrations occur in a wide 
variety of cardiac conditions and in chronic kidney disease. 
However, signifi cant myocardial AL amyloidosis is excluded 
by NT - pro - BNP concentrations below 30   pmol/L. Cardiac tro-
ponin and NT - pro - BNP concentrations appear to be powerful 
predictors of prognosis and survival after chemotherapy. A 
staging system for patients with newly diagnosed AL amyloido-
sis using these two biomarkers has been proposed but requires 
further validation.   

  Differential  d iagnosis 

 Alternative diagnoses that frequently need to be considered 
include amyloidosis of non - AL types (principally AA and 
hereditary forms), localized forms of AL amyloidosis, and non -
 amyloid diseases such as LCDD and paraprotein - associated 
neuropathies including POEMS syndrome and treatment -
 related toxicities.  

  Natural  h istory 

 Systemic AL amyloidosis is a progressive systemic disease that 
left untreated has a prognosis far worse than AA and hereditary 
amyloidoses. Median survival without treatment in historical 
series is only 12 – 15 months. Half of deaths are due to cardiac 
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 The exact role of SCT in AL amyloidosis remains controver-
sial and its apparently good outcome may refl ect selection of 
fi tter good - prognosis patients. Regardless, because of its special 
problems in AL amyloidosis, it is recommended that such 
patients are treated in units with expertise in this particular 
disease. In eligible patients, autologous SCT with melphalan 
200   mg/m 2  is often recommended as fi rst - line therapy without 
induction chemotherapy except in those with underlying 
myeloma. Lower doses of melphalan appear to compromise the 
effi cacy of transplantation. Stem - cell mobilization is often 
achieved with the use of granulocyte colony - stimulating factor 
(G - CSF) alone, as the underlying plasma cell burden is usually 
relatively small. The French group compared autologous SCT 
with oral melphalan and dexamethasone in a randomized 
study and found no difference in response rates between the 
two arms but a signifi cantly higher TRM for the autologous 
SCT arm (24%) and a longer overall survival in the melphalan/
dexamethasone arm, throwing into question the routine use of 
autologous SCT in AL amyloiodosis. However, the trial has 
attracted some controversy, with higher than expected rates of 
TRM in autologous SCT compared with other case series and 
the use of lower doses of melphalan (140   mg/m 2 ) in some of the 
patients undergoing SCT, prompting calls for further study in 
this area.  

  Melphalan and  d examethasone 
 Since 1999, melphalan and dexamethasone have been widely 
used in Europe and been found to be a well - tolerated and effec-
tive oral chemotherapy, with clonal response rates of 67% 
including complete responses in 37%, organ response rates of 
50% and median overall survival of about 5 years. However, 
median time to response is slow at 4.5 months, and the problem 
of stem - cell toxicity makes it a less attractive regimen for 
patients who may subsequently be eligible for autologous SCT. 
Renal dose adjustment is required and the long - term leukaemo-
genesis of this regimen has yet to be established.  

  Cyclophosphamide,  t halidomide and  d examethasone 
 Thalidomide has been used extensively in combination thera-
pies for plasma cell disorders but doses above 200   mg daily are 
poorly tolerated in AL amyloidosis. Amyloid - related cardiac 
involvement or peripheral neuropathy results in increased sen-
sitivity to the adverse effects of thalidomide, such as fl uid reten-
tion fatigue, constipation and neuropathy. Lower doses of 
single - agent thalidomide reduce toxicity but also markedly 
reduce responses rates. The use of thalidomide as maintenance 
treatment in AL amyloidosis has not yet been established. 
Addition of dexamethasone to intermediate - dose thalidomide 
improves the response rate to about 50%, with a median time 
to response of less than 4 months, but is associated with signifi -
cant toxicity in 60% of patients. The cyclophosphamide, tha-
lidomide and dexamethasone (CTD) regimen has been used 
extensively in the treatment of AL amyloidosis in the UK since 

being rigorously pursued. Currently, the objective of treatment 
in AL amyloidosis is to suppress production of the amyloidog-
enic monoclonal light chains in the hope that progression of the 
disease will be slowed, halted or reversed. However, many 
patients have advanced multisystem disease at diagnosis and 
tolerate chemotherapy poorly. 

 Quantitative measurements of SFLCs are usually the most 
effective means for guiding ongoing treatment in individual 
patients. Although it is generally desirable to suppress the 
underlying clonal disease as rapidly and as extensively as pos-
sible, reduction in the concentration of the amyloidogenic free 
light chain by just 50 – 75% can be suffi cient to halt disease 
progression in the majority of patients and confer substantial 
survival benefi t, regardless of the chemotherapy used. Hence, 
more intensive suppression of the clonal disease beyond this 
may be unnecessary. This is particularly important given the 
broad range of organ involvement and impairment in AL amy-
loidosis that is associated with higher rates of treatment - related 
toxicities than in myeloma. Chemotherapy must be tailored to 
the individual patient, balancing the need for complete remis-
sion with the need to minimize treatment toxicity. 

 Certain organs affected by amyloid tend to fare better than 
others following treatment. Proteinuria and liver function often 
improve when the clonal disease is adequately suppressed, 
whereas cardiac disease, macroglossia and peripheral nerve 
function tend to improve extremely slowly if at all. International 
consensus criteria on the defi nitions of clonal and organ 
responses and progression were described by Gertz and col-
leagues in 2005. 

  Autologous  p eripheral  b lood  s tem  c ell  t ransplantation 
 Use of high - dose melphalan therapy and autologous stem cell 
transplantation (SCT) in AL amyloidosis was fi rst reported in 
1996, and several series have reported clinical benefi t in up to 
80% of patients who survived the procedure. In the largest 
reported series, consisting of 394 patients, a complete clonal 
response occurred in 41%. Of those alive and in clonal response 
1 year after autologous SCT, median survival has not been 
reached after 10 years of follow - up. However, treatment - related 
mortality (TRM) with autologous SCT has been consistently 
and substantially higher than in multiple myeloma, ranging 
from 5 to 43%, refl ecting the compromised function of multiple 
organ systems by amyloid. Even stem cell mobilization has 
signifi cant risks in AL amyloidosis. Causes of death include 
cardiac arrhythmias, intractable hypotension, multiple organ 
failure and gastrointestinal bleeding. Patient selection has since 
been refi ned and criteria for eligibility for autologous SCT 
developed, with the main exclusion criteria being overt cardiac 
involvement, more than two vital organ systems involved, a 
history of gastrointestinal bleeding and age over 65 years. 
Improvements in TRM have gradually resulted from better 
patient selection with improved supportive care and physician 
experience. 
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  Vincristine,  d oxorubicin and  d examethasone 
 Vincristine, doxorubicin (Adriamycin) and dexamethasone 
(VAD) and similar regimens have been well established as infu-
sional induction regimens in myeloma (see Chapter  31 ), associ-
ated with response rates of 60 – 80%, complete response rates of 
10 – 25% and rapid reduction in tumour burden. They do not 
deplete stem - cell reserve, keeping open the option for subse-
quent autologous SCT. Problems with the use of VAD in AL 
amyloidosis include exacerbation of peripheral and autonomic 
neuropathy by vincristine, and induction or worsening of fl uid 
retention in renal or cardiac amyloidosis by dexamethasone. 
Doxorubicin has not been shown to exacerbate amyloid cardio-
myopathy. The SFLC response rate is approximately 65%, and 
organ responses are seen in 50%. However, like in myeloma, 
the inconvenience of this regimen relative to newer oral thera-
pies has led to a decline in its use.  

  Melphalan and  p rednisolone 
 In the early 1990s, cyclical oral melphalan with or without pred-
nisolone was the fi rst chemotherapy to be demonstrated in a 
randomized controlled trial as effective in the treatment of AL 
amyloidosis. However, benefi ts of treatment were typically not 
observed for at least 6 months and were substantial in only 20% 
of cases. As such, the use of melphalan was a breakthrough in 
the treatment of AL amyloidosis, but it is now no longer rou-
tinely recommended in low doses either as a single agent or with 
prednisolone.  

  Intermediate -  d ose  i ntravenous  m elphalan 
 The variable absorption of melphalan from the gastrointestinal 
tract led investigators to trial intravenous intermediate - dose 
melphalan (25   mg/m 2 ) and oral dexamethasone in patients with 
untreated multiple myeloma. This regimen has also been used 
as fi rst - line therapy in patients with AL amyloidosis, who were 
selected on the basis that they were not fi t enough to receive 
VAD - based treatment because of age, poor performance status, 
severe amyloid cardiomyopathy or neuropathy. Dexamethasone 
was omitted in patients with signifi cant fl uid retention. Effi cacy, 
in terms of both clonal disease and organ response, was similar 
to that of VAD. However, this regimen was found to be associ-
ated with an unacceptably high rate of TRM (12%) and is now 
little used.  

  Allogeneic  b one  m arrow  t ransplantation 
 A case of successful allogeneic bone marrow transplantation 
in AL amyloidosis was reported in 1998 and since then a 
European study has reported on allogeneic and syngeneic hae-
mopoietic cell transplantation in 19 patients with AL amyloido-
sis. Overall TRM was 40% and haematological response 
occurred in eight patients, with only one relapse after 31 months 
of follow - up. This treatment option is thus rarely exercised at 
present.  

2002 and incorporates the addition of weekly oral cyclophos-
phamide 500   mg to low - dose thalidomide (100 – 200   mg) and 
two pulses of dexamethasone over a 21 - day cycle. A risk -
 adapted approach using even lower doses of both thalidomide 
(50 – 100   mg) and dexamethasone in high - risk patients main-
tains good clonal response rates while decreasing the incidence 
of severe toxicity to around 20%. Overall SFLC response rates 
are around 75%, with an SFLC clonal response rate of 37%. 
Organ responses occur in approximately 50%. Median duration 
of response is 32 months. Fatigue and fl uid retention requiring 
increased diuretic use remain the most troublesome toxicities 
of this regimen. Patients with severe nephrotic syndrome are at 
particular risk of venous and arterial thrombosis and should 
receive thromboprophylaxis. However, CTD has the advantage 
of being a stem cell - sparing oral regimen that does not require 
dose adjustment in renal impairment and is rapidly acting, the 
majority of patients achieving at least a partial ( > 50%) SFLC 
response after only 1 month of treatment.  

  Bortezomib 
 The proteasome inhibitor bortezomib is emerging as one of the 
most effective and rapidly acting therapies in the treatment of 
AL amyloidosis. In a recent multicentre study of 94 patients, 
most of whom had relapsed following previous treatments, 
clonal responses with bortezomib - based therapy occurred in 
70% including complete remission CR in 25%, and the median 
time to clonal response was only 1 month. Organ responses 
occurred in 30%, and median time to progression was 14 
months; major toxicities included peripheral and autonomic 
neuropathy. However, unlike in myeloma, cytopenias were rare 
with bortezomib, most likely due to the smaller plasma cell 
burden in the bone marrow. Its optimal dosing, long - term effi -
cacy and use with dexamethasone, alkylators and other agents 
are the subject of ongoing clinical studies.  

  Lenalidomide 
 The thalidomide analogue lenalidomide has lately also been 
reported in several small studies in AL amyloidosis. Maximum 
tolerated dose is typically about 15   mg. Effi cacy is markedly 
improved when administered with dexamethasone, and is asso-
ciated with clonal response rates of about 50%, including com-
plete remission in 20%. Organ responses were reported as 
approximately 22%. Toxicity from infections, even without 
neutropenia, appears to be surprisingly high, especially in 
patients with severe renal or cardiac impairment. Time to 
response is relatively slow, with a median in one study of 6 
months when lenalidomide was used alone. However, lenalido-
mide remains an attractive treatment option in patients with 
severe neuropathy in whom thalidomide or bortezomib are 
relatively contraindicated. Use of lenalidomide in combination 
regimens and its role as maintenance therapy are currently 
under investigation.  
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otherwise well - preserved extrarenal organ function who have 
chemotherapy - responsive disease. Cardiac transplantation 
should be considered in patients with isolated end - stage cardiac 
failure who would otherwise be eligible for autologous SCT. In 
such patients, cardiac transplantation must be followed by 
chemotherapy to prevent recurrence of cardiac amyloid or its 
accumulation in other organ systems. Liver transplantation has 
been performed in only a very small number of patients with 
generally disappointing results.    

  Localized  AL   a myloidosis 

 Localized deposits of AL amyloid can occur almost anywhere in 
the body, with characteristic sites including the skin, airways, 
conjunctiva and urogenital tract. They may be nodular or con-
fl uent and are associated with a usually inconspicuous focal 
infi ltrate of clonal B cell - producing amyloidogenic light chains. 
Progression of localized AL amyloid into a truly systemic disease 
is exceedingly rare, and conservative management is usually 
appropriate. Orbital AL amyloid presents as mass lesions that 
can disrupt eye movement and the structure of the orbit. 
Localized laryngeal AL amyloidosis is a well - recognized syn-
drome that is often amenable to direct or laser excision, but 
hereditary systemic apolipoprotein A - I amyloidosis can also 
present in this manner. Amyloidosis in the bronchial tree is 
virtually always of localized AL type, as are solitary or multiple 
amyloid nodules within the lung tissue. If accessible, bro-
choscopic lasering of stenosing lesions can bring symptom 
relief. In contrast, diffuse alveolar septal parenchymal deposi-
tion is commonly a manifestation of systemic AL amyloidosis. 
There are anectodal reports that inhaled steroids may benefi t 
pulmonary symptoms. Breast amyloidosis has been associated 
with Sj ö gren disease in some cases, and mucosa - associated lym-
phoid tissue (MALT) lymphoma should be excluded. Lichenoid 
and macular forms of cutaneous amyloid are thought to be 
derived from keratin or related proteins, whereas nodular cuta-
neous amyloid deposits are generally of AL type and can some-
times be a manifestation of systemic AL amyloidosis. Localized 
urogenital AL amyloid deposits are often incidental fi ndings but 
may present with haematuria or, less commonly, obstruction. 
They can occur anywhere from the renal collecting system to 
the urethra, although are most usually identifi ed within the 
bladder. Management is conservative or with transurethral laser 
resection when symptoms occur; cystectomy is rarely required.  

  Other  f orms of  s ystemic  a myloidosis 

 Among more than 3000 patients with systemic amyloidosis who 
have been referred for evaluation at the National Amyloidosis 

  Supportive  t reatment 
 Supportive therapy remains a critical component of manage-
ment of AL amyloidosis. For cardiac amyloidosis, the mainstay 
of treatment is diuretics. Vasodilating drugs and beta - blockers 
are generally best avoided as they often worsen symptoms sig-
nifi cantly. Fluid overload should be treated with fl uid restric-
tion, loop diuretics and a low - salt diet. Refractory oedema 
may respond well to the addition of spironolactone. Salt - poor 
albumin infusions can occasionally be helpful. Dysrhythmias 
may respond to amiodarone or to pacing. 

 In renal amyloidosis, rigorous control of hypertension is 
vital, and inhibiton of angiotensin - converting enzyme and/or 
angiotensin II is often recommended in the context of proteinu-
ria. Renal dialysis may be necessary, and is usually both feasible 
and acceptably tolerated. In autonomic neuropathy, fl udrocor-
tisone 100 – 200    µ g/day can be helpful in some patients, but may 
cause or exacerbate fl uid retention. Midodrine is an effective 
pressor agent, starting at 2.5 – 15   mg thrice daily. Midodrine 
causes activation of the  α  - adrenergic receptors of the arteriolar 
and venous vasculature, producing an increase in vascular tone 
and elevation of blood pressure. Its chief adverse effect is supine 
hypertension, and other pressor agents must be coadministered 
with caution. Gastroparesis causing symptoms of early satiety 
and nausea can be managed with prokinetic agents such as 
metaclopramide, along with advice about small frequent meals 
that are of soft consistency. Diarrhoea due to amyloid gut 
involvement or autonomic neuropathy may respond to lopera-
mide and codeine phosphate. Malnutrition is not uncommon 
and is often underestimated. Signifi cant weight loss should be 
treated with protein and vitamin supplementation and the 
patient should be reviewed by an experienced dietitian. Feeding 
via a percutaneous endoscopic gastrostomy may occasionally be 
required. Amyloid -  and treatment - related peripheral neuropa-
thy can be disabling and diffi cult to treat. Analgesia including 
opioids and non - steroidal anti - infl ammatory drugs, amitriptyl-
ine, venlafaxine, antiepileptics, TENS and/or gabapentin/prega-
balin have all been used, although anecdotal reports suggest 
limited effi cacy. Withdrawal or dose reduction of any neuro-
toxic chemotherapies, such as thalidomide or bortezomib, 
should be considered. 

 Surgical resection of amyloidotic tissue is occasionally benefi -
cial but, in general, a conservative approach to surgery, anaes-
thesia and other invasive procedures is advised. Should any 
such procedure be undertaken, meticulous attention to blood 
pressure and fl uid balance is essential, especially in patients with 
renal and/or cardiac involvement. Amyloidotic tissues may heal 
poorly and are liable to haemorrhage.  

  Solid  o rgan  t ransplantation 
 Renal and cardiac transplantation have been used in selected 
patients with AL amyloidosis for over 25 years. Renal transplan-
tation should be considered in relatively young patients with 
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   β  2  - Microglobulin  a myloidosis 

  β  2  - Microglobulin amyloidosis, also known as dialysis - related 
amyloidosis, occurs because of the accumulation of  β  2  -
 microglobulin in renal failure and predominantly affects articu-
lar and periarticular structures in patients with end - stage renal 
failure who have been on dialysis for at least 7 – 10 years. 
Susceptibility factors include older age and the use of non -
 biocompatible dialysis membranes. Carpal tunnel syndrome is 
often the fi rst clinical manifestation, and large - joint arthralgias, 
tenosynovitis, spondyloarthropathies and periarticular bone 
cysts are common. Although  β  2  - microglobulin amyloidosis is a 
systemic form of amyloidosis, deposits outside the muscu-
loskeletal system are seldom of clinical signifi cance. The 
disabling arthralgia may respond partially to non - steroidal 
anti - infl ammatory drugs or corticosteroids, but the only really 
effective treatment for this condition is normalization of  β  2  -
 microglobulin levels through renal transplantation. Carpal 
tunnel syndrome is amenable to surgery but may recur.  

  Transthyretin  a myloidosis 

 Normal TTR is inherently but weakly amyloidogenic, and 
minor TTR amyloid deposits are common in elderly individu-
als. Clinically signifi cant involvement is almost completely 
restricted to the heart and carpal tunnel, and senile cardiac 
amyloid derived from wild - type TTR occurs in up to 25% of 
subjects over 80 years of age and is most likely under - recognized 
by physicians. This syndrome is extremely rare before 65 years 
of age. Patients may survive for many years with reasonably 
good quality of life managed with diuretics alone; specifi c thera-
pies are currently being tested.  

  Hereditary  s ystemic  a myloidoses 

 Hereditary systemic amyloidosis is caused by deposition of 
genetically variant proteins as amyloid fi brils, and is associated 
with mutations in the genes for TTR, fi brinogen A α  chain, 
cystatin C, gelsolin, apolipoprotein A - I, apolipoprotein A - II 
and lysozyme. These disorders are all inherited in an autosomal 
dominant manner with variable penetrance, and usually present 
in adult life. 

 Familial amyloidotic polyneuropathy (FAP) associated with 
mutations in the gene for TTR is the most common type of 
hereditary amyloidosis. It is characterized by progressive and 
disabling peripheral and autonomic neuropathy, often with 
cardiac involvement. Vitreous amyloid deposits may also occur 
and are virtually pathognomonic of the syndrome. Symptoms 
typically present between the third and seventh decades. More 
than 100 TTR variants are associated with FAP, the most fre-
quent of which is the substitution of methionine for valine at 
residue 30 (TTR Met30). There are well - recognized foci of this 

Centre, approximately 55% have had AL type, 15% AA (reactive 
systemic) type, and the remainder have had a variety of heredi-
tary, localized and other types. Although some features of sys-
temic AL amyloidosis are very characteristic of this particular 
type, such as macroglossia, periorbital purpura and certain per-
mutations of organ involvement, the clinical phenotypes of AA, 
AL and hereditary systemic amyloidosis can be indistinguisha-
ble. Furthermore, the underlying chronic infl ammatory disease 
process is clinically covert in 5 – 10% of patients with AA amy-
loidosis, and a family history is often absent in patients with 
hereditary TTR and fi brinogen A α  - chain amyloidosis, which 
are the most common familial forms. 

   AA   a myloidosis 

 Reactive systemic AA (secondary) amyloidosis occurs in 1 – 5% 
of patients with chronic infl ammatory diseases that evoke a 
substantial acute - phase response, after a median latency of 
about 15 – 20 years. AA amyloid fi brils are derived from the 
circulating acute - phase reactant SAA, the serum concentration 
of which can increase from the healthy reference range of less 
than 10   mg/L to over 1000   mg/L during active infl ammation. 
The commonest associated diseases in the developed world 
include rheumatoid arthritis, juvenile idiopathic arthritis and 
Crohn ’ s disease. Familial Mediterranean fever and other rare 
periodic fever syndromes can result in AA amyloidosis. Chronic 
infections remain important causes in some parts of world. 
Castleman disease of the solitary plasma cell type should be 
considered among the underlying conditions that remain clini-
cally covert. 

 Most patients present with nephropathy, particularly pro-
teinuria, but liver and gastrointestinal involvement may occur 
at a late stage. Clinical involvement of the heart and nerves 
occurs very rarely. Diagnosis of AA amyloid is usually achieved 
by renal (or rectal) biopsy, and the AA fi bril type can be con-
fi rmed immunohistochemically using anti - SAA antibodies in 
almost all cases. SAP scintigraphy virtually always shows 
involvement of the spleen and kidneys; hepatic involvement is 
a late feature associated with a poor prognosis. Treatment in 
AA amyloidosis should decrease the underlying infl ammation 
so that SAA levels remain well controlled, preferably below 
10   mg/L. The exact nature of the treatment will depend on the 
underlying infl ammatory disease, and ranges from inhibitors of 
tumour necrosis factor in rheumatoid arthritis and colchicine 
in familial Mediterranean fever to surgical resection of 
Castleman disease tumours. Any therapy that reduces SAA pro-
duction to healthy baseline levels prevents further deposition of 
AA amyloid, frequently leads to the regression of existing 
amyloid deposits with improvement in amyloid - related organ 
dysfunction, and signifi cantly improves long - term survival. 
Kidney transplantation generally has excellent outcomes in AA 
amyloidosis.  
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signalling on SAP scintigraphy; currently it can only be reliably 
identifi ed with mass spectrometry.   

  Conclusion and  f uture  d irections 

 Improved understanding of the aetiology and pathogenesis of 
amyloid has led to numerous recent advances in the characteri-
zation and management of amyloidosis. Chemotherapy in sys-
temic AL amyloidosis can now be guided by its early effect on 
SFLC concentration, and routine DNA analysis can prevent 
patients with otherwise unrecognized hereditary amyloidosis 
from receiving inappropriate cytotoxic treatment. Clinical 
improvement following successful treatment of the various 
conditions that underlie amyloidosis is always delayed, and sup-
portive measures are of great importance. 

 Novel therapeutic strategies include small molecules, mono-
clonal antibodies, peptides and GAG analogues that bind 
to fi bril precursors and stabilize their native fold, or which 
interfere with refolding and/or aggregation into the common 
amyloid conformation or SAP depletion. Immunotherapy 
approaches are being explored as specifi c therapies directed at 
promoting regression of amyloid. Several of these new thera-
peutic approaches are already being tested in patients with the 
hope that they may be effective in a diverse spectrum of amy-
loid - related disorders in the near future.  
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  Introduction 

 The classifi cation of lymphoid neoplasms in the World Health 
Organization (WHO) proposal is based on two major princi-
ples: stratifi cation of the neoplasms according to their cell 
lineage and the defi nition of non - overlapping distinct diseases 
that are clinically relevant. The identifi cation of these diseases 
is based on a combination of morphology, immunophenotype, 
genetic and molecular features and clinical manifestations. 

 The 2001 WHO classifi cation of lymphoid neoplasms was 
based on the Revised European – American Classifi cation of 
Lymphoid Neoplasms (REAL) published by the International 
Lymphoma Study Group (ILSG) in 1994. The validation of this 
proposal in a large series of tumours and the publication of the 
third edition of the WHO classifi cation ended a long history of 
controversy between different classifi cation schemes that used 
different terminologies and concepts among pathologists and 
clinicians in different parts of the world. 

 The revision of the current WHO classifi cation in 2008 has 
integrated concepts and criteria developed in the last few years 
by different working groups (IWCLL, EORTC among others) 
and has refi ned defi nitions of well - established diseases, incor-
porated new entities and developed new concepts and ideas 
related to the biology of lymphomas. However, the classifi ca-
tion still has contentious aspects, such as provisional entities 
corresponding to categories for which the WHO Working 
Group felt there was insuffi cient evidence to recognize as dis-
tinct diseases at this time (Table  33.1 ).    

  Mature  B  -  c ell  n eoplasms 

  Chronic  l ymphocytic  l eukaemia/ s mall 
 l ymphocytic  l ymphoma 

 Chronic lymphocytic leukaemia/small lymphocytic lymphoma 
(CLL/SLL) is a neoplasm of mature small B - cell lymphocytes 
that commonly express CD5 and CD23 and have dim expres-
sion of surface IgM/IgD. The tumour usually involves the 
peripheral blood and bone marrow but also lymph nodes, 
spleen, liver and other extranodal sites. The new WHO classi-
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  Table 33.1     WHO  classifi cation of mature lymphoid neoplasms. 

   Mature B - cell neoplasms   

  Chronic lymphocytic leukaemia/small lymphocytic lymphoma  

  B - cell prolymphocytic leukaemia  

  Splenic B - cell marginal zone lymphoma  

  Hairy cell leukaemia  

  Splenic lymphoma/leukaemia unclassifi able  

     Splenic diffuse red pulp small B - cell lymphoma  

     Hairy cell leukaemia variant  

  Lymphoplasmacytic lymphoma/Waldenstr ö m 

macroglobulinaemia  

  Heavy chain diseases  

  Plasma cell myeloma  

  Solitary plasmacytoma of bone  

  Extraosseous plasmacytoma  

  Extranodal marginal zone lymphoma of mucosa - associated 

lymphoid tissue (MALT lymphoma)  

  Nodal marginal zone lymphoma  

     Paediatric nodal marginal zone lymphoma  

  Follicular lymphoma  

     Paediatric follicular lymphoma  

  Primary cutaneous follicle centre lymphoma  

  Mantle cell lymphoma  

  Diffuse large B - cell lymphoma (DLBCL), not otherwise specifi ed  

     T - cell/histiocyte - rich large B - cell lymphoma  

     Primary DLBCL of the CNS  

     Primary cutaneous DLBCL, leg type  

     EBV - positive DLBCL of the elderly  

  DLBCL associated with chronic infl ammation  

  Lymphomatoid granulomatosis  

  Primary mediastinal (thymic) large B - cell lymphoma  

  Intravascular large B - cell lymphoma  

  ALK - positive large B - cell lymphoma  

  Plasmablastic lymphoma  

  Large B - cell lymphomas arising in HHV8 - associated multicentric 

Castleman disease  

  Primary effusion lymphoma  

  Burkitt lymphoma  

  B - cell lymphoma, unclassifi able, with features intermediate 

between DLBCL and Burkitt lymphoma  

  B - cell lymphoma, unclassifi able, with features intermediate 

between DLBCL and classical Hodgkin lymphoma  

   Mature T - cell and NK - cell neoplasms   

  T - cell prolymphocytic leukaemia  

  T - cell large granular lymphocytic leukaemia  

  Chronic lymphoproliferative disorder of NK cells  

  Aggressive NK - cell leukaemia  

  Systemic EBV - positive T - cell lymphoproliferative disease of 

childhood  

  Hydroa vacciniforme - like lymphoma  

  Adult T - cell leukaemia/lymphoma  

  Extranodal NK/T - cell lymphoma, nasal type  

  Enteropathy - asociated T - cell lymphoma  

  Hepatosplenic T - cell lymphoma  

  Subcutaneous panniculitis - like T - cell lymphoma  

  Mycosis fungoides  

  S é zary syndrome  

  Primary cutaneous CD30 - positive T - cell lymphoproliferative 

disorders  

     Lymphomatoid papulosis  

     Primary cutaneous anaplastic large - cell lymphoma  

  Primary cutaneous  γ  δ  T - cell lymphoma  

  Primary cutaneous CD8 - positive aggressive epidermotropic 

cytotoxic T - cell lymphoma  

  Primary cutaneous CD4 - positive small/medium T - cell lymphoma  

  Peripheral T - cell lymphoma, unspecifi ed  

  Angioimmunoblastic T - cell lymphoma  

  Anaplastic large - cell lymphoma, ALK positive  

  Anaplastic large - cell lymphoma, ALK negative  

   Hodgkin lymphoma   

  Nodular lymphocyte predominant Hodgkin lymphoma  

  Classical Hodgkin lymphoma  

     Nodular sclerosis classical Hodgkin lymphoma  

     Lymphocyte - rich classical Hodgkin lymphoma  

     Mixed cellularity classical Hodgkin lymphoma  

     Lymphocyte - depleted classical Hodgkin lymphoma  

  Source :   Swerdlow  et al .  (2008)  with permission. 

fi cation has adopted the defi nition of the disease proposed by 
the International Workshop on CLL (IWCLL): this requires, in 
the absence of extramedullary tissue involvement, the presence 
of 5    ×    10 9 /L monoclonal B lymphocytes with a CLL phenotype 
in the blood. The diagnosis of CLL may be established with 
lower cell counts when the patient has cytopenias or disease -
 related symptoms. The term  ‘ small lymphocytic lymphoma ’  
refers to non - leukaemic neoplasms with the same morphology 

and phenotype. This new defi nition of CLL expands the number 
of patients who will be categorized as having monoclonal B - cell 
lymphocytosis (MBL). 

 The bone marrow is infi ltrated in virtually all cases with 
an interstitial, nodular or diffuse pattern. The lymph nodes 
show effacement of the architecture by a diffuse infi ltration. 
Aggregates of prolymphocytes and para - immunoblasts, called 
proliferation centres, are an almost constant feature in the 
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40 – 50% of cases have unmutated immunoglobulin genes 
( > 98% homology with the germline), whereas 50 – 60% have 
hypermutated genes. Patients with unmutated CLL have a more 
aggressive disease. Analysis of immunoglobulin gene sequences 
has revealed a marked bias in use of the different regions, sug-
gesting an infl uence of certain antigens in the selection of 
tumour cells. The most common genetic alterations in CLL are 
deletions of chromosome 13q (50%), trisomy 12 (20%), 11q 
deletions (15%) and 17p deletions (10%); 13q deletions are 
more common in mutated CLL whereas 11q and 17p deletions 
are more frequent in unmutated CLL and are associated with a 
worse prognosis. 

 Transformation into a more aggressive tumour occurs in 
2 – 10% of patients (Richter syndrome). The two most common 
forms of transformation are diffuse large B - cell lymphoma 
(DLBCL) and, less frequently, Hodgkin lymphoma (HL). 
DLBCL arising in unmutated CLL usually corresponds to the 
clonal evolution of the preceding CLL, whereas in mutated CLL 
it frequently corresponds to a different lymphoid neoplasm.  

   B  -  c ell  p rolymphocytic  l eukaemia 
 ( s ee  a lso Chapter  29 )  

 B - cell prolymphocytic leukaemia (B - PLL) is a malignancy of 
B prolymphocytes that affects the blood, bone marrow and 
spleen and is characterized by more than 55% prolymphocytes 
in the blood. B - PLL does not include transformed CLL, CLL 
with increased prolymphocytes, and blastoid mantle cell lym-
phoma with t(11;14)(q13;q32), which should be excluded. 
B - PLL is an uncommon disease of old patients (median age 
65 – 69 years) and similar male/female distribution. Patients 
have  ‘ B ’  symptoms, massive splenomegaly, absent or minimal 
lymphadenopathy and a rapidly rising lymphocyte count, 
usually over 100    ×    10 9 /L. Anaemia and thrombocytopenia are 
seen in 50%. 

 The cells strongly express surface IgM with or without IgD 
and mature B - cell antigens. CD5 and CD23 are only positive in 
20 – 30% and 10 – 20% of cases, respectively. Complex karyotypes 
are common and 17p deletions associated with  TP53  gene 
mutations are detected in 50% of cases. 

 Median survival is 30 – 50 months.  IGHV  mutations, ZAP - 70 
and CD38 expression are heterogeneous and, contrary to CLL, 
lack precise clinical prognostic value.  

  Splenic  m arginal  z one  l ymphoma 

 Splenic marginal zone lymphoma (SMZL) is a B - cell neoplasm 
composed of small lymphocytes that surround and replace the 
germinal centres and mantle of the reactive follicles in the white 
pulp, and merge with a peripheral (marginal) zone of larger 
cells including scattered transformed blasts. Both small and 
larger cells infi ltrate the red pulp. The patients usually have a 
leukaemic and splenomegalic presentation with villous lym-

lymph nodes (Figure  33.1 ). The proliferative cells tend to accu-
mulate in these areas and are also associated with some follicu-
lar dendritic cells and increased numbers of CD4 +  T cells. The 
detection of ZAP - 70 by fl ow cytometry is an important prog-
nostic marker of the disease that correlates well with the muta-
tional status of the immunoglobulin genes. CD38 expression is 
also considered a prognostic marker (see also Chapter  29 ).   

 Molecular studies have recognized two major subtypes based 
on the mutational status of the immunoglobulin genes. Thus, 

(a)

(b)

     Figure 33.1     Lymph node involved by chronic lymphocytic 

leukaemia. (a) At low power the lymph node shows diffuse 

effacement of the architecture with vaguely nodular pale areas 

that correspond to the proliferation centres. (b) At higher 

magnifi cation the proliferation centre contains larger cells with 

nuclei that have a central nucleolus (prolymphocytes and 

para - immunoblasts).  
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  Lymphoplasmacytic  l ymphoma/Waldenstr ö m 
 m acroglobulinaemia 

 Lymphoplasmacytic lymphoma (LPL) and Waldenstr ö m 
macroglobulinaemia have been redefi ned in the new classi-
fi cation. LPL is a B - cell neoplasm composed of small lym-
phocytes, plasmacytoid lymphocytes and plasma cells usually 
involving the bone marrow and sometimes lymph nodes 
and spleen that does not fulfi l the criteria for any other B - cell 
neoplasm which may have plasmacytic differentiation. Although 
the detection of a paraprotein is common, it is not required 
for the diagnosis. Waldenstr ö m macroglobulinaemia is an 
LPL with bone marrow involvement and an IgM monoclonal 
gammopathy of any concentration. Because these entities do 
not have specifi c markers, it is essential to exclude the presence 
of any other B - cell neoplasm that may have a plasmacytic 
differentiation.  

phocytes in the blood. The disease also involves the splenic hilar 
lymph nodes and bone marrow but extension to peripheral 
lymph nodes is uncommon (Figure  33.2 ).   

 There are no distinctive phenotypic markers for SMZL, 
whose diagnosis requires the exclusion of other lymphoma 
types. Most cases exhibit IgM/IgD and a mature B - cell pheno-
type but other markers are usually negative (Figure  33.2 ). The 
immunoglobulin genes are unmutated in approximately half of 
the cases, which also tend to have deletions of chromosome 
7q31 – 32 and a more unfavourable evolution. Some cases are 
positive for hepatitis C virus and may respond to antiviral treat-
ment. The clinical course is usually indolent but some patients 
may have progressive disease and transformation to a large - cell 
lymphoma may occur. The hairy cell leukaemia variant and 
lymphomas with a diffuse infi ltrate of the red pulp are included 
in a provisional category termed  ‘ splenic B - cell lymphoma/
leukaemia, unclassifi able ’ .  

(a) (b)

(c)

     Figure 33.2     Splenic marginal zone lymphoma. (a) The spleen 

shows multiple nodular proliferations in the red pulp and 

expanding the white pulp areas. (b) At higher magnifi cation the 

nodules are composed of small lymphoid cells in the centre and 

larger cells at the periphery. (c) The tumour cells are IgD positive.  
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localized lesions have a relatively indolent behaviour without 
bone marrow involvement, suggesting a closer relationship to 
MALT lymphomas than bone marrow plasma cell neoplasms.     

  Extranodal  m arginal  z one  l ymphoma of 
 m ucosa -  a ssociated  l ymphoid  t issue 
( MALT   l ymphoma) 

 MALT lymphomas are extranodal B - cell neoplasms composed 
of a heterogeneous population of small lymphocytes, marginal 
zone lymphocytes with cleaved nuclei (centrocyte - like), cells 
with clear cytoplasm resembling monocytoid B cells, cells 
with plasmacytic differentiation and occasional large trans-
formed cells. All these cells expand the marginal zone of reactive 

  Plasma  c ell  n eoplasms  ( s ee  a lso Chapter  31 )  

 Plasma cell neoplasms encompass a spectrum of lesions char-
acterized by the clonal expansion of terminally differentiated B 
cells that usually secrete a class - switched immunoglobulin 
(Table  33.2 ).   

  Monoclonal  g ammopathy of  u ndetermined 
 s ignifi cance 
 Monoclonal gammopathy of undetermined signifi cance 
(MGUS) is defi ned by less than 10% clonal plasma cells in the 
bone marrow and less than 30   g/L of an M - protein and absence 
of end - organ damage. This condition is considered a preneo-
plastic process since evolution to overt plasma cell malignancy 
does not always occur.  

  Plasma  c ell  m yeloma 
 Plasma cell myeloma is a bone marrow neoplasm characterized 
by multifocal proliferation of plasma cells associated with a 
serum M - protein and symptomatic disease related to different 
organ dysfunction or lytic bone lesions. The plasma cells in the 
bone marrow expand in small or large clusters. Some cases may 
present asymptomatically, whereas in others the tumour cells 
spread to the peripheral blood in the form of a plasma cell 
leukaemia. The phenotype of these cells is aberrant, with expres-
sion of CD19 and CD56 in 75% of cases and other markers such 
as CD117, CD20, CD52 and CD10. Chromosomal transloca-
tions involving the 14q32 region occur in 40% of cases; the 
partner translocations include  CCND1  (cyclin D1) at 11q13, 
 MAF  at 16q23,  FGFR3  at 4p16,  CCND3  (cyclin D3) at 6p21 and 
 MAFB  at 20q11. Tumours lacking these alterations are usually 
hyperdiploid.  

  Plasmacytoma 
 Plasmacytoma is a solitary tumour lesion composed of clonal 
plasma cells that may occur in bones or extraosseous tissues 
(Figure  33.3 ). Bone plasmacytomas evolve to plasma cell 
myeloma in two - thirds of patients. In contrast, extraosseous 

  Table 33.2    Plasma cell neoplasms. 

   Monoclonal gammopathy of undetermined signifi cance  

  Plasma cell myeloma  

     Asymptomatic (smouldering) myeloma  

     Non - secretory myeloma  

     Plasma cell leukaemia  

  Plasmacytoma  

     Solitary plasmacytoma of bone  

     Extraosseous (extramedullary) plasmacytoma  

  Immunoglobulin deposition diseases  

  Osteosclerotic myeloma (POEMS syndrome)  

(a)

(b)

     Figure 33.3     Plasmacytoma of the nasal cavity. (a) Atypical 

plasma cells embedded in fi brous stroma. (b) Plasma cells are 

CD138 positive  
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with these lymphomas, t(11;18), t(1;14), t(14;18) and t(3;14), 
that generate the chimeric gene  BIRC3 – MALT1  or activate 
 BCL10 ,  MALT1  and  FOXP1 , respectively. The t(11;18) translo-
cation tends to occur more frequently in gastric and lung lym-
phomas, whereas the t(14;18) translocation is more often seen 
in salivary gland and ocular adnexa tumours. Interestingly, 
 MALT1  and  BCL10  participate in activation of the same NF -  κ B 
pathway. 

 These lymphomas arise in topographic sites with a pre - exist-
ing chronic infl ammatory lesion induced by infectious, immu-
nological or unknown stimuli. Thus gastric lesions are associated 
with  Helicobacter pylori ,  Campylobacter jejuni  is detected in the 
immunoproliferative small intestinal disease,  Chlamydia psit-
taci  in ocular adnexa tumours of certain geographic regions, 
and  Borrelia burgdoferi  in some cutaneous MALT lymphomas. 
Autoimmune disorders of the salivary gland (Sj ö gren syn-
drome) and thyroid (Hashimoto disease) are the preceding 
lesions of MALT lymphomas in these locations. 

 The lymphoma responds to control of the underlying infec-
tious disease and local treatments but may relapse in extranodal 
territories after many years. Nodal dissemination may precede 
clinically the detection of extranodal involvement. Tumours 
with the translocations described appear to be resistant to anti-
biotic therapy. Transformation to large - cell lymphomas may 
occur.  

  Nodal  m arginal  z one  l ymphoma 

 Nodal marginal zone lymphoma (NMZL) is a primary lym-
phoma of the lymph nodes that resembles extranodal MALT 
lymphomas (Figure  33.5 ). An extranodal or splenic lymphoma 
should be ruled out before this diagnosis is established. Although 
the morphology and phenotype is similar to MALT lymphoma, 
primary NMZL does not exhibit the typical translocations of 
these tumours. Patients may present with disseminated disease 
and 60 – 80% survive more than 5 years. Some cases may evolve 
to large B - cell lymphomas.   

 NMZLs in the paediatric age group seem to have distinctive 
clinical and morphological features. Thus they present pre-
dominantly in males as asymptomatic localized tumours and 
morphologically the residual follicles may have features of pro-
gressive transformed germinal centres with eroded mantle 
zones by the tumour cell infi ltration. The prognosis of these 
patients seems excellent with conservative therapy.  

  Follicular  l ymphoma 

 Follicular lymphoma (FL) is a neoplasm composed of cells of 
the germinal centres, with different proportions of small cen-
trocytes and large centroblasts, that usually has a follicular 
growth pattern (Figure  33.6 ). These tumours are common 
in Western countries, accounting for around 20 – 30% of all 
lymphomas.   

follicles and in some cases may colonize the germinal centres 
but preserve the mantle zone area. In epithelial tissues the 
neoplastic cells infi ltrate the epithelium forming lymphoepi-
thelial lesions (Figure  33.4 ). These tumours occur most com-
monly in the gastrointestinal tract, salivary gland, lung, head 
and neck, ocular adnexa, skin and less frequently thyroid and 
breast.   

 The lymphoma cells express mature B - cell markers, IgM and 
less often IgG or IgA, but IgD is usually negative. CD5, CD10 
and CD23 are negative, although some CD5 - positive cases have 
been described. Four major translocations have been associated 

(a)

(b)

     Figure 33.4     Gastric marginal zone lymphoma of the mucosa -

 associated lymphoid tissue (MALT lymphoma). The gastric 

mucosa is infi ltrated by a monotonous population of lymphoid 

cells that surrounds a residual germinal centre (a) and destroys 

the glands, creating lymphoepithelial lesions clearly observed 

with cytokeratin staining (Cam 5.2 immunoperoxidase 

staining) (b).  
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be reported as DLBCL, and the percentage of the respective 
DLBCL and FL components indicated. 

 FL has a mature B - cell phenotype with coexpression of the 
germinal - centre markers CD10 and BCL - 6 (Figure  33.6 ). CD5, 
CD43 and CD23 are negative. IRF4/MUM1, an antigen related 
to plasma cell differentiation, is also usually negative. BCL - 2 is 
positive in 85 – 90% of FL grade 1 – 2 but only in 50% of grade 
3. BCL - 2 staining is very useful because reactive germinal 
centres are negative (Figure  33.6 ). This expression refl ects the 
presence of the t(14;18) translocation that is the genetic hall-
mark of this lymphoma and which targets the  BCL2  gene. FL 
grade 3b is less frequently positive for CD10 and BCL - 2 protein 
and the t(14;18) translocation is only detected in 5 – 40% of 
cases. In contrast, these lymphomas express IRF4/MUM1 in 
40% of the cases and carry 3q27 and  BCL6  rearrangements in 
30 – 50% of cases, whereas these aberrations are rare in FL grades 
1 – 3a. 

 The tumour cells are associated with a rich microenviron-
ment of different types of T cells and histiocytes that seem to 
play a major role in determining the biological behaviour of the 
lymphoma. 

   In  s itu   f ollicular  l ymphoma or  i ntrafollicular  n eoplasia 
  In situ  FL or intrafollicular neoplasia is a variant in which the 
tumour cells are limited to the germinal centres of the follicles. 
Usually, only a number of the lymph node follicles are involved 
whereas others are reactive. The tumour cells are recognized by 
their strong BCL - 2 expression inside the germinal centres and 
absence of CD10 -  and BCL - 6 - positive tumour cells outside the 
follicles. The BCL - 2 - positive cells in the follicle carry the 
t(14;18) translocation. Some of these cases may correspond to 
early involvement of a lymph node by a disseminated tumour. 
A second group of patients may develop overt FL during follow -
 up but most patients remain free of lymphoma elsewhere after 
many years of follow - up.  

  Paediatric  f ollicular  l ymphoma 
 Paediatric FL occurs in children and young adults, usually 
involving the head and neck region but also the testis with local-
ized disease. The lymphomas are BCL - 2 negative, do not carry 
the t(14;18) translocation and are grade 3. These cases have a 
relatively good evolution.  

  Primary  i ntestinal  f ollicular  l ymphoma 
 Primary intestinal FL occurs frequently in the duodenum as an 
incidental fi nding (Figure  33.7 ). These cases have a conven-
tional morphology, phenotype and genetic fi ndings. However, 
the tumours express IgA and remain localized, with an excellent 
prognosis even without treatment.    

  Primary  c utaneous  f ollicle  c entre  l ymphoma 
 Primary cutaneous follicle centre lymphoma generally presents 
in the skin of the head and trunk. The tumour cells may grow 

 These tumours have been graded according to the number 
of large cells as follows: grade 1 (0 – 5 large cells per high - power 
fi eld), grade 2 (6 – 15 large cells) and grade 3 ( > 15 large cells). 
The new WHO classifi cation considers that grades 1 and 2 
represent a morphological continuum that is not associated 
with relevant clinical or biological differences and therefore this 
distinction is not encouraged. However, grade 3 tumours are 
further distinguished into grades 3a and 3b according to the 
presence of intermingled small centrocytes in grade 3a whereas 
grade 3b is composed entirely of large cells. According to the 
genetic and phenotypic features, FL grade 3a seems more related 
to FL grade 1 – 2, whereas FL grade 3b may be closer to DLBCL. 
Any diffuse area composed of more than 15 large cells should 

(a)

(b)

     Figure 33.5     Nodal marginal zone lymphoma. (a) Tumour cells 

with a clear appearance infi ltrate the node, with partial 

preservation of the architecture. (b) Higher magnifi cation reveals 

the clear cytoplasm of the tumour cells.  
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with a follicular or more diffuse pattern. The cells express B - cell 
markers and BCL - 6, whereas CD10 is positive in cases with a 
follicular pattern but tend to be lost in the diffuse component. 
BCL - 2 expression and the t(14;18) translocation are usually 
negative. The tumours may relapse but have a good outcome 
without extracutaneous dissemination even with only localized 
therapy.   

  Mantle  c ell  l ymphoma 

 Mantle cell lymphoma (MCL) is a B - cell neoplasm generally 
composed of monomorphous small to medium - sized lymphoid 
cells with irregular nuclear contours and cyclin D1 overexpres-
sion secondary to  CCND1  translocation (Figures  33.8  and  33.9 ). 
This tumour comprises 3 – 10% of non - Hodgkin lymphomas 
and occurs mainly in males, with a median age around 60 years. 
Most MCLs are diagnosed as disseminated nodal disease but a 

(a)

(b)

(c)

     Figure 33.6     Follicular lymphoma. (a) The tumour grows in a 

follicular pattern with expanded germinal centres without 

macrophages. The tumour cells are positive for CD10 (b) and 

BCL - 2 (c).  

     Figure 33.7     Follicular lymphoma of the duodenum.  



Postgraduate Haematology

622

(a)

(b)

     Figure 33.8     Mantle cell lymphoma with classical (a) and 

pleomorphic (b) morphology.  

     Figure 33.9     Mantle cell lymphoma is positive for cyclin D1.  

number of patients are initially seen with leukaemic disease, 
bone marrow involvement and frequently splenomegaly, but 
without lymphadenopathy. Extranodal involvement is very 
common. Some tumours may have a blastoid or pleomorphic 
cytology resembling lymphoblasts or DLBCL, respectively. 
These cytological variants are associated with higher prolifera-
tive activity, more complex karyotypes and worse prognosis. 
The tumour cells grow with a vaguely nodular, diffuse or mantle 
zone pattern. Some cases may show restricted infi ltration to the 
inner mantle zones of otherwise reactive follicles, a situation 
that has been named  in situ  MCL. The tumour cells express 
mature B - cell markers, with intense CD20 and surface immu-
noglobulin, and coexpress CD5 and CD43. CD23 and germinal -
 centre markers are negative.   

 MCL exhibits the t(11;14) translocation that targets cyclin 
D1. Complex karyotypes with many secondary aberrations are 
common. Cyclin D1 - negative cases are exceptional, and their 
diagnosis requires strict morphological and phenotypic criteria. 
These cases have high expression of cyclin D2 or cyclin D3 and 
some of them carry a t(2;12) translocation that fuses cyclin D2 
to the  κ  light chain immunoglobulin gene locus. SOX11, a 
transcription factor expressed in conventional MCL, is also 
express in cyclin D1 - negative tumours and therefore its detec-
tion may be of help in recognizing this variant. 

 In general MCL has an aggressive clinical course, with poor 
response to chemotherapy and a median survival of 3 – 5 years. 
Proliferation is considered the best prognostic parameter. 
Patients presenting with disease limited to the blood, bone 
marrow and sometimes the spleen, without lymphadenopathy, 
have been reported to have a better prognosis. These tumours 
seem to have a distinct expression profi le and simple 
karyotypes.  

  Diffuse  l arge  B  -  c ell  l ymphoma  n ot 
 o therwise  s pecifi ed 

 DLBCL is a neoplasm of large B lymphocytes with a diffuse 
growth pattern. These lymphomas are heterogeneous and 
several morphological variants, phenotypical and molecular 
subtypes and different entities have been recognized (Table 
 33.3 ). DLBCL is very common and accounts for 25 – 30% of 
adult non - Hodgkin lymphomas. Usually, these cases present as 
primary tumours but they can also represent the transforma-
tion of a less aggressive B - cell lymphoma.   

 Morphologically, DLBCL not otherwise specifi ed may have 
centroblastic, immunoblastic or anaplastic cytology (Figures 
 33.10  and  33.11 ). These variants are related to biological and 
genetic features of the tumour but they have poor reproducibil-
ity and broad overlap that prevent their use as major classifi ers. 
Phenotypically, DLBCL not otherwise specifi ed expresses 
mature B - cell markers. CD5 is detected in a subset of these 
tumours that seem to have a more aggressive behaviour, par-
ticularly in Eastern populations. The expression of the germi-
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ment. These cases are associated with CD10 expression and a 
germinal - centre origin. Translocation of the 3q27 region and 
 BCL6  rearrangements are found up to 30% of cases.  MYC  trans-
locations have been observed in up to 10% of cases and are 
usually associated with complex karyotypes. Contrary to Burkitt 
lymphoma in which  MYC  is rearranged with immunoglobulin 
genes in virtually all cases, in DLBCL around 40% of these 
translocations involve a non - immunoglobulin gene. 

 Gene expression profi ling of DLBCL not otherwise specifi ed 
has identifi ed two major subtypes, germinal - centre B cell - like 
(GCB) and activated B cell - like (ABC) DLBCL, that express 
genes related to germinal - centre cells or activated B cells with a 
secretory function, respectively. ABC but not GCB DLBCL 
exhibits constitutive activation of the NF -  κ B pathway. These 
subtypes of DLBCL differ in genetic and molecular aspects, 
suggesting that they correspond to different clinical entities. 

nal - centre markers CD10 and BCL - 6 has been related to a 
germinal - centre origin of the tumours, whereas the expression 
of IRF4/MUM1 antigen has been associated with an origin in 
non - germinal centre activated B cells (Figures  33.10  and  33.11 ). 
These two immunophenotypic subgroups of DLBCL have a 
clear correlation with the two subtypes of germinal - centre and 
activated B - cell DLBCL recognized by gene expression profi l-
ing. However, the controversial results obtained in different 
studies on the prognostic signifi cance of these phenotypic sub-
groups preclude their use in clinical practice.   

 Genetically, 20 – 30% of DLBCL not otherwise specifi ed 
exhibit the t(14;18) translocation and  BCL2  gene rearrange-

  Table 33.3    Diffuse large B - cell lymphoma ( DLBCL ): variants, 

subgroups, subtypes and entities. 

   DLBCL, not otherwise specifi ed   

  Common morphological variants  

     Centroblastic  

     Immunoblastic  

     Anaplastic  

  Rare morphological variants  

  Molecular subgroups  

     Germinal centre B - cell - like  

     Activated B - cell - like  

  Immunohistochemical subgroups  

     CD5 - positive DLBCL  

     Germinal centre B - cell - like  

     Non - germinal centre B - cell - like  

   DLBCL subtypes   

  T - cell/histiocyte - rich large B - cell lymphoma  

  Primary DLBCL of the central nervous system  

  Primary cutaneous DLBCL, leg type  

  EBV - positive DLBCL of the eldery  

   Other lymphomas of large B cells   

  Primary mediastinal (thymic) large B - cell lymphoma  

  Intravascular large B - cell lymphoma  

  DLBCL associated with chronic infl ammation  

  Lymphomatoid granulomatosis  

  ALK - positive large B - cell lymphoma  

  Plasmablastic lymphoma  

  Large B - cell lymphoma arising in HHV8 - associated multicentric 

Castleman disease  

  Primary effusion lymphoma  

   Borderline cases   

  B - cell lymphoma, unclassifi able, with features intermediate 

between DLBCL and Burkitt lymphoma  

  B - cell lymphoma, unclassifi able, with features intermediate 

between DLBCL and classical Hodgkin lymphoma  

  Source :   Swerdlow  et al .  (2008)  with permission. 

(a)

(b)

     Figure 33.10     Diffuse large B - cell lymphoma (a) positive for 

CD10 (b) suggests a germinal centre cell origin.  
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 positive histiocytes. T - cell rosettes surrounding tumour B cells 
are not seen. Cases positive for Epstein – Barr virus (EBV) and a 
similar morphology would be better classifi ed as EBV - positive 
DLBCL. This tumour presents with disseminated disease 
involving lymph nodes but also spleen, liver and bone marrow. 
Failure to therapy and International Prognostic Index (IPI) 
score are predictors of survival.  

   DLBCL  with a  p redominant  e xtranodal 
 l ocation 

 The WHO classifi cation recognizes a series of DLBCL subtypes 
and entities characterized by predominantly extranodal presen-
tation (Table  33.3 ). 

  Primary  m ediastinal ( t hymic)  l arge  B  -  c ell  l ymphoma 
 Primary mediastinal (thymic) large B - cell lymphoma (PMBL) 
seems to originate in a thymic B cell and predominates in young 
women presenting with a large mediastinal mass that frequently 
invades adjacent structures. Progression outside the mediasti-
num frequently involves extranodal sites such as kidney, liver, 
adrenal or central nervous system (CNS). The tumour is mainly 
composed of large cells with abundant pale cytoplasm that 
express mature B - cell markers but usually lack surface immu-
noglobulin. CD30 is positive in 80% of cases, although not as 
uniformly as in HL. CD15 is negative. Genetically, PMBL has 
frequent gains and amplifi cations of 9p24 and inactivating 
mutations of  SOCS1 . These tumours have a distinctive expres-
sion profi le relatively similar to that of HL, confi rming the 
pathological evidence of the relationship between these two 
tumours. In fact, some patients may present with combined HL 
and PMBL at diagnosis or relapse or have tumours with inter-
mediate features of both (see below). The outcome of these 
tumours is more favourable than other DLBCL, with a 5 - year 
survival of 65%.  

  Intravascular  l arge  B  -  c ell  l ymphoma 
 Intravascular large B - cell lymphoma is a distinctive lymphoma 
characterized by the growth of large B cells within the lumina 
of small to medium - sized vessels and capillaries (Figure  33.12 ). 
It is relatively rare in Western countries but more common in 
Eastern populations. This lymphoma is very aggressive and fre-
quently diagnosed only at post - mortem. An isolated cutaneous 
variant with better prognosis has been identifi ed, mainly in 
women.    

  Primary  c utaneous  DLBCL ,  l eg  t ype 
 Primary cutaneous DLBCL, leg type, is a primary cutaneous 
lymphoma composed almost exclusively of atypical large B cells 
that commonly presents in the lower extremities. These tumours 
express an activated B - cell phenotype with positivity for IRF4/
MUM1 and CD10 negativity. BCL - 6 is frequently positive and 
BCL - 2 is strongly expressed. The genetic and molecular profi les 
are relatively similar to those found in ABC DLBCL. The prog-

The clinical outcome is also different, with 5 - year survival rates 
of 59% and 30% in GCB and ABC DLBCL, respectively. In 
addition, the clinical phenomenon of late relapse or relapse as 
FL occurs in patients with GCB DLBCL. The prognostic value 
of these molecular subtypes has been retained in patients treated 
with rituximab - containing regimens.  

   T  -  c ell/ h istiocyte -  r ich  l arge  B  -  c ell  l ymphoma 

 T - cell/histiocyte - rich large B - cell lymphoma is characterized by 
a limited number of scattered large B cells immersed in a rich 
background of T cells and frequently histiocytes. The tumour 
cells express mature B - cell markers and frequently BCL - 2 and 
EMA, although CD30, CD15 and CD138 are negative. The 
background is composed of CD3 and CD4 T cells and CD68 -

(a)

(b)

     Figure 33.11     Diffuse large B - cell lymphoma with immunoblastic 

morphology (a) and positivity for MUM1/IRF4 (b) suggesting a 

non - germinal centre cell origin.  
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 1 negative. The clinical behaviour is aggressive with poor 
response to therapy.  

  Primary  e ffusion  l ymphoma 
 Primary effusion lymphoma occurs mainly in immunosup-
pressed patients associated with HHV - 8 and, frequently, EBV 
infection. It is characterized by proliferation of large pleomor-
phic B cells that lack expression of B - cell markers and immu-
noglobulin but which express plasma cell - associated antigens 
and CD30 (Figure  33.13 ). These tumours usually present as 
effusion lymphomas with no involvement of tissues. However, 
some patients may present with, or later develop, a solid tumour 
in extranodal sites.     

  Burkitt  l ymphoma 

 Burkitt lymphoma (BL) is mainly a tumour of children and 
young adults and is characterized by monotonous proliferation 
of medium - sized B cells with a mature B and germinal - centre 
phenotype, negative or very weak BCL - 2 expression, high pro-
liferation (Ki - 67    >    95%) and the t(8;14) translocation with 
 MYC  rearrangement. These tumours occur endemically in 
equatorial Africa and other geographic areas and sporadically 
throughout the world. BL is also seen associated with immuno-
defi ciency, particularly HIV infection. The tumour mainly 
involves extranodal sites, particularly the abdominal cavity, and 
in endemic areas jaws and facial bones. The tumour may infi l-
trate the CNS. A leukaemic phase may be seen in patients with 
bulky disease and occasional patients may present with a pure 
leukaemic disease (Burkitt leukaemia variant). The tumour is 
clinically aggressive but potentially curable with current 
protocols. 

 Morphologically, the tumour cells are very monomorphic. 
The high proliferation is typically associated with a  ‘ starry sky ’  

nosis is poor and the tumour tends to disseminate to extracu-
taneous sites.   

  Large -  c ell  l ymphomas of  t erminally 
 d ifferentiated  B   c ells 

 The updated WHO classifi cation has included different lym-
phoma entities that have in common the proliferation of large 
lymphoid cells with a terminally differentiated B - cell phenotype 
characterized by variable or total lack of CD20 expression, and 
less frequently CD79a, but which express plasma cell - associated 
antigens such as CD38 and CD138. Most of these tumours are 
infected with EBV or human herpesvirus (HHV) - 8 and occur 
in patients with a certain immunodefi ciency status. 

   ALK  -  p ositive  l arge  B  -  c ell  l ymphoma 
 ALK - positive large B - cell lymphoma is a distinctive disease 
characterized by proliferation of large B cells with plasmablastic 
differentiation that express ALK and which are EBV negative. 
These tumours present in young immunocompetent patients, 
usually with nodal involvement and aggressive behaviour. ALK 
expression is due to  ALK  rearrangements, particularly with 
clathrin [t(2;17)] or less frequently nucleophosmin [t(2;5)]. 
Contrary to other lymphomas in this group, viral infection and 
immunodefi ciency are absent.  

  Plasmablastic  l ymphoma 
 Plasmablastic lymphoma is a large B - cell lymphoma with 
immunoblastic morphology and plasma cell immunopheno-
type that present mainly in extranodal sites such as oral mucosa 
and gastrointestinal tract of immunosuppressed patients. HIV 
infection is the main cause but post - transplant or immunosup-
pressive treatments are also common causes. Most of the 
tumours are EBV positive and latent membrane protein (LMP) -

     Figure 33.12     Intravascular lymphoma in the brain.       Figure 33.13     Primary effusion lymphoma. The tumour cells were 

present in the pleura and have a large plasmablastic morphology.  
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   B  -  c ell  l ymphoma,  u nclassifi able, with  f eatures 
 i ntermediate between  DLBCL  and Burkitt 
 l ymphoma 

 Borderline cases between DLBCL and BL comprise tumours 
with a morphology that resembles BL but which have an atypi-
cal phenotype such as strong BCL - 2 protein expression, tumours 
with blastic nuclear morphology but negative for terminal 
deoxynucleotidyltransferase and cyclin D1, or tumours with a 
BL phenotype but with more irregular nuclei than acceptable 
for this lymphoma. Some of these cases were diagnosed previ-
ously as Burkitt - like lymphomas. These tumours express a 
mature B - cell phenotype with a high proliferative index. Strong 
expression of BCL - 2 protein should suggest the presence of 
t(14;18) in addition to t(8;14) ( ‘ double hit ’ ).  MYC  rearrange-
ments may occur with a non - immunoglobulin gene and may 
be associated with complex karyotypes. Lymphomas with 
typical morphology of DLBCL with high proliferative activity 
and/or t(8;14) should not be included in this category. Clinically, 
the patients are older than those with conventional BL, the 
disease is usually disseminated and the bone marrow and 
peripheral blood may be involved. The clinical evolution is very 
aggressive with poor response to therapy. These cases are not 
considered a specifi c entity but a working category. Some cases 
may represent transformed FL, evolving DLBCL activating par-
ticular molecular pathways, and some of them may perhaps 
represent some specifi c entity not well recognized yet. However, 
independent of the possible biological signifi cance, these 
patients should be recognized and studied separately from con-
ventional DLBCL and BL.  

   B  -  c ell  l ymphoma,  u nclassifi able, with  f eatures 
 i ntermediate between  DLBCL  and  c lassical 
Hodgkin  l ymphoma 

 These tumours are B - cell lymphomas that have clinical, mor-
phological and/or immunophenotypic features that overlap 
those of DLBCL, particularly PMBL, and HL. These cases are 
diagnosed frequently in young men presenting with a large 
mediastinal mass that is sometimes associated with surpracla-
vicular lymph nodes. Most of these cases are composed of sheets 
of large cells with a pleomorphic aspect, sometimes lacunar 
appearance, associated with some infl ammatory infi ltrate. The 
phenotype combines strong expression of a complete B - cell 
programme (CD20, CD79a, BOB - 1, OCT2, PAX5) with CD30 
and CD15 positivity. Some cases resembling classical nodular 
sclerosis HL with uniform expression of CD20 and other B - cell 
markers and lack of CD15 may also be included in this category. 
In contrast, cases resembling PMBL that lack CD20 and which 
are positive for CD15 or EBV may also be diagnosed in this 
category. Composite lymphomas with clear areas of PMBL and 
HL should not be included in this group and both components 
should be mentioned in the diagnosis. The overlapping mor-

pattern because of the high number of histiocytes phagocytos-
ing apoptotic bodies (Figure  33.14 ). Genetically, the t(8;14) 
translocation is found in most tumours with very few if any 
additional genetic alterations. However, up to 10% of cases with 
typical morphology and phenotype may lack this translocation. 
On the other hand, DLBCL may have high proliferation and 
may also exhibit  MYC  rearrangements that make the differen-
tial diagnosis between BL and DLBCL diffi cult.   

 Two recent studies using microarray technology have 
described the gene expression profi le of BL that refi nes the dif-
ferential diagnosis with DLBCL. This BL signature is composed 
of a group of genes that are targets of the  MYC  gene, high 
expression of germinal centre - related genes and low expression 
of NF -  κ B target genes and MHC class I genes.  

(a)

(b)

     Figure 33.14     Burkitt lymphoma. (a)  ‘ Starry sky ’  pattern due to 

the abundant histiocytes with apoptotic bodies. (b) Monotonous 

medium - sized cells with high proliferation.  
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are in germline confi guration. Most cases pursue a fulminant 
clinical course.    

   EBV  -  p ositive  T  -  c ell  l ymphoproliferative 
 d isorders of  c hildhood 

 Systemic EBV - positive T - cell lymphoproliferative disease of 
childhood and hydroa vaccineforme - like lymphoma are the 
prototypes of these diseases. Both are prevalent in Asia and 
Central and South America with no sex predilection. EBV -
 positive T - cell lymphoproliferative disease of childhood can 
develop shortly after primary EBV infection or in the setting of 
chronic active EBV infection. It may have a rapid evolution with 
fatal outcome. Hydroa vacciniforme - like lymphoma is associ-
ated with sensitivity to insect bites and sun exposure and 
behaves indolently. In both conditions, there is strong sugges-
tion of a genetic defect in the host immune response to EBV. 
The infi ltrating T cells are usually small and lack signifi cant 
cytological atypia, but at times are pleomorphic, medium/large 
with irregular nuclei and frequent mitoses (Figure  33.16 ). They 
are positive for CD2, CD3, TIA and EBV but negative for CD56, 
and have monoclonally rearranged TCR genes.    

  Adult  T  -  c ell  l eukaemia/ l ymphoma 
 ( s ee also Chapter  30 )  

 Adult T - cell leukaemia/lymphoma (ATLL) is endemic in south -
 western Japan, the Caribbean basin and parts of Central Africa, 
its distribution resembling that of human T - cell leukaemia/
lymphoma virus (HTLV) - I. The disease has a long latency with 
exposure of affected individuals to the virus very early in life. 
Although causally linked to ATLL, HTLV - I itself is insuffi cient 
to cause neoplastic transformation, additional genetic events 
being required. Most patients present with widespread lymph 
node and peripheral blood involvement, the skin being affected 
in more than 50%. ATLL is characterized by variable clinical 
and histological features. In particular, the behaviour varies 
from acute (with usual hypercalcaemia and possible lytic bone 

phological and phenotypical features of these tumours have 
been validated as authentic biological characteristics by micro-
array expression profi ling studies that have demonstrated the 
similarities between PMBL and HL. These tumours probably 
represent evidence of plasticity in the differentiation pathways 
of B cells.   

  Mature  NK  -  c ell/ T  -  c ell  n eoplasms 

 These tumours derive from natural killer (NK) cells and T cells 
of peripheral lymphoid organs and can be roughly subdivided 
into three groups: leukaemic, extranodal and nodal. These are 
discussed in the following sections, with the exception of T - cell 
prolymphocytic leukaemia, T - cell large granular lymphocyte 
leukaemia and chronic lymphoproliferative disorders of NK 
cells, which are considered in Chapter  30 . 

  Aggressive  NK  -  c ell  l eukaemia 

 This is a rare neoplasm, mainly observed among Asians, and 
exhibits systemic proliferation of NK cells almost always associ-
ated with EBV and an aggressive clinical course. Patients are 
usually middle - aged of either sex. The most commonly involved 
sites are the peripheral blood, bone marrow, liver and spleen 
(Figure  33.15 ). Fever and constitutional symptoms are common. 
Frequent complications are coagulopathy, haemophagocytic 
syndrome (HPS) or multiorgan failure. A specifi c overlap with 
extranodal NK/T - cell lymphoma may exist. Circulating leukae-
mic cells exhibit a morphological spectrum, from  ‘ normal LGL ’  
to elements with atypical infolded nuclei, open chromatin and 
distinct nucleoli. They express CD2, CD3 ε , CD56 and cytotoxic 
molecules. Surface CD3 is absent. T - cell receptor (TCR) genes 

     Figure 33.15     Cytospin from the peripheral blood of a patient 

with aggressive NK - cell leukaemia, stained for CD56 (alkaline 

phosphatase anti - alkaline phosphatase technique).  

     Figure 33.16     Bone - marrow involvement by EBV - positive 

lymphoproliferative disorder in a 16 - year - old boy.  
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lymphomas, mainly carrying  γ  δ  - TCR. A diagnosis of extranodal 
NK/T - cell lymphoma, nasal type should be accepted with scep-
ticism if EBV - encoded RNA  in situ  hybridization is negative. 
TCR and  IGHV  genes are usually in germline confi guration, the 
former being clonally rearranged in a few instances. The prog-
nosis of extranodal NK/T - cell lymphoma, nasal type is variable, 
being always poor for cases occurring outside the nasal cavity. 
It is noteworthy that survival has recently been improved with 
more intensive regimens including up - front radiotherapy and 
 l  - asparaginase.    

  Enteropathy -  a ssociated  T  -  c ell  l ymphoma 

 Enteropathy - associated T - cell lymphoma (EATL) is an intesti-
nal tumour of intraepithelial T lymphocytes, usually consisting 
of large lymphoid cells admixed with numerous histiocytes and 
eosinophils and associated with necrosis. The adjacent small 
intestinal mucosa shows villous atrophy, crypt hyperplasia, 
increased lamina propria lymphocytes and plasma cells, and 
intraepithelial lymphocytosis (Figure  33.19 ). The disease occurs 
more often in areas with a high prevalence of coeliac disease 
(i.e. northern Europe). In 10 – 20% of cases, EATL is composed 
of monomorphic medium - sized cells with no infl ammatory 
background and rare necrosis. Such monomorphic variant 
(type II) EATL may occur sporadically, without risk factors for 
coeliac disease, and has a broader geographic distribution. 
Patients (usually adults) present with abdominal pain, fre-
quently associated with intestinal perforation. The tumour 
forms one or more ulcerating mucosal masses that invade the 
wall of the intestine (frequently jejunum or ileum). Neoplastic 
cells are positive for CD3, CD7, CD103, TCR -  β  and cytotoxic 
molecules, negative for CD4 and CD5, with variable expression 
of CD8 and CD30. Type II EATL has a distinctive immunophe-
notype (CD3 + CD4  −  CD8 + CD56 + TCR -  β  + ). TCR  β  and  γ  genes 
are always clonally rearranged. The prognosis is poor, with 
death frequently resulting from abdominal complications.    

lesions) to lymphomatous, chronic or smouldering, while the 
growth may consist of small to large - sized pleomorphic cells or 
display anaplastic or even angioimmunoblastic - like morphol-
ogy (Figure  33.17 ). Tumour elements are usually CD2 + CD3 + C
D5 + CD25 + CD7  −  . Most cases are CD4 + CD8  −  , a few CD4  −  CD8 +  
or CD4 + CD8 + . CCR4 and FoxP3 are frequently expressed, 
CD30 may be positive and cytotoxic molecules are absent. TCR 
genes are clonally rearranged. Clinical subtypes, age, perform-
ance status, serum calcium and lactate dehydrogenase levels are 
major prognostic indicators. The acute and lymphomatous 
variants have a short survival (2 weeks to more than 1 year), 
while the chronic and smouldering forms behave more indo-
lently but can progress to an acute phase (see also Chapter  30 ).    

  Extranodal  NK / T  -  c ell  l ymphoma,  n asal  t ype 

 Extranodal NK/T - cell lymphoma, nasal type, more often occurs 
in adult males from Asia, Mexico and Central and South 
America. The tumour is EBV positive with type II latency, 
although LMP - 1 expression is variable. Usually, these lympho-
mas affect the nasal cavity, nasopharynx, paranasal sinuses and 
palate. Extranasal locations include the skin, soft tissue, gas-
trointestinal tract and testis. Patients with nasal disease suffer 
from nasal obstruction or epistaxis, or extensive mid - facial 
destruction (so - called lethal midline granuloma). Irrespective 
of the site of presentation, the lymphomatous infi ltrate is diffuse 
with angiocentric and angiodestructive features and frequent 
necrosis. Neoplastic cells may be small, medium - sized, large or 
anaplastic with numerous mitotic fi gures and azurophilic gran-
ules in Giemsa - stained touch preparations (Figure  33.18 ). 
Phenotypically, they are positive for CD2, CD56, CD3 ε  and 
cytotoxic markers but negative for CD3. Occasional cases are 
CD7 +  or CD30 + . It is noteworthy that CD56 is not specifi c for 
these lymphomas, being detected in other peripheral T - cell 

     Figure 33.17     Lymph node infi ltration in a patient with adult 

T - cell leukaemia/lymphoma.  

     Figure 33.18     Destructive lesion of the nasal cavities in the course 

of extranodal NK/T - cell lymphoma, nasal type.  
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partly positive for CD56 and CD8, and negative for TCR -  α  β , 
CD4 and CD5. A minority carries the  α / β  dimer. The cells 
express TIA1 and granzyme - M, but not granzyme - B and per-
forin. They have rearranged TCR -  γ  genes. Cases of  γ  δ  origin 
show biallelic rearrangement of TCR -  δ  genes. Isochromosome 
7q is present in most instances. Trisomy 8 and loss of a sex 
chromosome may also be present. The course is aggressive, with 
initial response to chemotherapy but rapid relapse. The median 
survival is less than 2 years.    

  Subcutaneous  p anniculitis -  l ike  T  -  c ell 
 l ymphoma 

 Subcutaneous panniculitis - like T - cell lymphoma is a rare cyto-
toxic T - cell lymphoma that preferentially infi ltrates subcutane-
ous tissue, is slightly commoner in females and has a broad age 
spectrum. In the new WHO classifi cation, cases expressing 
TCR -  γ  δ  are classifi ed as primary cutaneous  γ  δ  T - cell lymphoma. 
About 20% of patients have an associated autoimmune disease, 
mostly systemic lupus erythematosus. Patients present with 
multiple subcutaneous nodules, usually in the absence of other 
involved sites. Systemic symptoms are recorded in more than 
50% of patients. Cytopenias and elevated liver function tests are 
common, and frank HPS is seen in 15 – 20%. The infi ltrate 
involves the fat lobules with riming around individual fat cells 
and usually spares septa as well as the overlying dermis and 
epidermis (Figure  33.21 ). Vascular invasion is seen occasion-
ally, while necrosis and karyorrhexis are common. The cells 
have a mature  α  β  T - cell phenotype ( β F1 + ), usually CD8 +  with 
expression of cytotoxic molecules and negative for CD56. The 
neoplastic cells show rearrangement of TCR genes, and are 
negative for EBV. Dissemination to lymph nodes and other 
organs is rare. The 5 - year overall survival (OS) is 80%; however, 
if HPS occurs, the prognosis is poor.    

  Hepatosplenic  T  -  c ell  l ymphoma 

 Hepatosplenic T - cell lymphoma is a rare neoplasm derived 
from cytotoxic T cells, mostly of the  γ  δ  type. It affects adoles-
cents and young adults, with male predominance. Up to 20% 
of these lymphomas arise in the setting of chronic immuno-
suppression, usually for solid organ transplantation or pro-
longed antigenic stimulation. It may also occur in patients, 
especially children, treated with azathioprine and infl iximab for 
Crohn ’ s disease. Clinically, it is characterized by hepat-
osplenomegaly, systemic symptoms and marked thrombocyto-
penia. Morphologically, neoplastic cells are monotonous, with 
medium - sized nuclei, loosely condensed nuclear chromatin, 
inconspicuous nucleoli and a rim of pale cytoplasm. In the 
spleen, they infi ltrate the red pulp cords and sinuses with 
atrophy of the white pulp, while in the liver and bone 
marrow they show intrasinusoidal diffusion (Figure  33.20 ). 
Phenotypically, most cases are positive for CD3 and TCR -  δ 1, 

     Figure 33.19     Enteropathy - associated T - cell lymphoma. 

Remnants of the mucosa are seen on the left - hand side.  

     Figure 33.20     Splenic red pulp involvement by hepatosplenic 

T - cell lymphoma.  

     Figure 33.21     Example of subcutaneous panniculitis - like T - cell 

lymphoma. Features of  ‘ rimming ’  are easily seen.  
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form a spectrum with overlapping histopathological and phe-
notypic features. Their appearance and course are therefore 
critical for the diagnosis. 

  Primary  c utaneous  a naplastic  l arge -  c ell  l ymphoma 
 C - ALCL is composed of large cells with an anaplastic, pleomor-
phic or immunoblastic morphology, the vast majority of which 
express CD30. By defi nition, C - ALCL should not be preceded 
by or coincide with mycosis fungoides. It must also be distin-
guished from systemic ALCL, which is a different entity. Most 
patients present with solitary or localized nodules or tumours, 
and sometimes papules located on the trunk, face, extremities 
or buttocks, that often undergo ulceration and sometimes show 
partial or complete spontaneous regression, as in lymphoma-
toid papulosis. Besides CD30 positivity, the neoplastic cells 
display an activated CD4 +  T - cell phenotype with variable loss 
of CD2, CD5 and/or CD3. Unlike systemic ALCL, C - ALCL 
expresses CLA but not EMA or ALK. Unlike Hodgkin and 
Reed – Sternberg cells, staining for CD15 is generally negative. 
Most cases show clonal TCR gene rearrangement. The progno-
sis is favourable, with a 10 - year OS of approximately 90%, 
although local relapses are frequent.  

  Lymphomatoid  p apulosis 
 Lymphomatoid papulosis is a chronic, recurrent, self - healing 
skin disease that most often occurs in adults with male prepon-
derance, affects trunk and extremities and is characterized 
by paradoxical eruptions of papular, papulonecrotic and/or 
nodular lesions that tend to disappear within 3 – 12 weeks pos-
sibly leaving a scar. The duration of the disease may vary from 
several months to over 40 years. The prognosis is excellent. 
Morphologically, the large CD30 - positive cells may be inter-
mingled with a variable number of infl ammatory cells or 
predominate as a monotonous population. The phenotype is 
similar to that of C - ALCL. Clonally rearranged TCR genes are 
detected in about 60% of lesions.   

  Primary  c utaneous  γ   δ   T  -  c ell  l ymphoma 

 This tumour consists of a clonal proliferation of activated  γ  δ  T 
cells with a cytotoxic phenotype. A possibly related condition 
may affect mucosal sites. Primary cutaneous  γ  δ  T - cell lym-
phoma is rare (1% of CTCLs) and more often observed in the 
extremities of adults with no sex predilection. It may be pre-
dominantly epidermotropic with patches/plaques or may give 
rise to deep dermal or subcutaneous tumours, with or without 
epidermal necrosis and ulceration. Dissemination to mucosal 
and other extranodal sites is frequent. HPS may occur.  ‘ B ’  
symptoms are seen in most patients. The tumour cells charac-
teristically exhibit a  β F1  −  CD3 + CD2 + CD5  −  CD7 +/ −  CD56 +  pheno-
type with strong expression of cytotoxic proteins. The cells are 
strongly positive for TCR -  δ  with appropriate detection methods. 
The cells show clonal rearrangement of the TCR -  γ  and TCR -  δ  

  Mycosis  f ungoides and  S  é zary  s yndrome 
 ( s ee  a lso Chapter  30 )  

 Mycosis fungoides is the commonest primary cutaneous 
T - cell lymphoma (CTCL) and is characterized by epidermo-
tropic infi ltrates of small to medium - sized T lymphocytes 
with cerebriform nuclei (Figure  33.22 ). It usually affects adults 
or the elderly with a male predominance, but can also occur in 
children and adolescents. The disease is limited to the skin, 
with classical evolution of patches, plaques and tumours. 
Extracutaneous dissemination occurs in advanced stages. 
Mycosis fungoides slowly progresses over years or sometimes 
decades. Histological transformation (i.e.  > 25% blasts in the 
dermal infi ltrates) occurs mainly in the tumour stages. The 
typical phenotype is CD2 + CD3 + TCR -  β  + CD5 + CD4 + CD8  −  CD7  −  . 
TCR genes are clonally rearranged in a proportion of cases. The 
single most important prognostic factor is the clinical stage. In 
the more advanced stages, the prognosis is poor as it is in the 
case of histological transformation. Rare clinical – morphologi-
cal variants include folliculotropic mycosis fungoides, pagetoid 
reticulosis and granulomatous slack skin.   

 S é zary syndrome is defi ned by erythroderma, generalized 
lymphadenopathy and presence of neoplastic T cells with cer-
ebriform nuclei (so - called S é zary cells) in skin, lymph nodes 
and blood. This is a rare disease accounting for less than 5% of 
CTCLs. It occurs in adults with a male predominance. The 
histological and phenotypic features in S é zary syndrome may 
be similar to those of mycosis fungoides. TCR genes are clonally 
rearranged. The 5 - year OS is 10 – 20%.  

  Primary  c utaneous CD30 -  p ositive  T  -  c ell 
 l ymphoproliferative  d isorders 

 These lesions include primary cutaneous anaplastic large - cell 
lymphoma (C - ALCL) and lymphomatoid papulosis, which 

     Figure 33.22     Mycosis fungoides. The epidermis is infi ltrated by 

neoplastic T cells with cerebriform nuclei and strong CD3 

expression.  
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complexes, cold agglutinins with haemolytic anaemia, positive 
rheumatoid factor and anti - smooth muscle antibodies. Skin 
rash is frequently observed. Other common fi ndings are pleural 
effusion, arthritis and ascites. Angioimmunoblastic T - cell lym-
phoma is characterized by partial effacement of the lymph node 
architecture with sparing of the peripheral cortical sinuses. The 
neoplastic infi ltrate is composed of small to medium - sized lym-
phocytes, with clear to pale cytoplasm and mild cytological 
atypia. They often form small clusters around hyperplastic high 
endothelial venules and follicular dendritic cells, and are 
admixed with small reactive lymphocytes, eosinophils, plasma 
cells and histiocytes. An expansion of EBV - positive B immuno-
blasts is usually present. The neoplastic cells have the phenotype 
of follicular T - helper cells positive for mature T - cell markers, 

genes. TCR -  β  may be rearranged or deleted, but is not expressed. 
Primary cutaneous  γ  δ  T - cell lymphoma is resistant to multia-
gent chemotherapy and/or radiation and has a poor prognosis, 
with a median survival of approximately 15 months.  

  Peripheral  T  -  c ell  l ymphoma  n ot  o therwise 
 s pecifi ed 

 Peripheral T - cell lymphoma not otherwise specifi ed is a 
heterogeneous group of tumours that corresponds with none 
of the T - cell entities defi ned in the WHO classifi cation. It 
accounts for approximately 30% of peripheral T - cell lympho-
mas in Western countries. Most patients are adults with a slight 
male predominance, and show peripheral lymphadenopathy 
and  ‘ B ’  symptoms. Generalized disease is often encountered, 
with bone marrow, liver, spleen and extranodal tissue involve-
ment. Leukaemic spread is uncommon. The cytological spec-
trum is extremely broad, from highly polymorphous to 
monotonous. Clear cells and Reed – Sternberg - like elements can 
be seen and high endothelial venules increased. An infl amma-
tory background is often present (Figure  33.23 ). The differential 
diagnosis with angioimmunoblastic T - cell lymphoma may 
require extensive immunophenotyping. Peripheral T - cell lym-
phoma not otherwise specifi ed usually displays an aberrant 
T - cell phenotype, with frequent loss of CD5 and CD7. A 
CD4 + CD8  −   profi le predominates in nodal cases. CD4 + CD8 +  or 
CD4  −  CD8  −   is sometimes seen, as is CD8, CD30, CD56 and/or 
cytotoxic granule expression. CD52 is absent in 60% of cases. 
Aberrant CD20 and/or CD79a expression is occasionally 
encountered. Proliferation is high and Ki - 67 rates over 80% 
are associated with poor outcome. TCR genes are clonally 
rearranged. Gene expression profi ling has revealed deregulation 
of genes involved in matrix deposition, cytoskeleton organiza-
tion, cell adhesion, apoptosis, proliferation, transcription and 
signal transduction. The products of these genes might have 
therapeutic relevance. EBV integration is found in some cases. 
Peripheral T - cell lymphoma not otherwise specifi ed is highly 
aggressive with poor response to therapy, frequent relapses and 
5 - year OS of 20 – 30%. The IPI is the only factor consistently 
associated with prognosis. New scoring systems have recently 
been proposed.    

  Angioimmunoblastic  T  -  c ell  l ymphoma 

 Angioimmunoblastic T - cell lymphoma is characterized by a 
polymorphous infi ltrate constantly involving lymph nodes with 
prominent proliferation of high endothelial venules and follicu-
lar dendritic cells (Figure  33.24 ). Spleen, liver, skin and bone 
marrow are also frequently affected. It occurs in middle - aged/
elderly individuals of either sex and accounts for approximately 
15 – 20% of peripheral T - cell lymphomas. Virtually all patients 
present with advanced - stage disease, systemic symptoms, 
polyclonal hypergammaglobulinaemia, circulating immune 

(a)

(b)

     Figure 33.23     Peripheral T - cell lymphoma not otherwise 

specifi ed. (a) The tumour consists of large cells with 

immunoblastic - like appearance. (b) The proliferative rate as 

shown by Ki - 67 marking is very high.  
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(a)

(b)

(d)

(c)

(e)

     Figure 33.24     Angioimmunoblastic T - cell lymphoma (a) Low -

 power view: note the amount of high endothelial venules as well as 

the cellular pleomorphism. (b) At higher magnifi cation, neoplastic 

cells display irregular nuclear contours and a rim of clear 

cytoplasm. (c) Hyperplasia of follicular dendritic cells recognized 

with CD21 staining. The tumour cells are positive for CD10 (d) 

and CXCL13 (e).  
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i.e. CD4, CD10, CXCL13, PD1, SAP and ICOS (Figure  33.24 ). 
TCR genes are clonally rearranged in most cases. Clonal  IGHV  
gene rearrangements are found in about 25 – 30% of cases, and 
correlate with expanded EBV - positive B cells. The clinical 
course is aggressive with a median survival of less than 3 years. 
Patients often succumb to infectious complications. Supervening 
large B - cell lymphoma (often but not invariably EBV positive) 
can occur.    

  Anaplastic  l arge -  c ell  l ymphoma,  ALK  +  

 ALCL ALK +  is characterized by large neoplastic cells with abun-
dant cytoplasm and kidney/horseshoe - shaped nuclei (so - called 
hallmark cells), with a translocation involving the  ALK  gene and 
expression of both ALK protein and CD30. ALCL with similar 
morphology and phenotype, but lacking  ALK  rearrangement 
and ALK protein, is considered as a separate category (ALCL 
ALK  −  ). ALCL ALK +  shows a higher prevalence in the fi rst three 
decades of life and a male predominance and frequently involves 
both lymph nodes and extranodal sites. Most patients present 
with stage III – IV disease and  ‘ B ’  symptoms. The morphology 

may be variable. The  ‘ common ’  appearance (60% of cases) 
consists of large tumour cells, frequently with hallmark appear-
ance, that tend to grow within the sinuses, resembling a 
metastatic tumour (Figure  33.25 ). Some cases may have a lym-
phohistiocytic pattern (10%) characterized by few tumour cells 
overwhelmed by reactive histiocytes. A small - cell variant (5 –
 10%) has been recognized that seems to have a worse prognosis. 
Some cases (3%) may mimic HL but the cells are ALK positive 
and CD15 negative. Relapses may reveal morphological features 
different from those seen initially. The tumour cells are CD30 
positive. In cases with t(2;5)/ NPM – ALK  translocation, ALK 
staining is both cytoplasmic and nuclear. In cases with variant 
translocations, ALK staining may be membranous or cytoplas-
mic. Most ALCL ALK +  are positive for EMA, express cytotoxic 
markers and bear one or more T - cell antigens, although some 
may have null phenotype. EBV is negative. TCR gene is rear-
ranged. The most frequent genetic alteration is t(2;5)(p23;q35) 
involving the  ALK  and nucleophosmin ( NPM ) genes. Variant 
translocations lead to fusion of the  ALK  gene with other part-
ners on chromosomes 1, 2, 3, 17, 19, 22 and X. All these aber-
rations result in upregulation and different subcellular 

(a)
(b)

(c)

     Figure 33.25     Anaplastic large - cell lymphoma, ALK + . (a) Some 

hallmark cells can be easily seen. (b, c) Expression of CD30 

(b) and ALK protein (c) (alkaline phosphatase anti - alkaline 

phosphatase, Gill ’ s counterstain,  × 500 and  × 250, respectively).  
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(a) (b)

(c) (d)

(e)

     Figure 33.26     Anaplastic large - cell lymphoma, ALK  −  . (a) The 

tumour consists of large cells partly showing hallmark appearance, 

and strong positivity for CD30 (b), CD45 (c), CD3 (d) and 

granzyme B (e).  
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cases, a fi nding not observed in ALCL ALK  −  . In contrast, the 
distinction between peripheral T - cell lymphoma not otherwise 
specifi ed and ALCL ALK  −   is not always clear - cut, although 
recent gene expression profi ling studies have defi nitely shown 
distinct signatures. Homogeneous strong CD30 staining on the 
cell membrane and Golgi area of all neoplastic cells favours the 
diagnosis of ALCL ALK  −  , as does complete loss of T - cell markers. 
Most cases show clonal TCR gene rearrangement and EBV is 
negative. ALCL ALK  −   has a 5 - year OS poorer than that of ALCL 
ALK +  (49% vs. 80%), but defi nitively better than peripheral 
T - cell lymphoma not otherwise specifi ed (49% vs. 32%).     

  Hodgkin  l ymphoma 

 HL accounts for about 10% of lymphoid tumours. Irrespectively 
of the histotype, HL is characterized by the following features: 
(i) usual onset in the lymph nodes, preferentially cervical ones; 
(ii) predilection for young adults; and (iii) small number of 
mononucleated and multinucleated tumour cells (Hodgkin and 
Reed – Sternberg cells) within an exuberant infl ammatory milieu 
and often ringed by rosettes of T lymphocytes. Biological and 
clinical studies have shown that HL comprises two disease enti-

distribution of ALK protein but do not have clinical relevance. 
ALCL ALK + , ALCL ALK  −   and peripheral T - cell lymphoma not 
otherwise specifi ed have different chromosomal and gene 
expression profi les. The IPI predicts the clinical outcome. The 
5 - year OS is about 80%.    

  Anaplastic  l arge -  c ell  l ymphoma,  ALK   −   

 In the new WHO Classifi cation, ALCL ALK  −   is a provisional 
entity. Most cases express both T - cell - associated and cytotoxic 
markers (Figure  33.26 ). The tumour must be distinguished 
from C - ALCL, other CD30 - positive T -  or B - cell lymphomas 
with anaplastic features, and classical HL. ALCL ALK  −   affects 
adults with a slight male predominance, involves lymph nodes 
and, less frequently, extranodal sites. Most patients are staged 
III – IV, with  ‘ B ’  symptoms. Usually, the organ architecture is 
effaced by solid cohesive sheets of neoplastic cells. In the lymph 
node, the latter tend to diffuse through sinuses, mimicking 
metastatic carcinoma. The main differential diagnosis is with 
peripheral T - cell lymphoma not otherwise specifi ed and classi-
cal HL but immunophenotypic and molecular studies can dis-
tinguish these entities in most cases. In this regard, BSAP/PAX5 
staining is useful: classical HL shows weak positivity in most 

(a) (b)

(c)

     Figure 33.27     Nodular lymphocyte predominant (LP) Hodgkin 

lymphoma. (a) Typical LP cells within a milieu of small 

lymphocytes. (b) The LP tumour cells are surrounded by rosettes 

of CD3 +  T lymphocytes. (c) LP cells and most small lymphocytes 

express CD79a.  
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CD30 and EBV infection. The tumour cells are ringed by 
T - follicular helper cells that are positive for CD3, CD4, PD - 1 
and (to a lesser extent) CD57. LP cells show clonal  IGHV  gene 
rearrangement, with a high load of somatic mutations that may 
be ongoing. Aberrant somatic hypermutations of  PAX5 ,  PIM1 , 
 RhoH/TTF  (now called  RHOH ) and  MYC  genes are recorded 
in 80% of cases. NLPHL is an indolent disease with frequent 
relapses that usually remains responsive to therapy. Advanced 
stages have an unfavourable prognosis. Progression to large 
B - cell lymphoma - like lesions is seen in 3 – 5% of cases.    

  Classical Hodgkin  l ymphoma 

 Classical Hodgkin lymphoma is a monoclonal lymphoid neo-
plasm (mostly derived from B cells) composed of Hodgkin and 
Reed – Sternberg cells within a variable mixture of reactive lym-
phocytes, eosinophils, neutrophils, histiocytes, plasma cells, 
fi broblasts and collagen fi bres (Figure  33.28 ). Based on the 
characteristics of the infl ammatory background, and to a certain 
extent on the morphology of Hodgkin and Reed – Sternberg cells 
(i.e. lacunar cells), four histological subtypes are distinguished: 

ties: nodular lymphocyte predominant HL (NLPHL) and clas-
sical HL. 

  Nodular  l ymphocyte  p redominant Hodgkin 
 l ymphoma 

 NLPHL is a monoclonal B - cell tumour characterized by a 
nodular or a nodular and diffuse proliferation of scattered large 
multilobated neoplastic cells, known as  ‘ popcorn ’  or LP cells 
(Figure  33.27 ). These reside in a follicular background with 
large follicular dendritic cell meshworks fi lled with non - 
neoplastic lymphocytes and histiocytes. One - third of the cases 
diagnosed in the past as NLPHL were lymphocyte - rich classical 
HL. It is currently unclear whether a diffuse NLPHL exists, its 
borders with T - cell/histiocyte - rich large B - cell lymphoma being 
not always sharp. NLPHL represents approximately 5% of HL 
cases. Patients are predominantly males in the fourth decade of 
life. LP cells are regularly positive for CD20, CD79a, EMA, 
BCL - 6 and CD45. In contrast to Hodgkin and Reed – Sternberg 
cells of classical HL, tumor cells are positive for Oct - 2, BOB.1 
and immunoglobulin light and/or heavy chains but lack CD15, 

(a) (b)

(c) (d)

     Figure 33.28     Classical Hodgkin lymphoma. (a) Mixed cellularity type. (b) Nodular sclerosing type (H & E,  × 100). (c, d) Neoplastic cells 

positive for CD30 (c) and CD15 (d).  
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lymphocyte rich, nodular sclerosis, mixed cellularity and lym-
phocyte depleted. The immunophenotypic and genetic features 
of Hodgkin and Reed – Sternberg cells are identical in these his-
tological subtypes, whereas clinical features and EBV associa-
tion vary. Classical HL accounts for 95% of HLs, with a bimodal 
age curve in resource - rich countries, showing a peak at 15 – 35 
years and a second peak in late life. Classical HL most often 
involves cervical lymph nodes and in approximately 60% of 
patients (usually with the nodular sclerosis subtype) causes a 
mediastinal mass. Hodgkin and Reed – Sternberg cells typically 
represent 0.1 – 10% of the cellular infi ltrate. The composition of 
the reactive milieu varies according to the subtype. Hodgkin 
and Reed – Sternberg cells are CD30 positive in nearly all cases, 
and CD15 positive in most. In 30 – 40% of cases CD20 may be 
detected, usually of varied intensity and in a minority of 
Hodgkin and Reed – Sternberg cells. The B - cell nature of neo-
plastic cells is sustained in about 95% of cases by their expres-
sion of BSAP/PAX5, though weaker than that of reactive B cells. 
EBV - positive Hodgkin and Reed – Sternberg cells show a latency 
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rearranged  IGHV  genes harbour a high load of somatic hyper-
mutations, usually not ongoing.     
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  Introduction 

 Hodgkin lymphoma is an uncommon tumour, although it is 
one of the more frequent malignancies in young people. 
Traditionally, radiotherapy was the primary therapeutic 
approach, and the fi rst successful combination chemotherapy 
regimen was introduced in the 1960s. Since then, combined 
modality therapy has developed allowing reduction of both 
chemotherapy and radiotherapy doses. The outcome of patients 
with Hodgkin lymphoma has improved greatly over the last few 
decades such that it should now be considered curable in the 
large majority of cases. With the excellent cure rates now attain-
able, the late effects of treatment have become more apparent. 
Current therapeutic strategies must aim to maintain these high 
cure rates while minimizing these late effects.  

  Epidemiology 

 Hodgkin lymphoma is a relatively uncommon malignancy, 
with an incidence in the UK of about 2.4 per 100   000 per annum, 
and an overall male to female ratio of 1.4   :   1. It is a disease that 
affects young adults, and is the third most commonly diagnosed 
cancer in people aged 15 – 29 years. The previously described 
second peak in older age groups is partly an artefact, due to 

misreporting of non - Hodgkin (mainly anaplastic) lymphomas 
in this age group. The overall incidence is stable in comparison 
to that of non - Hodgkin lymphomas, which appears to be rising. 
Worldwide prevalence rates vary, with more than 5.5 per 
100   000 in Yemen and Lebanon and less than 1 per 100   000 in 
China and Japan. At least some of this variation, and that of the 
proportions of histological subtypes, appears to relate to the 
degree of industrialization. As a consequence of the excellent 
responses to treatment, mortality rates are low (0.4 per 100   000 
per annum in the UK). Mortality increases with age and in 
countries with less access to treatment.  

  Aetiology 

 Although no clear - cut aetiological agent has been identifi ed 
for Hodgkin lymphoma, Epstein – Barr virus (EBV) has long 
been theorized to play a causative role. EBV nucleic acids and 
proteins have been detected in 25 – 50% of cases, and patients 
with Hodgkin lymphoma have different serological profi les 
of antibodies to EBV - associated antigens prior to diagnosis 
compared with healthy controls. However, differences remain 
between histological subtypes, age groups and geographical 
locations, and a precise causative role has not been defi nitively 
identifi ed. No other infectious agents have shown a consistent 
association. 

 Immunosuppression is associated with an increased risk of 
developing Hodgkin lymphoma, especially in HIV infection, 
which increases the risk by 7 – 14 times. However, in contrast to 
non - Hodgkin lymphomas, the incidence is not directly corre-
lated with a low CD4 count, and the prevalence has actually 
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  Pathogenesis 

  Nature of  m alignant  c ell 

 The pathogenesis of Hodgkin lymphoma is still not completely 
understood. Indeed, the nature of the underlying neoplastic cell 
was only confi rmed relatively recently, when single - cell studies 
from microdissected specimens were performed. These con-
fi rmed that the HRS cell of CHL is of B - cell origin, probably of 
a germinal or post - germinal centre type, with clonal rearrange-

increased with better viral control since the introduction of 
highly active antiretroviral therapy.  

  Histological  c lassifi cation 
 ( s ee  a lso Chapter    33   )  

 Hodgkin lymphoma is broadly classifi ed into two distinct 
entities: classical Hodgkin lymphoma (CHL) and nodular 
lymphocyte - predominant Hodgkin lymphoma (NLPHL). Both 
types are characterized by the histological appearance of only a 
small number of neoplastic Hodgkin/Reed – Sternberg (HRS) 
cells in an infl ammatory background of reactive T cells and 
eosinophils, with varying degrees of fi brosis. 

 CHL is divided into four subtypes (Table  34.1 ). In the devel-
oped world, nodular sclerosing Hodgkin lymphoma accounts 
for the majority of cases. Although the HRS cell has now been 
identifi ed as being of B - cell lineage, the mature B - cell antigen 
expression pattern is often low or absent (Table  34.2  and Figures 
 34.1 – 34.4 ).     

 NLPHL has a distinct histological appearance, with HRS cells 
having a lymphocytic and histiocytic or  ‘ popcorn ’  appearance. 
The immunophenoytype is more typical for a B cell, being 
positive for CD20 and immunoglobulin expression (Figures 
 34.5 – 34.8 ).    

     Figure 34.1     Low - power view of lymph node biopsy of classical 

Hodgkin lymphoma showing nodularity and sclerosis.  

     Figure 34.2     High - power view of classical Hodgkin lymphoma 

showing abundant Reed – Sternberg cells and occasional 

eosinophils.  

  Table 34.1    WHO classifi cation of Hodgkin lymphoma. 

  Nodular lymphocyte - predominant Hodgkin lymphoma  

  Classical Hodgkin lymphoma  

     Nodular sclerosis classical Hodgkin lymphoma  

     Mixed - cellularity classical Hodgkin lymphoma  

     Lymphocyte - rich classical Hodgkin lymphoma  

     Lymphocyte - depleted classical Hodgkin lymphoma  

  Table 34.2    Immunophenotype of Hodgkin lymphoma. 

        Classical Hodgkin 

lymphoma: 

presence/absence 

of Reed – Sternberg 

cells  

   Nodular lymphocyte -

 predominant Hodgkin 

lymphoma: presence/

absence of 

lymphocytic and 

histiocytic cells  

  CD30    Present    Absent  

  CD15    Usually present    Absent  

  Immunoglobulin    Absent    Present  

  CD20    Absent    Present  

  Other B - cell 

markers  

  Ususally absent    Usually present  
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  Mechanism of  t umorigenesis 

 Information on the mechanisms leading to development of a 
malignant phenotype is limited, and the inability to perform 
functional studies on cells purifi ed from tissue specimens means 
that almost all data are derived from cultured cell lines. 

 Several pathways have been identifi ed as being linked to the 
growth and survival of HRS cells. NF -  κ B signalling is increased, 
caused by a number of upstream mechanisms, such as reduced 
levels of I κ B, which normally acts as an inhibitor. The inactiva-

     Figure 34.3     CD30 immunostain of classical Hodgkin lymphoma 

showing clear membranous and Golgi apparatus staining of the 

Hodgkin/Reed – Sternberg cells.  

     Figure 34.4     CD15 immunostain of classical Hodgkin lymphoma.  

     Figure 34.5     Low - power view of lymph node biopsy of nodular 

lymphocyte - predominant Hodgkin lymphoma showing nodular 

features and slight mottled appearance of the follicles.  

     Figure 34.6     High - power view of nodular lymphocyte -

 predominant Hodgkin lymphoma showing many convoluted 

lymphocytic and histiocytic or  ‘ popcorn ’  cells.  

ments in the V, D and J segments of the IgH chain locus in the 
majority of patients. There is absent immunoglobulin expres-
sion in HRS cells, indicative of crippling mutations in the 
immunoglobulin gene or defective expression of the transcrip-
tion factor(s) that regulate the B - cell differentiation programme. 
In contrast, the malignant lymphocytic and histiocytic cells of 
NLPHL have both the genotype and immunophenotype of 
typical post - germinal centre B cells (Table  34.2 ). Whereas there 
is markedly reduced or absent expression of the transcription 
factor Oct2 or its coactivator BOB1 in HRS cells of CHL, these 
factors are highly expressed in the malignant cells of NLPHL.  
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 Unlike some other haematological neoplasms, no specifi c 
chromosomal translocation has been identifi ed on cytogenetic 
analysis, but the presence of aneuploidy with widespread 
chromosomal abnormalities suggests underlying genomic 
instability.  

  Mechanism of  s urrounding  t issue  r eaction 

 The characteristic surrounding infl ammatory tissue of Hodgkin 
lymphoma is a mixture of T cells (mainly CD4 +  T - regulatory 
cells), histiocytes, plasma cells, eosinophils and neutrophils. 
The background is thought to be cytokine - induced, for example 
eotaxin released from fi broblasts causing eosinophil infi ltration. 
This cytokine release may also account for the characteristic 
blood abnormalities associated with Hodgkin lymphoma, and 
the systemic  ‘ B ’  symptoms.   

  Clinical  p resentation 

 Hodgkin lymphoma can present in a variety of ways. Most 
commonly, however, it arises within a lymph node, presenting 
as an enlarged but painless lump, usually in the neck or supra-
clavicular region. Mediastinal nodes are involved in up to 60% 
of cases at presentation and retroperitoneal nodes in 25%. 
Presentation in the subdiaphragmatic nodes alone is less 
common. 

 A mediastinal mass detected on chest radiography is also 
common, either after investigation for pulmonary symptoms 
(e.g. chest discomfort, cough or dyspnoea) or as an incidental 
fi nding (Figure  34.9 ). Other presentations, such as bone marrow 
infi ltration, cholestasis and autoimmune phenomena, are well 
documented but much rarer.   

 An important feature of Hodgkin lymphoma is the initial 
contiguous pattern of spread through adjacent lymph nodes; 
only later does haematogenous spread to more distant organs 
take place. Splenomegaly may occur without direct disease 
involvement, although hepatosplenomegaly almost invariably 
indicates disease infi ltration. Peripheral blood manifestations 
are common but non - specifi c, with lymphocytopenia and 
anaemia being indicators of advanced disease. The prognostic 
signifi cance of eosinophila is unclear. 

 Systemic  ‘ B ’  symptoms are found in approximately 25% of 
patients at presentation. An  ‘ A ’  staging merely represents the 
absence of  ‘ B ’  symptoms. These consist of weight loss, night 
sweats and fevers. The so - called Pel – Ebstein fever describes a 
characteristic intermittent fever associated with Hodgkin lym-
phoma. However, its specifi city and indeed existence has been 
called into question. Other systemic symptoms include pruri-
tus, alcohol - induced pain at the site of affected lymph nodes 
and skin lesions. 

 NLPHL tends to present with chronic asymptomatic periph-
eral lymphadenopathy; 80% of cases present with early - stage 

tion of I κ B is caused by, among other factors, the EBV - derived 
latent membrane protein (LMP) - 1. This is one of the mecha-
nisms by which EBV may act as a viral aetiological agent for the 
development of Hodgkin lymphoma. Other pathways impli-
cated in tumorigenesis include activated protein (AP) - 1, the 
JAK/STAT and NOTCH signalling pathway, and autocrine 
effects from interleukin (IL) - 13 activity. 

     Figure 34.7     CD20 staining of nodular lymphocyte - predominant 

Hodgkin lymphoma. Note that the lymphocytic and histiocytic 

cells are typically surrounded by a rosette of CD20 - negative 

reactive T cells.  

     Figure 34.8     J - chain immunostaining of nodular lymphocyte -

 predominant Hodgkin lymphoma demonstrating 

immunoglobulin production of lymphocytic and histiocytic cells, 

a feature not seen in classical Hodgkin lymphoma.  
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 Bone marrow infi ltration is only found in around 6% of cases 
(and even less in NLPHL), and bone marrow biopsy is only 
indicated in advanced - stage disease (IIB to IV), in the presence 
of cytopenias, or if mandated by a clinical trial. In otherwise 
localized disease, the pick - up rate for upstaging by bone marrow 
involvement is very low. PET positivity of infi ltrated bone 
marrow has some concordance with histological analysis but 

disease and, compared with CHL, mediastinal involvement and 
 ‘ B ’  symptoms are less common. NLPHL tends to relapse late as 
a large - cell lymphoma, in keeping with its phenotype being 
more similar to non - Hodgkin lymphomas.  

  Diagnosis and  s taging 

 The diagnosis of Hodgkin lymphoma is made histologically, 
usually from an affected lymph node. Routine light microscopy 
is almost always augmented by immunohistochemical staining 
(see Figures  34.3 ,  34.4 ,  34.7  and  34.8 ). 

 Once the diagnosis has been confi rmed, full staging is carried 
out by computed tomography (CT) from neck to pelvis, and 
bone marrow biopsy where indicated. Staging is still based on 
the Ann Arbor system (Table  34.3 ), which was developed over 
30 years ago primarily to defi ne who would benefi t from radio-
therapy. The Cotswolds modifi cation, made in 1989, takes into 
account the importance of bulky disease and the fact that 
laparotomy and diagnostic splenectomy are no longer 
recommended due to the associated morbidity and mortality 
(Figure  34.10 ).     

 Functional imaging plays an increasing role, with gallium 
scanning now effectively superseded by  18 F - fl uorodeoxyglucose 
positron emission tomography (FDG - PET) (Figure  34.11 ). 
Hodgkin lymphoma is usually FDG - avid, and so is assumed to 
be positive on presentation. PET is beginning to form part of 
standard initial staging investigations, especially where FDG -
 avidity on PET will alter the stage and the treatment strategy 
employed.   

     Figure 34.9     Chest radiograph showing enlarged superior 

mediastinum.  

     Figure 34.10     CT scan of the chest showing large anterior 

mediastinal mass with area of probable necrosis.  

  Table 34.3    Ann Arbor staging system with Cotswolds 

modifi cations for Hodgkin lymphoma. 

   Stage   

  I    Involvement of a single lymph - node region or lymphoid 

structure (e.g. spleen, thymus, Waldeyer ring)  

  II    Two or more lymph node regions on the same side of 

the diaphragm  

  III    Lymph nodes on both sides of the diaphragm  

  III1    With splenic hilar, coeliac or portal nodes  

  III2    With para - aortic, iliac, mesenteric nodes  

  IV    Involvement of extranodal site(s) beyond that 

designated  ‘ E ’   

   Modifying features   

  A    No symptoms  

  B    Fever, drenching night sweats, weight loss  > 10% in 

6 months  

  X    Bulky disease: more than one - third widening of 

mediastinum,  > 10   cm maximum diameter of nodal 

mass  

  E    Involvement of single, contiguous or proximal 

extranodal site  

  CS    Clinical stage  

  PS    Pathological stage  



Postgraduate Haematology

644

tive analysis at 4 years showed freedom from treatment failure 
rates for CHL and NLPHL patients of 88% and 82%, respec-
tively, and overall survival rates of 96% and 92%. Poor prog-
nostic factors in NLPHL have been identifi ed as advanced stage, 
anaemia and lymphopenia.  

  Response  a ssessment 

 Assessment of disease response requires repeat imaging (Figure 
 34.12 ) and, if infi ltrated on staging investigations, repeat bone 
marrow biopsy. The utility of PET is increasingly well under-
stood, and in any case of residual disease it can help differentiate 
between active disease and fi brotic material. In view of this, the 
previous CR(u) (unconfi rmed) classifi cation to describe resid-
ual masses of uncertain signifi cance on CT has been eliminated. 
Responses to treatment are now classifi ed as complete response 
(CR), partial response (PR), stable disease or progressive/
relapsed disease (Table  34.6 ).     

 False - positive PET results can occur after treatment, so 
imaging is recommended at 3 or 6 weeks after chemotherapy 

has not been shown to correlate strongly enough to supersede 
its use. 

 Magnetic resonance imaging (MRI) is largely restricted to the 
evaluation of specifi c situations such as bony involvement or 
spinal cord compression.  

  Prognostic  f actors 

 Several attempts have been made to identify clinically relevant 
prognostic factors and combine them to allow risk stratifi ca-
tion. Limited - stage disease (I and II) has been subdivided 
into favourable and unfavourable groups by the European 
Organization for Research and Treatment of Cancer (EORTC) 
on the basis of the number of nodal areas, age, systemic symp-
toms and large mediastinal adenopathy (Table  34.4 ) This strati-
fi cation was fi rst developed in the era when radiotherapy was 
the mainstay of treatment, but the EORTC H7 trial on limited -
 stage disease demonstrated the ongoing validity of this approach 
in defi ning favourable and unfavourable patient groups. 
However, the implications for treatment are still not clear, and 
in the UK and the USA all early - stage patients are usually 
managed the same way.   

 In advanced - stage disease, the International Prognostic Index 
(IPI) or Hasenclever score was developed based on an analysis 
of over 5000 patients treated initially with an anthracycline -
 containing chemotherapy regimen. Seven factors were identi-
fi ed, each of which reduced the 5 - year freedom from progression 
rate by around 8% (Table  34.5 ).   

 NLPHL has a slightly better prognosis than CHL, although 
its potential for late relapse as a large - cell lymphoma necessi-
tates ongoing post - treatment surveillance. A recent retrospec-

     Figure 34.11     FDG - PET scan showing FDG avidity of large 

mediastinal mass.  

  Table 34.4    EORTC risk factors in localized disease. 

   Favourable   

  Patients must have all of the following features:  

     Clinical stage I and II  

     Maximum of three nodal areas involved  

     Age    <    50 years  

     ESR    <    50   mm/hour without  ‘ B ’  symptoms or ESR    <    30   mm/

hour with  ‘ B ’  symptoms  

     Mediastinal/thoracic ratio  < 0.35  

   Unfavourable   

  Patients have any of the following features:  

     Clinical stage II with involvement of at least four nodal areas  

     Age    >    50 years  

     ESR    >    50   mm/hour if asymptomatic or ESR    >    30   mm/hour if 

 ‘ B ’  symptoms  

     Mediastinal/thoracic ratio  > 0.35  

   ESR, erythrocyte sedimentation rate.   

  Table 34.5    Hasenclever index. 

  Age    >    45 years  

  Male gender  

  Serum albumin  <  40   g/L  

  Haemoglobin  <  10.5   g/dL  

  Stage IV disease  

  Leucocytosis (white cell count  ≥  15    ×    10 9 /L)  

  Lymphopenia ( < 0.6    ×    10 9 /L or  < 8% of the white cell count)  
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recent data from non - Hodgkin lymphomas have raised con-
cerns about both the extent of predictive value and the degree 
of interobserver agreement in the interpretation of scans. Future 
strategies may employ a more quantitative approach, incorpo-
rating standard uptake values rather than qualitative interpreta-
tions as simple positive or negative. 

 At present, PET response - adapted therapies are not recom-
mended outside of clinical trials. Post - remission surveillance 
with either CT or PET has not been shown to be useful in 
guiding treatment.  

  Treatment 

 The treatment of Hodgkin lymphoma is often called one of the 
success stories of cancer treatment. What was once an invariably 
terminal condition is now considered curable in the majority of 
cases. Early treatment strategies were based exclusively on radi-
otherapy, and the staging and prognostic systems still refl ect 
this to an extent. Although radiotherapy resulted in high rates 
of remission in localized disease, relapse rates were high. 
Subsequent developments in fi eld size have focused on balanc-
ing the benefi ts of lower relapse rates associated with larger 
fi elds with the reduced toxicity from smaller ones. 

 Starting in the 1940s, cytotoxic chemotherapy was intro-
duced, initially with single agents, before the development of 
combination regimens. The fi rst of these was the MOPP regimen 
in the 1960s, comprising mustine, vincristine (Oncovin), 
procarbazine and prednisolone, which was gradually adjusted 
to maintain effi cacy but reduce toxicities. In the 1970s, an 

and radiotherapy, respectively. Other causes of false - positive 
PET results include rebound thymic hyperplasia, infection, 
infl ammation, brown fat and extramedullary haemopoiesis. In 
the event of uncertainty as to the nature of the PET - positive 
lesion, biopsy is recommended. PET is also used in NLPHL, but 
it may be less reliably FDG - avid, making interpretation more 
diffi cult (Figures  34.13  and  34.14 ).   

 Interim PET to assess response and guide prognosis (e.g. after 
two to four cycles of treatment, after salvage treatment or before 
consideration of autograft or allograft) has been assessed for its 
value in predicting long - term response. There is evidence that 
negative PET at this stage can be predictive of outcome, but 

     Figure 34.12     CT scan of the chest showing large residual mass at 

end of treatment.  

     Figure 34.13     PET/CT scan of same patient as in Figure  34.12  

showing FDG avidity of large residual mass.  

     Figure 34.14     PET/CT scan showing FDG -  ‘ cold ’  residual mass.  
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  Table 34.6    Response defi nitions for clinical trials. 

   Response     Defi nition     Nodal masses     Spleen, liver     Bone marrow  

  CR    Disappearance of 

all evidence of 

disease  

     (a)     FDG - avid or PET positive prior 

to therapy; mass of any size 

permitted if PET negative  

  (b)     Variably FDG - avid or PET 

negative; regression to normal 

size on CT     

  Not palpable, nodules 

disappeared  

  Infi ltrate cleared on repeat 

biopsy; if indeterminate 

by morphology, 

immunohistochemistry 

should be negative  

  PR    Regression of 

measuable 

disease and no 

new sites  

   ≥ 50% decrease in SPD of up to six 

largest dominant masses; no 

increase in size of other nodes 

    (a)     FDG - avid or PET positive prior 

to therapy; one or more PET 

positive at previously involved 

site  

  (b)     Variably FDG - avid or PET 

negative; regression on CT     

   ≥ 50% decrease in SPD 

of nodules (for single 

nodule in greatest 

transverse diameter); 

no increase in size of 

liver or spleen  

  Irrelevant if positive prior 

to therapy; cell type 

should be specifi ed  

  SD    Failure to attain 

CR/PR or PD  

     (a)     FDG - avid or PET positive prior 

to therapy; PET positive at prior 

sites of disease and no new sites 

on CT or PET  

  (b)     Variably FDG - avid or PET 

negative; no change in size of 

previous lesions on CT     

        

  Relapsed 

disease 

or PD  

  Any new lesion 

or increase by 

 ≥ 50% of 

previously 

involved sites 

from nadir  

  Appearance of a new lesion(s) 

 > 1.5   cm in any axis,  ≥ 50% 

increase in SPD of more than 

one node, or  ≥ 50% increase in 

longest diameter of a previously 

identifed node  > 1   cm in short 

axis 

 Lesions PET positive if FDG - avid 

lymphoma or PET positive prior 

to therapy  

   > 50% increase from 

nadir in the SPD of 

any previous lesions  

  New or recurrent 

involvement  

   CR, complete remission; CT, computed tomography; FDG, [ 18 F]fl uorodeoxyglucose; PD, progressive disease; PET, positron emission 

tomography; PR, partial remission; SD, stable disease; SPD, sum of the product of the diameters.   

alternative regimen comprising doxorubicin (Adriamycin), 
bleomycin, vinblastine and dacarbazine (ABVD) was devel-
oped, originally as salvage treatment for patients who had failed 
MOPP chemotherapy, and was designed as far as possible to 
contain non - cross - resistant drugs to those in MOPP. ABVD 
was subsequently shown to be as effective as MOPP, with lower 
rates of infertility and secondary leukaemias, and has become 
the fi rst - line regimen of choice in most situations. 

 Recent trends in treatment strategy have focused on the com-
bination of chemotherapy and radiotherapy in early - stage 
disease and better risk stratifi cation in all patients. The aim is 

to minimize toxicities where possible, but allow escalation of 
treatment in those in poorer - risk groups. A further factor is that 
many patients who relapse or fail to respond to initial therapy 
may be cured with subsequent salvage treatment, such as com-
bination chemotherapy in relapse after radiotherapy or high -
 dose chemotherapy supported by stem cell autograft. This again 
raises issues about treatment selection, such as whether it is 
better to use more aggressive treatment strategies up front to 
minimize relapse risk or try to minimize toxicities with less 
intensive treatment, with the expectation that salvage treatment 
can be used in those who relapse. 
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no prospective randomized trials carried out specifi cally in 
NLPHL, so treatment recommendations have been more dif-
fi cult to make.   

 Its better prognosis and tendency to present in early stage 
means that local treatment such as radiotherapy or even 
just surgical resection is often used. Surgery alone has been 
shown to confer an excellent overall survival rate, but there 
is a substantial relapse rate necessitating further treatment 
in many patients. A recent trial of surgery and observation 
alone produced a 4 - year overall survival rate of 100% but 
progression - free survival of only 57%. Advanced disease 
is treated in the same way as CHL, with combination 
chemotherapy. 

 Use of the anti - CD20 monoclonal antibody rituximab is 
an attractive therapeutic option, and recent Phase II trials indi-
cate response rates of 94 – 100% in newly diagnosed, relapsed 
and refractory disease, with complete response rates of around 
50%. Its precise role has yet to be defi ned, and in the absence 
of Phase III trial data its use is highly variable from centre to 
centre.  

  Classical Hodgkin  l ymphoma:  e arly  s tage 

 As noted above, treatment of Hodgkin lymphoma is constantly 
developing, and as disease control has improved, much of the 
emphasis is on reduction of toxicities. 

 Treatment of early - stage disease was traditionally with radio-
therapy, but despite the impressive response rates two impor-
tant problems were evident. Firstly, even the largest fi elds were 
associated with relapse rates of 20 – 30%, usually outside the 
treatment fi eld, indicating the presence of occult metastatic 
disease at the time of presentation. Secondly, there were clini-
cally signifi cant toxicities, particularly secondary cancers and 
cardiac damage. In view of this, combined modality treatment 
was developed to try to gain the maximum benefi ts of both 
chemotherapy and radiotherapy, while minimizing the toxici-
ties associated with both. Radiotherapy alone is nowadays only 
recommended for early - stage NLPHL. 

 Combined modality treatment (CMT) has been shown in a 
number of trials to give a superior progression - free survival 
compared with radiotherapy alone. The most recent EORTC 
H8 trial has also demonstrated an overall survival benefi t in 
favourable - risk patients of 97% at 10 years compared with 92% 
with radiotherapy alone, albeit with a chemotherapy regimen 
(MOPP/ABV) that has been superseded by ABVD. Reduced 
rates of secondary cancers with CMT compared with radio-
therapy alone were noted in a retrospective analysis of 181 
favourable - group patients. This was assumed to be due to the 
reduced - dose radiotherapy in the CMT group. 

 Further trials have attempted to reduce the amount of radio-
therapy by reducing dose and fi eld size. Radiotherapy is now 
usually given as involved fi elds (as opposed to extended) and at 
a maximum of 30   Gy in the combined modality setting. Attempts 

 The number of different treatment options (Table  34.7 ) and 
ability to treat relapse disease has also made interpretation of 
trial data more complicated. Risk stratifi cation and treatments 
vary widely, and long follow - up periods are required to assess 
long - term advantages in terms of overall survival benefi t. 
Paradoxically, many of the best trials with robust data on long -
 term outcomes are hampered by the fact that treatments under 
investigation have often become obsolete by the time of fi nal 
analysis.   

  Nodular  l ymphocyte -  p redominant Hodgkin 
 l ymphoma  (Table    34.8   )  

 As discussed above, NLPHL is a distinct entity and needs to be 
considered separately from a therapeutic standpoint. There are 

  Table 34.7    Chemotherapy regimens. 

  ABVD    Doxorubicin, bleomycin, vinblastine, 

dacarbazine  

  BEACOPP    Bleomycin, etoposide, doxorubicin, 

cyclophosphamide, vincristine, 

procarbazine, prednisone  

  BEAM    Carmustine, etoposide, cytarabine, 

melphalan  

  ChlVPP    Chlorambucil, vinblastine, procarbazine, 

prednisolone  

  ChlVPP/PABlOE    Chlorambucil, vinblastine, procarbazine, 

prednisone alternating with prednisolone, 

doxorubicin, bleomycin, vincristine, 

etoposide  

  ChlVPP/EVA    Chlorambucil, vinblastine, procarbazine, 

prednisone, etoposide, vincristine, 

doxorubicin  

  ESHAP    Etoposide, cytarabine, cisplatin, 

methylprednisolone  

  GEM - P    Gemcitabine, cisplatin, methylprednisolone  

  ICE    Ifosfamide, carboplatin, etoposide  

  MOPP    Mechlorethamine, vincristine, procarbazine, 

prednisone  

  MOPP/ABV    Mechlorethamine, vincristine, procarbazine, 

prednisone, doxorubicin, bleomycin, 

vinblastine  

  MOPP/EBV/CAD    Mechlorethamine, vincristine, procarbazine, 

prednisone, epirubicin, bleomycin, 

vinblastine, lomustine, doxorubicin, 

vindesine  

  Stanford - V    Bleomycin, doxorubicin, etoposide, 

mechlorethamine, prednisone, 

vinblastine, vincristine  
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are ongoing to defi ne the optimum treatment and to determine 
whether sites of bulky disease require additional radiotherapy 
boosts. 

 Chemotherapy regimens vary, but based on outcomes in 
trials of patients with advanced disease, ABVD is usually the 
treatment of choice. The number of cycles used at present is 
usually three or four, but there may be the potential to reduce 
this to two. There are also attempts to reduce the toxicity of the 
drug regimen, for example by omitting dacarbazine. 

 Trials have examined whether radiotherapy can be omitted 
completely by treating with chemotherapy alone. In two trials 
comparing CMT with chemotherapy alone, both following 
patients for 5 years, freedom from progression and overall sur-
vival rates were similar. This has led some to suggest that treat-
ing with chemotherapy alone may eventually prove to provide 
the best results in such patients but, in the absence of clear 
evidence or expert consensus, CMT remains the most widely 
used treatment. The ongoing UK - based RAPID trial in early -
 stage disease should give further guidance on the value of 
interim PET in guiding treatment.  

  Table 34.8    Selected randomized trials in early - stage disease. 

   Study     Disease stage and 

treatment  

   Number of 

patients  

   Failure - free 

survival (%)  

   Overall survival 

(%)  

   Time 

(years)  

   Conclusion  

   Radiotherapy (RT) vs. combined modality treatment (CMT)   

  GHSG HD7 

(Engert  et al . 

 2007 )  

  I A  – II A  (favourable risk) 

 A: RT alone 

 B: ABVD  × 2   +   RT  

  650    FFTF 

 67 (A) vs. 88 (B) 

 B better than A  *    

  92 (A) vs. 94 (B) 

 No difference 

detected  

  7    CMT (using ABVD) 

superior to RT 

alone for 

early - stage disease  

  EORTC H8 - F 

(Ferm é  et al . 

 2007 )  

  I – II (favourable risk) 

 A: MOPP/ABV 

 × 3   +   IFRT 

 B: STNI  

  542    EFS 

 98 (A) vs. 74 (B) 

 A better than B  *    

  97 (A) vs. 92 (B) 

 A better than B  *    

  5 (FFS) 

 10 (OS)  

  CMT superior to RT 

alone for early - 

stage disease  

   Chemotherapy vs. combined modality treatment   

  NCIC/ECOG 

(Meyer  et al . 

 2005 )  

  I – II A  

 A: ABVD  × 4 or  × 6 

(stratifi ed by 

response) 

 B: STNI  ±  ABVD  × 2 

(stratifi ed by risk 

factors)  

  399    EFS 

 86 (A) vs. 88 (B) 

 No difference 

detected  

  96 (A) vs. 94 (B) 

 No difference 

detected  

  4    No difference 

between CMT and 

chemotherapy 

alone  

  New York (Straus 

 et al .  2004 )  

  I A  – III A  

 A: ABVD  × 6 

 B: ABVD  × 6   +   RT  

  152    FFP 

 86 (A) vs. 81 (B) 

 No difference 

detected  

  97 (A) vs. 90 (B) 

 No difference 

detected  

  5    No difference 

between CMT and 

chemotherapy 

alone  

    * Statistically signifi cant difference ( P     <    0.05).  

  EFS, event - free survival; FFP, freedom from progression; FFS, failure - free survival; FFTF, freedom from treatment failure; IFRT, 

involved - fi eld radiotherapy; OS, overall survival; STNI, subtotal nodal irradiation.   

  Classical Hodgkin  l ymphoma:  a dvanced  s tage 
 (Table    34.9   )  

 Since it was developed in the 1970s, originally as a salvage 
regimen for relapsed disease after MOPP, ABVD has remained 
the treatment of choice for most cases of advanced disease, with 
eight cycles of treatment standard in Europe. Cannelos and 
colleagues demonstrated its superiority to MOPP in terms of 
response rate (82% vs. 67%) and 5 - year failure - free survival 
(61% vs. 50%), although the 5 - year overall survival rates were 
similar (73% vs. 66%). Signifi cantly, long - term serious toxici-
ties such as infertility and secondary cancers were reduced with 
ABVD, which contains no alkylating agent. ABVD has subse-
quently been compared with various other treatments, includ-
ing alternating regimens such as MOPP/ABV, ChlVPP/PABlOE 
and hybrids such as ChlVPP/EVA and MOPP/EBV/CAD. In all 
cases, ABVD has been shown superior in terms of the balance 
of response and treatment toxicities.   

 Recently, attempts have been made to develop more intensive 
regimens to improve outcomes in poor - risk disease. The most 
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  Table 34.9    Selected randomized trials in advanced - stage disease. 

   Study     Disease stage and 

treatment  

   No. of 

patients  

   Failure - free survival 

(%)  

   Overall survival 

(%)  

   Time 

(years)  

   Conclusion  

   Chemotherapy alone   

  CALGB (Cannellos 

 et al . 1992)  

  III – IV 

 A: MOPP 

 B: MOPP/ABVD 

 C: ABVD  

  361    FFS 

 50  *   (A) vs. 65 (B) vs. 

61 (C) 

 B and C better than A  *   

 C least toxicities  

  66 (A) vs. 75 (B) 

vs. 73 (C)  

  5    Established ABVD 

as best - choice 

regimen for 

response and 

toxicities  

  Stanford (Horning 

 et al .  2002 )  

  I E  – IV 

 Stanford V  ±  

radiotherapy  

  856    FFP 

 89  

  96    5    Established effi cacy 

of Stanford V 

regimen  

  GHSG HD9 (Diehl 

 et al .  2003 )  

  II B  – IV 

 A: COPP/ABVD 

 B: BEACOPP 

 C: Escalated 

BEACOPP  

  1201    FFTF 

 69 (A) vs. 76  *   (B) vs. 

87  *   (C) 

 B better than A  *   

 C better than A and B  *    

  83  *   (A) vs. 88 (B) 

vs. 91  *   (C) 

 C better than A  *    

  5    Escalated 

BEACOPP gave 

improved 

outcomes in 

advanced disease  

  Intergruppo 

Italiano Linfomi 

(Gobbi  et al . 

 2005 )  

  II B  – IV 

 A: ABVD 

 B: Modifi ed 

Stanford V 

 C: MOPP/EBV/

CAD  

  355    FFS 

 78 (A) vs. 54  *   (B) vs. 

81 (C) 

 B worse than A and C  *   

 More toxicities in B, 

more dose 

reductions in C  

  90 (A) vs. 82  *   (B) 

vs. 89 (C) 

 B worse than A  *    

  5    No benefi t of 

modifi ed 

Stanford V or 

MOPP/EVA/

CAD over 

ABVD  

  BNLI LY09 

(Johnson  et al . 

 2005 )  

  I B  – IV 

 A: ABVD 

 B: ChlVPP/

PABlOE and 

ChlVPP/EVA  

  807    EFS 

 75 (A) vs. 75 (B) 

 More toxicities in B  

  90 (A) vs. 80 (B)    3    No benefi t of 

hybrid regimens 

over ABVD  

   Chemotherapy and radiotherapy   

  GELA H89 

(Ferm é  et al . 

 2006 )  

  III B  – IV 

 Treated to PR/CR 

with ABVPP or 

MOPP/ABV 

 A: Consolidation 

chemotherapy 

 B: Consolidation 

radiotherapy  

  533 (418 

to PR 

or CR)  

  DFS 

 73 (A) vs. 78 (B)  

  84 (A) vs. 79 (B)    10    No advantage to 

consolidation 

radiotherapy 

over 

consolidation 

chemotherapy  

  EORTC 20884 

(Aleman  et al . 

 2003 )  

  III – IV 

 Treated to CR 

with MOP/ABV 

 A: Consolidation 

radiotherapy 

 B: No 

consolidation 

radiotherapy  

  739 (421 

to CR)  

  EFS 

 79 (A) vs. 84 (B)  

  85 (A) vs. 91 (B)    5    No advantage to 

consolidation 

radiotherapy 

once CR has 

been reached  

    * Statistically signifi cant difference ( P     <    0.05).  

  BNLI, British National Lymphoma Investigation; CALGB, Cancer and Leukaemia Group B; CR, complete remission; DFS, disease - free 

survival; EFS, event - free survival; EORTC, European Organization for the Research and Treatment of Cancer; FFP, freedom from 

progression; FFS, failure - free survival; FFTF, freedom from treatment failure; GELA, Groupe d ’ Etudes de Lymphomes d ’ Adulte; PR, 

partial remission.   
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promising of these appears to be escalated BEACOPP (bleomy-
cin, etoposide, doxorubicin, cyclophosphamide, vincristine, 
procarbazine and prednisone). This regimen was developed by 
the German Hodgkin Lymphoma Study Group, based on math-
ematical modelling showing a greater benefi t from escalating 
drug doses than reducing the time interval between cycles. 
Increased myelosuppression was offset by the use of granulocyte 
colony - stimulating factor (G - CSF). Initial results in trials 
comparing BEACOPP with COPP/ABVD showed signifi cantly 
improved outcomes in both freedom from treatment failure 
and overall survival. Increased toxicities have led to attempts 
for risk stratifi cation in order to assess which patients required 
escalated BEACOPP and which could have the less - intensive 
BEACOPP or ABVD. This approach may well prove to be the 
most sensible way to proceed, especially using PET to assess 
initial response, but precise validated risk groups have still to 
be established. 

 The role for consolidation radiotherapy in advanced disease 
remains controversial. The EORTC 20884 trial showed no 
apparent benefi t of adjuvant radiotherapy for patients who have 
achieved a CR with chemotherapy alone, and direct comparison 
of adjuvant radiotherapy with two extra cycles of chemotherapy 
also showed no advantage at 10 - year follow - up for both disease -
 free survival and overall survival (GELA H89 trial). Radiotherapy 
may well have a role to play after less extensive chemotherapy 
treatment, and in patients who have only achieved a PR. It 
should be noted that both escalated BEACOPP and Stanford V 
(another more intensive regimen) make substantial use of radi-
otherapy as part of the treatment. For example, 85% of patients 
in the original Stanford trials received radiotherapy. In the 2003 
escalated BEACOPP data, over 60% of all patients received 
radiotherapy. 

 The role of interim PET to guide treatment is being increas-
ingly well understood. The German HD15 trial has demon-
strated good negative predictive value of interim PET in 
advanced disease treated with BEACOPP chemotherapy. The 
impact on overall survival is not yet evaluable, but the authors 
have suggested that consolidation with radiotherapy could be 
omitted on the basis of a negative PET scan.  

  Relapsed and  p rogressive  d isease 

 A proportion of patients receiving chemotherapy, either  de novo  
or after radiation failure, will have refractory disease or will 
relapse after remission. Occasional patients can be cured by 
radiotherapy if the persistent or relapsed disease is localized, but 
the majority of patients will require systemic therapy. In patients 
with long fi rst remissions, a signifi cant proportion of patients 
may be cured by further standard - dose chemotherapy, but the 
results of such approaches are poor if the remission has been 
short or the disease was refractory to initial chemotherapy. In 
the report of the long - term follow - up of the initial cohort of 
patients treated with MOPP at the National Cancer Institute, 

there were no survivors beyond 10 years in those who had not 
achieved a remission. 

 High - dose chemotherapy and autologous stem cell trans-
plantation was fi rst pioneered in relapsed Hodgkin lymphoma 
50 years ago, but it is only in the last two decades that it 
has become an established modality of treatment. In the last 
decade, peripheral blood stem cells have replaced the use of 
bone marrow as the source of haemopoietic stem cells. In 
the early 1980s, the procedure - related mortality associated 
with an autograft was in the order of 10%, but with improved 
patient selection and better supportive care this has fallen to 3% 
or less. In large single - centre series and in registry reviews, the 
overall survival rates of patients receiving autologous transplan-
tation for relapsed or resistant disease are approximately 40 –
 50%. A number of different conditioning regimens have been 
used, and high - dose chemotherapy is generally preferred to 
total body irradiation. This is because chemotherapy is logisti-
cally easier to administer, appears as effective as total body 
irradiation and may be associated with less pneumonitis, par-
ticularly in patients who have received mediastinal radiation in 
the preceding year. Following high - dose therapy it is common 
practice to irradiate persistent masses or sites of previous high -
 volume disease, although there are no trial data to substantiate 
this practice. 

 Prior to high - dose therapy, standard - dose salvage chemo-
therapy is usually given to reduce disease bulk and demonstrate 
chemosensitivity. Regimens vary, but will consist of an alkylat-
ing agent - containing combination, with different drugs from 
the initial ABVD treatment (e.g. DHAP, ESHAP, IVE, ICE, 
GemP). In patients with progressive disease despite standard -
 dose chemotherapy or who have persistent  ‘ B ’  symptoms or a 
raised lactate dehydrogenase, the risks of high - dose therapy are 
probably too high to justify proceeding to this course of action. 
However, it must be noted that in some cases a mass will not 
immediately shrink in size, and failure to achieve a formal 
response (complete or partial remission) as defi ned by CT 
should not automatically disqualify a patient from receiving an 
autograft. 

 The British National Lymphoma Investigation (BNLI) 
carried out a small randomized trial of treatment with carmus-
tine (BCNU), etoposide, cytarabine and melphalan (BEAM) 
followed by autologous stem cell transplantation or mini -
 BEAM (the same drugs at lower doses) in patients with 
refractory or relapsed disease. There was a highly signifi cant 
progression - free survival advantage in the group receiving high -
 dose therapy, and similar results have subsequently been 
reported from a larger German study. Neither study demon-
strated an overall survival benefi t, and this may be partly due 
to the small size of the trials, but may also be because some 
patients failing standard - dose salvage therapy can still be 
rescued by high - dose therapy at a later time. The raises the issue 
of the optimal time to consider an autograft procedure. It is 
widely recommended for all patients below the age of 65 years 
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that the well - being of the fetus as well as the mother will be 
affected. Pregnancy does not seem to affect outcome in treated 
disease, with 48 cases of Hodgkin lymphoma during pregnancy 
showing similar 20 - year outcomes to matched controls. 

 Staging investigations should be limited to avoid radiation 
exposure; abdominal and pelvic CT is avoided if possible and 
PET is not recommended. All cytotoxic chemotherapy is poten-
tially teratogenic, with the highest risks of fetal malformations 
in the fi rst trimester. In the second and third trimesters the risk 
is lower, but there is an increased incidence of fetal or neonatal 
death, intrauterine growth retardation, preterm delivery and 
low birth weight. Radiotherapy should also be avoided during 
the fi rst trimester, with uterine shielding used to reduce fetal 
radiation exposure. 

 Presentation during the fi rst trimester is diffi cult to combine 
with a risk - free pregnancy. In these cases early delivery or ter-
mination is usually recommended, followed by standard treat-
ment. Treatment in the second and third trimesters can be 
managed with normal treatment regimens, with careful moni-
toring of the pregnancy and ensuring delivery does not coincide 
with cytopenias. Occasionally in early - stage or low - risk disease, 
it may be possible to treat partially during the pregnancy, or 
even delay treatment until after delivery, to allow adequate 
disease control and normal pregnancy. Breast - feeding is con-
traindicated during staging and treatment, as drugs and con-
trast and nuclear imaging agents can all concentrate in breast 
milk.  

  Late  e ffects of  t reatment 

 As the cure rate for Hodgkin lymphoma has increased and 
longer - term follow - up data have become available, the signifi -
cance of the late effects of treatment have become more appar-
ent. In a study of young adults aged 29 years or less at diagnosis 
and who achieved a stable complete remission after fi rst -  or 
second - line therapy, the actuarial overall survival at 20 years 
was 93% and 85% respectively, compared with 98.5% in the 
age - matched general population. In some patients treated for 
favourable - risk disease it has been shown that, at 12 – 15 years 
after therapy, the mortality risk related to therapy exceeds the 
risk of dying from Hodgkin lymphoma. The two most frequent 
causes of excess deaths are second malignancies and ischaemic 
heart disease. Patients who are hyposplenic following either 
splenectomy or irradiation should be on a vaccination pro-
gramme and receive prophylactic antibiotics. 

 The overall increased risk of secondary cancers in patients 
with Hodgkin lymphoma is estimated at 0.4 – 0.7% per year. 
This cumulative effect explains the cancer risk rising with time 
after treatment. (The exception to this is secondary myelodys-
plastic syndrome and acute myeloid leukaemia, which peaks at 
5 – 9 years after exposure to chemotherapy.) The commonest 
second malignancy is lung cancer. This is mainly attributable to 
radiotherapy although chemotherapy also contributes to the 

who fail fi rst - line chemotherapy, although this may not be 
appropriate if there has been a fi rst complete remission lasting 
more than 3 years. 

 The role of allogeneic transplantation has become clearer 
over the last few years, with much of the evidence suggesting a 
move from myeloablative to reduced intensity conditioning 
regimens, which rely heavily on the graft - versus - Hodgkin effect. 
Transplant - related mortality with reduced intensity condition-
ing appears to be of the order of 15 – 25% compared with 40 –
 60% in the older reports of myeloablative treatment. The 
long - term outcomes are also encouraging, with a 4 - year pro-
gression - free survival of 39% and overall survival of 55%. There 
also appears to be a benefi t from donor lymphocyte infusions: 
56% of patients with progression post allograft showed a 
response to this treatment. At present an allograft is indicated 
for patients who have relapsed after an autograft. The possibility 
has been raised that reduced - intensity allografts should also be 
considered in those patients predicted to do poorly with an 
autograft (e.g. those who are PET - positive after salvage therapy). 
This approach requires further investigation. 

 Alternative approaches that may prove useful in selected 
patients are salvage radiotherapy and repeat autologous 
transplantation.  

  Treatment of Hodgkin  l ymphoma in 
 c hildhood 

 Hodgkin lymphoma in children and adolescents is curable in 
over 90% of cases. With rising numbers of long - term survivors, 
the impact of long - term effects becomes increasingly impor-
tant. A number of specifi c childhood regimens have been devel-
oped that aim to maintain these excellent remission rates but 
which reduce the likelihood of developing late effects. 

 Chemotherapy is usually combined with radiotherapy to 
minimize the toxicity from either modality, and risk stratifi ca-
tion is used to avoid over - treatment of good - risk disease. 
Fertility can be damaged by both chemotherapy and radio-
therapy, and strategies to avoid this include sperm storage 
(where possible) and avoidance of procarbazine in boys and 
moving ovaries out of radiation fi elds by oophoropexy in girls. 
Radiation can also have direct effects on bone and soft tissue, 
and minimizing the dose and fi eld size can reduce the impact 
on growth and on the fi nal height a developing child will reach. 
Reduction of anthracycline exposure can minimize cardiac tox-
icity in later life.  

  Treatment of Hodgkin  l ymphoma in 
 p regnancy 

 Hodgkin lymphoma in pregnancy is rare, but the common 
presentation during adolescence and young adulthood is a sign 
that cases can and do arise (one estimate is 1 in 6000 pregnan-
cies). Its treatment in pregnancy presents unique challenges in 
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more infertility in both men and women than ABVD. Artifi cial 
insemination has a relatively low success rate per cycle, although 
intracytoplasmic sperm injection may be more successful. 
Hodgkin lymphoma may be suffi ciently slow - growing to allow 
harvesting of eggs,  in vitro  fertilization and embryo storage in 
those young women who have an established partner. Oocyte 
preservation and ovarian tissue banking are currently in devel-
opment and remain experimental. 

 The psychological trauma associated with contracting a 
malignant disease, receiving radiotherapy and chemotherapy, 
and coping with the risk of eventual relapse is considerable. A 
signifi cant proportion of patients report lower perceived levels 
of overall health, dissatisfaction in their personal relationships, 
and diffi culties in obtaining life assurance and fi nancial loans 
as a result of the disease and its treatment. Chronic fatigue is 
also increased, with a raised incidence over and above that 
explicable by cardiovascular or thyroid toxicity.  

  Novel  t herapies 

  Cytotoxic  d rugs 
 Gemcitabine, an analogue of cytarabine, has been found to have 
antitumour activity in Hodgkin lymphoma, and of the cyto-
toxic drugs appears to have the most potential for augmenting 
the effi cacy of current treatments. It is well tolerated, and 
response rates in excess of 35% in heavily pretreated patients 
have been achieved with use as a single agent. Combination 
regimens have been developed, including GEM - P (gemcitabine, 
cisplatin and methylprednisolone) which produces response 
rates of 60 – 65%. 

 The proteasome inhibitor bortezomib appears to be a good 
candidiate drug based on  in vitro  studies, although it has not 
yet demonstrated a signifi cant benefi t in clinical trials.  

  Immunotherapy 
 As in many fi elds of cancer treatment, immune modulation has 
great potential for treatment. Monoclonal antibodies have been 
developed against the cell membrane proteins CD25 and CD30, 
including conjugates with radioisotopes (e.g.  131 I). The graft -
 versus - lymphoma effect of donor lymphocytes seen in alloge-
neic transplantation has demonstrated the potential benefi ts of 
cytotoxic T lymphocytes. Attempts are being made to develop 
clonal populations of T lymphocytes that would target HRS 
cells expressing EBV - derived antigens.    

  Conclusion 

 Much progress has been made in recent years regarding both 
the cellular aspects of the HRS cell and the treatment of the 
resultant tumour. The results of therapy are extremely good, 
and attention must be paid to minimizing late effects of treat-
ment. In many cases the same ultimate survival outcome can 

risk. Patients who have had thoracic irradiation must be warned 
of the risk of developing secondary lung cancer and should be 
strongly discouraged from smoking. The risk of developing sec-
ondary acute myeloid leukaemia is related to the accumulated 
dose of alkylating agents received and therefore occurs pre-
dominantly in patients who have had a remitting and relapsing 
disease course. 

 The risk of secondary breast cancer is greatest in women who 
have received mediastinal or axillary radiation at less than 35 
years of age. The risk of such patients ever developing breast 
cancer was as high as one in four in some series. There is also 
a clear dose – response relationship, emphasizing the need to use 
the minimal radiation dose required for tumour control. Other 
malignancies that occur in excess in patients treated for Hodgkin 
lymphoma include non - Hodgkin lymphomas, cancers of the 
colon, stomach, head and neck and thyroid, and malignant 
melanoma. 

 In view of these risks, it is recommended that screening for 
secondary malignancies is carried out as part of routine post -
 treatment review. Patients who received radiotherapy or alkylat-
ing agents should have annual chest radiography, and younger 
women should be enrolled on a breast cancer screening pro-
gramme. In the UK, women who received radiotherapy that 
impinged on the breasts when they were under the age of 35 
years are invited to attend screening from 10 years after the 
radiotherapy. Mammography is used in most patients but MRI 
is preferable in younger women and in those with denser breast 
tissue. 

 The Stanford group reported a threefold increase in relative 
risk of cardiac death in Hodgkin lymphoma survivors, repre-
senting a major risk given that the incidence of cardiac disease 
in the general population is already so high. The major con-
tributory factor is mediastinal irradiation, especially if a dose in 
excess of 30   Gy is used. Chemotherapy is also associated with 
accelerated coronary artery disease. It is not clear which drugs 
cause this but anthracyclines and vincristine have both been 
implicated. Bleomycin exposure (as in ABVD) is associated 
with an 18% risk of pulmonary fi brosis, and was associated 
with reduction in overall survival, especially in older patients. 
Radiotherapy fi elds that included the lungs are an additional 
risk factor for lung injury. 

 The most common endocrine disorders are hypothyroidism 
following radiotherapy to the lower neck, and infertility. 
Around half of patients receiving neck irradiation will develop 
hypothyroidism and will need to be monitored and treated 
accordingly. Infertility is caused both by irradiation of the 
gonads and the use of cytotoxic drugs such as procarbazine and 
alkylating agents. It is their repeated use that is most damaging, 
and young female patients receiving an autologous transplant 
will often remain fertile if they are still menstruating prior to 
high - dose therapy. Sperm cryopreservation prior to chemo-
therapy should be offered to men who have not completed their 
families. Of the multidrug regimens, escalated BEACOPP causes 
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  Epidemiology 

  Frequency 

 The incidence of non - Hodgkin lymphoma (NHL) has increased 
in the Western world over recent decades, rising by 3 – 5% per 
annum. The rate of increase exceeds that of most malignancies 
and the reason for this is unclear. This is partially explained by 
the higher incidence of NHL in immunosuppressed patients but 
the role of environmental factors is suggested. NHL has become 

the fi fth most common cancer in the USA, occurring at a fre-
quency of approximately 17.4 per 100   000. 

 NHL is slightly more common in males than in females, and 
in the USA it is more common in white people than in black 
people. Although NHL can occur at any age, the incidence rises 
considerably with age. As life expectancy increases there is a 
consequent increased frequency of NHL.  

  Geographical  v ariations 

 The proportions of cases in different histological categories vary 
markedly from one country to another and among different 
racial groups. Although some of these variations may be spuri-
ous, refl ecting local medical practice, real differences undoubt-
edly exist. For example, follicular lymphoma (FL), one of the 
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  Epstein – Barr  v irus 
 Epstein – Barr virus (EBV) was fi rst thought to be associated with 
lymphomagenesis following its isolation from endemic Burkitt 
lymphoma tissue, but it is now known to be a major factor 
causing development of NHL in immunosuppressed individu-
als, for example HIV - infected patients or those recovering after 
solid - organ/allogeneic haemopoietic stem cell transplantation 
(allogeneic SCT), in whom it is called post - transplant lympho-
proliferative disease (PTLD). There are two forms of cellular 
infection by EBV: latent and replicative. In latent infection, the 
virus enters the cell and remains in the DNA; B cells become 
immortalized and acquire neoplastic potential. In replicative 
infection, viral particles are released from cells, whereas the cells 
themselves die. 

 It is the latent type of infection that transforms infected 
resting B cells into proliferating blasts. The mechanism of this 
remarkable effect depends on the expression of several viral 
latent proteins that are under the control of a master transcrip-
tion factor, EBV nuclear antigen (EBNA) - 2. The pattern of viral 
gene expression that drives this process is called the growth 
programme (Table  35.1 ).   

 This process can occur in the presence of the following condi-
tions: (i) the EBV - infected cells that express the growth pro-
gramme must be unable to exit the cell cycle and become resting 
memory B cells; and (ii) the cytotoxic T - cell response must be 
impeded, so that lymphoblasts would not be killed. PTLD may 
therefore develop when B cells (other than naive B cells) become 
infected and express the growth programme without being able 
to exit it, and continue to proliferate in the absence of effective 
cytotoxic T - cell response. 

 EBV is also associated with the development of the endemic 
(African) type of Burkitt lymphoma (BL), in which it is 
expressed by 98%. However, the exact mechanism of EBV 
involvement in the development of BL is unclear. None of the 

most common NHLs in Europe and the USA, is rare in Japan 
and other Far Eastern countries. In contrast, human T - cell leu-
kaemia/lymphoma virus (HTLV) - I is much more common in 
the Far East (Japan) and the Caribbean islands than in Western 
countries. 

 These differences are perhaps not surprising, given the role 
of the immune system (from which these neoplasms arise) 
in constantly monitoring and reacting to antigenic factors in 
the  environment.  This must  cause  variations  between dif -
ferent parts of the world in the degree to which individual 
cell populations in lymphoid tissue are activated, which is 
likely to be refl ected in the frequency variations of different 
lymphomas.   

  Aetiology 

 In the majority of cases of NHL, the cause is not identifi ed, 
although several factors are known to play a role in lymphom-
agenesis. A small number of lymphomas originate from chronic 
antigenic stimulation; for example,  Helicobacter pylori  infection 
appears to be a possible causative agent for the development of 
gastric mucosa - associated lymphoid tissue (MALT) lymphoma. 
Eradication of  H. pylori  with antibiotics appears to be initial 
effective therapy for localized gastric MALT lymphoma. 
Similarly, infection with  Campylobacter jejuni  has been sug-
gested recently to be associated with the development of immu-
noproliferative small intestinal disease. 

  Viruses 

 Several viruses have been implicated in lymphoma pathogene-
sis, although none of them is directly causative in the same way 
as the oncogenic viruses that induce neoplasia in animals. 

  Table 35.1    Transcriptional programmes used by EBV to establish and maintain infection. 

   Type of infected B cells  *       Programme     Genes expressed     Function of the programme  

  Naive cell    Growth    EBNA - 1 through EBNA - 6, LMP - 1, 

LMP - 2A, LMP - 3B  

  Activated B cell  

  Germinal centre cell    Default    EBNA - 1, LMP - 1, LMP - 2A    Differentiate activated B cells into 

memory cells  

  Peripheral blood memory cell    Latency    None    Allows lifetime persistence  

  Dividing peripheral blood 

memory cell  

      EBNA - 1 only    Allows viral DNA in latency 

programme cell to divide  

  Plasma cell    Lytic    All lytic genes    Replicates virus in plasma cell  

    * Except where indicated, the types of cell are primarily restricted to the lymphoid tissues of the Waldeyer ring.  

  EBNA, EBV nuclear antigen; LMP, latent membrane protein.   

  Source :   Thorley - Lawson DA, Gross A (2004) Persistence of the Epstein – Barr virus and the origins of associated lymphomas.  New 

England Journal of Medicine   350 : 1328 – 37 with permission. 
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growth factors and cytokines that promote tumour growth. It 
encodes putative oncogenes and genes that stimulate angiogen-
esis and cell proliferation, including G protein - coupled receptor 
promoting cell transformation and angiogenesis and  ‘ inter-
leukin (IL) - 6 homologous cytokine ’ , preventing cell apoptosis 
in IL - 6 - dependent cell lines. 

 The KSHV G - protein - coupled receptor (vGPCR) is a homo-
logue of the human IL - 8 receptor that signals constitutively, 
activates mitogen -  and stress - activated kinases, and induces 
transcription via multiple transcription factors, including AP - 1 
and nuclear factor (NF) -  κ B. Furthermore, vGPCR causes cel-
lular transformation  in vitro  and leads to KS - like tumours in 
transgenic mouse models. 

 KSHV also encodes a cyclin D homologue, K cyclin, which is 
thought to promote viral oncogenesis. The expression of K 
cyclin in cultured cells not only triggers cell cycle progression 
but also engages the p53 tumour - suppressor pathway, which 
probably restricts the oncogenic potential of K cyclin.  

  Hepatitis  C   v irus 
 Hepatitis C virus (HCV) infection is associated with the devel-
opment of essential mixed cryoglobulinaemia, a low - grade lym-
phoproliferative disorder that can progress to NHL. HCV may 
induce lymphoproliferation by binding to the CD81 receptor 
on the surface of B lymphocytes, which could lower the thresh-
old for antigen response or induce DNA mutations and is 
associated with markers of lymphoproliferation. Furthermore, 
HCV - infected individuals have an elevated prevalence of circu-
lating lymphocytes with abnormal chromosomal translocations 
associated with NHL, e.g. t(14;18). 

 An association between HCV infection and NHL has been 
examined in many retrospective case – control studies. Notably, 
however, there has been substantial heterogeneity in the mag-
nitude of association across studies, with odds ratios (ORs) 
ranging from 2 to 10. A large cohort study of US military vet-
erans (including 146   394 HCV - infected individuals and 572   293 
uninfected individuals) demonstrated that HCV infection pre-
cedes the development of NHL and is associated with an 
increased NHL risk over a period of at least 7 years [hazard ratio 
(HR) 1.28, 95% CI 1.12 – 1.45]. Whether HCV is associated with 
an increased risk of all NHL subtypes or only certain subtypes 
has not been resolved. A pooled analysis of data from seven 
case – control studies showed associations between HCV and 
diffuse large B - cell lymphoma (DLBCL), lymphoplasmacytic 
NHL and marginal zone NHL. 

 Among HCV - infected patients with splenic marginal zone 
NHL, treatment of the HCV infection with interferon alfa -
 based regimens can lead to resolution of HCV and, simultane-
ously, regression of NHL. This observation also suggests that 
HCV directly contributes to lymphoproliferation in at least a 
subset of NHL cases. Clearance of the virus should be consid-
ered in the therapeutic algorithm for this rare lymphoma.   

growth - promoting latent genes is expressed, whereas the only 
detected latent protein of the virus is EBNA - 1. BL is character-
ized by deregulated activation of  MYC  oncogene (Table  35.2 ), 
resulting in a sustained proliferation mode in which cells 
express EBNA - 1 only. EBV may therefore have a role in the 
development of BL. However, given the multistep process of 
tumorigenesis, it is actually impossible to be sure whether the 
fi nal cellular or viral phenotype of BL is related to the original 
infected precursor.    

  Human  T  -  c ell  l eukaemia/ l ymphoma  v irus  t ype  I  
 HTLV - I infection affects 15 – 20 million individuals worldwide, 
although 95% of these are likely to remain asymptomatic car-
riers. Adult T - cell leukaemia lymphoma (ATLL) is a T - cell 
malignancy that occurs after a 40 -  to 60 - year period of clinical 
latency in about 3 – 5% of HTLV - I - infected individuals. ATLL 
cells are monoclonally expanded and harbour an integrated 
provirus. Persistent oligoclonal/polyclonal expansion of HTLV -
 I - bearing cells has been shown to precede ATLL, supporting the 
fact that in ATLL tumour cells arise from a clonally expanding 
non - malignant cell (see also Chapter  30 ).  

  Human  h erpesvirus 8 
(Kaposi  s arcoma -  a ssociated  v irus) 
 Human herpesvirus (HHV) - 8 is the causative agent of both 
Kaposi sarcoma (KS) and primary effusion lymphoma. It is also 
detected in 100% and 50% of patients with multicentric 
Castleman disease who are HIV positive and HIV negative 
respectively. HHV - 8, called also Kaposi sarcoma - associated 
virus (KSHV), appears to have an important role in the patho-
genesis of both KS and primary effusion lymphoma, elaborating 

  Table 35.2    Chromosomal translocations found in non - Hodgkin 

lymphoma. 

   Translocation     Gene involved     Type of lymphoma  

  t(8;14)(q24;q32)     MYC  and IgH    Burkitt lymphoma  

  t(8;2)(p11/2;24)     MYC  and Ig κ     Burkitt lymphoma  

  t(8;22)(q24;q11)     MYC  and Ig λ     Burkitt lymphoma  

  t(11;14)(q24;q32)     BCL1  (cyclin D1) 

and IgH  

  Mantle cell 

lymphoma  

  t(14;18)(q32;q21)     BCL2  and IgH    Follicular 

lymphoma  

  t(3;4)(q27;q32) 

and variants  

   BCL6  and 

various 

partners  

  Large B - cell 

lymphoma  

  t(2;5)(p23;q35)     NPM  and  ALK     T - cell anaplastic 

large - cell 

lymphoma  
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exposure to specifi c chemicals, such as benzidine, mineral, 
cutting or lubricating oil, pesticides, herbicides and wood dust 
seem to play an important role in the development of NHL. 
However, the exact impact of these factors is still debated 
and their contribution to pre - existing genetic factors is not 
totally clear.   

  Cytogenetics and  o ncogenes 

 Cytogenetic analysis in NHL can be diffi cult, given the problem 
of isolating neoplastic cells from tissue biopsy samples for kary-
otypic analysis. However, several large studies suggest that 
nearly all cases have a cytogenetic abnormality. It may be either 
numerical or structural but a number of translocations are par-
ticularly interesting because of their association with specifi c 
types of lymphoma and the insights they have provided into 
the process of lymphomagenesis. Rearrangements frequently 
involve T - cell receptor (TCR) or immunoglobulin genes, which 
rearrange as part of the normal process of lymphoid differentia-
tion (see Chapter  19 ). In some cases, the aberrant recombina-
tion may be due to structural similarities between the regions 
close to the breakpoints and the heptamer/nonamer recombi-
nase - recognition sequences bordering the normally rearranging 
genes. The rearrangements typically cause deregulation (usually 
upregulation) of oncogenes brought under the infl uence of 
immunoglobulin TCR promoter and enhancer sequences (see 
Table  35.2 ). 

 There is some disagreement concerning the frequency of the 
t(14;18) translocation in FLs, but most studies report its pres-
ence in about 85% of patients. Some of the discrepancies may 
refl ect true geographical variation, for instance in Japan the 
reported incidence is only 33%. The breakpoints on chromo-
some 18 occur at two sites, approximately 20   kb apart, within 
or near the transcriptional unit of the  BCL2  gene. Approximately 
two - thirds of the breakpoints occur within 150   bp, known as 
the major breakpoint region, in the 5 ′  - untranslated region of 
the  BCL2  gene, and most of the remaining breakpoints occur 3 ′  
to this in the minor cluster region. The  BCL2  gene codes for a 
protein localized in the inner mitochondrial membrane, which 
is involved in the inhibition of apoptosis rather than the induc-
tion of proliferation. This blockade of cell death in neoplastic 
germinal centre cells may account for the fact that the FLs are, 
at least initially, slow - growing. 

 The usual cytogenetic abnormality in BL is a translocation 
involving the  MYC  gene on chromosome 8 and the immu-
noglobulin heavy - chain gene on chromosome 14, which is 
found in over 80% of cases. Although both the endemic and 
sporadic forms of BL have the same gross translocations, there 
are subtle differences at the molecular level. Variant transloca-
tions involve chromosome 8 and either chromosome 2 or 22, 
where the breakpoints involve, respectively,  κ  and  λ  light - chain 
genes. In all cases, there is upregulation of c  -  Myc, a nuclear 

  Immunosuppression 

 HIV - infected patients are at increased risk of developing NHL, 
and AIDS - related lymphoma is an AIDS - defi ning illness. This 
is the second most common tumour in individuals with HIV 
and although studies show a decline in incidence in the era of 
highly active antiretroviral therapy (HAART), AIDS - related 
lymphomas have increased as a percentage of fi rst AIDS -
 defi ning illness. The development of AIDS - related lymphoma 
has been shown to be related to age, low CD4 cell count and no 
prior treatment with HAART. The pathogenesis is almost cer-
tainly multifactorial. The increased risk of infections with 
viruses such as EBV, chronic antigen exposure and cytokine 
stimulation arising from repeated infections result in polyclonal 
B - cell activation and therefore a greater chance of mutations 
that develop randomly during mitosis. Almost all cases of 
central nervous system (CNS) lymphomas and Hodgkin lym-
phoma diagnosed in immunosuppressed patients are EBV 
positive. 

 Lymphomas develop in less than 1% of allogeneic SCT recip-
ients, although the risk is higher in patients receiving rigorous 
T - cell - depleted transplants followed by heavy post - graft immu-
nosuppression, for example with antithymocyte globulins for 
graft - versus - host disease (GVHD). In heart or lung transplants, 
the incidence of lymphomas is as high as 4 – 7%. Most post -
 transplant lymphomas are EBV related (see above on EBV -
 related lymphomas). At early stages, they may be polyclonal or 
oligoclonal and only later become monoclonal, but the clonal 
nature of the proliferation does not appear to predict closely the 
response to immunosuppression withdrawal, which may result 
in spontaneous remission.  

  Genetic and  o ccupational  f actors 

 Several studies have reported an increased risk of NHL in fi rst -
 degree relatives of lymphoma probands compared with the 
general population. The temporal proximity of sibling pairs 
argues for environmental as well as genetic aetiology. 

 An increased incidence of NHL has been reported in people 
working in agriculture, forestry and logging industries, as well 
as in those involved in the metalworking, machinery, printing 
and publishing industry, motor vehicles and telephone com-
munications. The risk seems to increase with employment 
duration and vary by histological type. 

 Personal use of hair dye has been inconsistently linked to 
risk of NHL. A study of 4461 NHL cases and 5799 controls 
from the International Lymphoma Epidemiology Consortium 
1988 – 2003 has recently been reported. An increased risk of 
NHL (OR 1.3, 95% CI 1.1, 1.4) associated with hair - dye use was 
observed among women who began using hair dye before 1980. 
Analyses by NHL subtype showed increased risk for FL (OR 1.4, 
95% CI 1.1, 1.9) and chronic lymphocytic leukaemia/small lym-
phocytic lymphoma (OR 1.5, 95% CI 1.1, 2.0). Occupational 
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different entities of B - cell NHLs; measurement of the expres-
sion of only six genes was found to be predictive of OS in 
DLBCL and the prognosis of FL has been related to the molecu-
lar features of tumour - infi ltrating cells.  

  Clinical  f eatures 

 The median age of presentation of low - grade lymphomas and 
large - cell lymphomas is around 55 – 60 years, with a slight male 
predominance. In FL, the marrow is involved in about 50% of 
cases at diagnosis. BL often presents with extranodal disease, 
appearing in the jaw in Africa and as gastrointestinal disease or 
in other intra - abdominal sites in the West. Hypercalcaemia is 
frequent. 

 Widespread painless lymphadenopathy is more common at 
presentation in NHL than in Hodgkin disease and contiguous 
spread is not so apparent. Superior vena cava syndrome caused 
by a bulky mediastinal mass is also more frequent in NHL than 
in Hodgkin lymphoma. Hepatosplenomegaly is frequent at 
diagnosis. 

 Patients with indolent histology are less likely to have  ‘ B ’  
symptoms (unexplained fever of 38 ° C or higher, night sweats 
and loss of more than 10% of body weight in 6 months) than 
those with an aggressive histology, but this is not invariable. 
Some patients present with systemic symptoms without periph-
eral lymphadenopathy, which can result in considerable delay 
in diagnosis. Symptoms and signs may be due to the involve-
ment of particular organs (e.g. skin, gastrointestinal tract, sali-
vary glands, lungs, renal tract and CNS). 

 Lymphoblastic lymphoma usually occurs in children and 
young adults, often with thymic mass, systemic symptoms and 
bone marrow failure.  

  Laboratory  i nvestigations 

 Histological diagnosis from either excision or core biopsy of a 
lymph node, bone marrow or extranodal mass is essential 
(Figures  35.1 – 35.8 ). Fine - needle aspiration has been used to 
exclude an infection (i.e. mycobacterial) or suggest lymphoma 
but can lead to delay in establishing a diagnosis. Fine - needle 
aspiration should not be performed except in suspected cases 
of T - lymphoblastic lymphoma or BL, when a diagnosis can be 
made on the morphology and immunophenotype, and therapy 
can be urgent. Immunocytochemistry is now performed rou-
tinely, with cytogenetic and immunoglobulin or TCR rear-
rangement analysis and, more recently, DNA microarray testing 
in specialized units.   

 Anaemia at diagnosis is usually indicative of widespread 
disease and may refl ect a non - specifi c manifestation of malig-
nancy. However, it can also be due to hypersplenism or bone 
marrow infi ltration. Occasional patients, most often those with 

transcription factor involved in cell proliferation and the 
control of apoptosis. 

 The t(11;14) translocation is found in mantle cell lymphomas 
(MCLs). The oncogene on chromosome 11 is known as 
 BCL1 / PRAD1  (now called  CCND1 ), and encodes a D - cyclin 
involved in cell cycle control (Table  35.2 ). 

 The  BCL6  gene encodes a transcription factor of the zinc 
fi nger family whose precise function is unknown. It has recently 
been suggested that it maintains B cells in a germinal centre - like 
state, inhibiting B - cell differentiation. Rearrangements of  BCL6  
occur in over one - third of large - cell lymphomas, and in an even 
higher number of cases mutations within the gene are found. 
The presence of  BCL6  rearrangement has been suggested to 
predict favourable prognosis, although not confi rmed in all 
studies (Table  35.2 ). 

 T - cell lymphomas are less frequent than B - cell lymphomas 
and have been less extensively studied at the molecular level. 
T - cell lymphoblastic lymphomas may have abnormalities 
similar to those found in T - cell acute lymphoblastic leukaemia 
(ALL), such as abnormalities of the  TAL1  gene on chromosome 
1, the  HOX11  gene on chromosome 10 and the  LMO2  gene on 
chromosome 11. 

 Anaplastic Ki - 1 (CD30) - positive large - cell lymphomas are 
usually of T - cell origin, and in at least half of the cases there is 
a t(2;5)(p23;q35) translocation (see Table  35.2 ). The genes 
involved in this translocation encode a receptor tyrosine kinase 
called anaplastic lymphoma kinase (ALK) on chromosome 2, 
and nucleophosmin on chromosome 5. The resulting hybrid 
gene ( NPM – ALK ) encodes a hybrid protein in which about 
40% of nucleophosmin is fused to the entire cytoplasmic 
portion of ALK. The nucleophosmin moiety not only induces 
ALK expression (as nucleophosmin is a ubiquitously expressed 
nuclear protein) but also activates the kinase through cross -
 linking with subsequent mitogenic activity, promoting T - cell 
transformation and tumour growth. 

 When a chromosomal translocation is found frequently in a 
particular lymphoma type, e.g. t(14;18) in FL, and if the break-
point falls within a well - defi ned and limited region(s), polymer-
ase chain reaction (PCR) analysis may be used to either assist 
in diagnosis or detect minimal residual disease. However, the 
clinical signifi cance and value of such studies have yet to be 
determined, as it is not completely clear what the prognostic 
importance may be of small numbers of cells carrying this trans-
location in patients who are in clinical remission. 

 Recently, DNA microarray technology has opened new 
avenues for the understanding of lymphomas. By hybridization 
of cDNA to arrays containing more than 10   000 different DNA 
fragments, this approach allows simultaneous evaluation of the 
mRNA expression of thousands of genes in a single experiment. 
These data can then be used for identifi cation of lymphoma 
subgroups, with a defi ned gene expression pattern, not previ-
ously identifi ed by morphology, cytogenetics or molecular tech-
niques. This approach has already provided novel insights into 
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indolent histology, have an autoimmune haemolysis. The white 
count is variable. Overspill of lymphoma cells into the blood is 
relatively frequent in late stages of indolent lymphoma and can 
infrequently be seen by light microscopy at diagnosis. It can be 
detected much more frequently using PCR. Hypoalbuminaemia 
is another non - specifi c feature associated with a systemic dis-
turbance and is indicative of a poor prognosis. A raised lactate 
dehydrogenase (LDH) level is usually associated with advanced 
disease and is an important independent prognostic factor 
(Tables  35.3 – 35.5 ). Paraproteins are found in about 15% of 
indolent lymphomas and in a little less than 5% of histologically 

     Figure 35.1     Anaplastic large - cell lymphoma of T - cell type.  

     Figure 35.2     Large B - cell lymphoma. The cells are larger than 

normal lymphocytes and have a round nucleus with prominent 

nucleoli, some adjacent to the nuclear membrane ( ‘ centroblasts ’ ).  

(a)

(b)

     Figure 35.3     Immunostaining of follicular lymphoma showing its 

typical nodular appearance: (a) CD20 is expressed by the tumour 

cells, whereas (b) CD3 is confi ned to reactive T cells. (Paraffi n 

sections: APAAP immunoalkaline phosphatase stain.)  
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     Figure 35.4     Non - Hodgkin lymphoma in the marrow: 

paratrabecular localization.  

(a) (b)

     Figure 35.5     Marginal zone lymphoma of a salivary gland. 

(a) Sheets of marginal zone B cells and formation of a 

lymphoepithelial lesion. (b) Immunoperoxidase stain for 

low - molecular - weight cytokeratin (MNF116) shows positive 

staining of normal epithelial cells infi ltrated by lymphoma.  

     Figure 35.6     Irregular small lymphoid cells (small cleaved cells; 

centrocytes) typical of mantle cell lymphomas.  

  Table 35.3    Prognostic factors for aggressive lymphoma: 

International Prognostic Index (IPI). 

  Age    >    60 years  

  Ann Arbor stage III or IV  

  Increased lactate dehydrogenase concentration  

  Performance score  > 2  

  Involvement of more than one extranodal site  

  Source :   The International Non - Hodgkin ’ s Lymphoma Prognostic 

Factors Project (1993) A predictive model for aggressive 

non - Hodgkin ’ s lymphoma.  New England Journal of Medicine   329 : 

987 – 94 with permission. 



Postgraduate Haematology

662

aggressive lymphomas. Levels of  β  2  - microglobulin have 
been shown to be of prognostic value in some low - grade 
lymphomas.    

  Staging 

 The Ann Arbor staging system, initially developed for 
Hodgkin disease, is used in adults with NHL (Table  35.6 ). 
Inspection of the Waldeyer ring is particularly important, and 
a bone marrow biopsy should be performed in all patients. 
Radiography, computed tomography (CT), magnetic resonance 
imaging (MRI) or positron emission tomography (PET) are 
used for initial staging of the disease and are of value in moni-
toring response to therapy and detection of residual disease or 
relapse. Using PET, fl uorodeoxyglucose (FDG) - avid lympho-
mas include DLBCL, Hodgkin lymphoma, FL and MCL, while 
variably FDG - avid lymphomas include other aggressive and 
indolent lymphomas. As treatment differs for patients with 
stage I disease (DLBCL and FL) and more advanced stages, PET 
at diagnosis can have signifi cant therapeutic implications. 
Staging laparotomy is no longer routinely performed. At the 
end of therapy, PET has been incorporated into the revised 
response criteria.   

 Cerebrospinal fl uid (CSF) examination should be considered 
if there are clinical signs of CNS disease, or for patients present-
ing with high - grade NHL at certain anatomical sites such as 
paranasal sinus, breast, epidural area or testis. Cytological 
assessment by cytospin and immunophenotyping should be 

     Figure 35.7     Peripheral T - cell lymphoma. Expansion of the 

paracortical region of a lymph node, with wide separation of 

germinal follicles.  

     Figure 35.8     Burkitt lymphoma. Sheets of lymphoblasts and 

 ‘ starry sky ’  tangible body macrophages.  

  Table 35.4    Prognostic factors for follicular lymphoma: Follicular 

Lymphoma International Prognostic Index (FLIPI). 

  Age    >    60 years  

  Ann Arbor stage III/IV  

  Haemoglobin  < 12   g/dL  

  Serum lactate dehydrogenase elevated  

  Number of nodal areas involved: more than four sites  

  Source :   Solal - Celigny P, Roy P, Colombat P  et al . (2004) 

Follicular lymphoma international prognostic index.  Blood   104 : 

1258 – 1265 with permission. 

  Table 35.5    Prognostic factors for mantle cell lymphoma. 

  Age    >    60 years  

  Performance status  

  Serum lactate dehydrogenase  

  Leucocyte count  

  Ki - 67 immunostaining index  

  Source :   Hoster  et al .  (2008)  with permission. 
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may produce better results, local radiotherapy is currently con-
sidered an appropriate approach for these cases and represents 
the treatment of choice in most centres. Accurate defi nition of 
the truly localized forms is therefore crucial in ensuring an 
appropriate treatment design for such patients. PET/CT is 
increasingly performed at presentation in order to help clarify 
stage, as FL is uniformly an FDG - avid lymphoma. 

 Using very sensitive tests such as PCR for the t(14;18) trans-
location, the majority of patients with localized disease have 
been shown to have low - level involvement in the bone marrow 
or peripheral blood. However, after treatment with involved -
 fi eld radiotherapy, durable disappearance of Bcl - 2/IgH - positive 
cells has been observed in a signifi cant proportion of cases. 
Patients with localized disease, confi rmed on PET/CT (and a 
negative bone marrow biopsy), should therefore receive 
involved - fi eld radiation without undue delay, aiming not only 
to eliminate their symptoms but also to achieve disease cure. 

  Adding  a djuvant  c hemotherapy to  r adiotherapy for 
 l ocalized  d isease 
 As most relapses following radiotherapy occur outside the radi-
ation fi eld, it has been postulated that a reasonable approach 
may be to combine radiotherapy with systemic chemotherapy, 
aiming to reduce relapse risk and improve cure rate. 

 The British National Lymphoma Investigation (BNLI) pro-
spectively compared the outcome of patients with localized 
low - grade lymphoma treated with radiotherapy, with or without 
adjuvant continuous chlorambucil. There were no signifi cant 
differences in either overall survival (OS) or disease - free sur-
vival (DFS) between the two treatment groups (maximal fol-
low - up 18 years). Intensifi cation of chemotherapy (e.g. CHOP; 
Table  35.7 ) also failed to improve patient outcome. Although 
there have been some retrospective and prospective non - 
randomized trials that have reported improved progression -
 free survival (PFS) in patients given combined modality 
treatment compared with radiotherapy alone, at present there 
are no proven data to support the addition of chemotherapy. 
Chemotherapy should therefore be used in such patients only 
after relapse.    

  Is  t here  a ny  p lace for  r adiotherapy in  r elapsed 
 l ocalized  d isease? 
 Low - dose (4   Gy) involved - fi eld radiotherapy appears to provide 
a high response rate (92% overall response rate, with 61% com-
plete responses) with durable remissions ( > 1 year) in patients 
with relapsed disease. Low - dose radiotherapy should therefore 
be considered in patients with recurrent localized disease, irre-
spective of their initial presentation.   

  Advanced  d isease 

 Patients with FL tend to have a highly variable outcome. 
Although some patients experience early progression and die of 

  Table 35.6    Ann Arbor staging system. 

  Stage I    Involvement in a single lymph node region or 

single extralymphatic site  

  Stage II    Involvement of two or more lymph node regions 

on the same side of the diaphragm; localized 

contiguous involvement of only one 

extralymphatic site and lymph node region 

(stage IIE)  

  Stage III    Involvement of lymph node regions on both 

sides of the diaphragm; may include spleen  

  Stage IV    Disseminated involvement of one or more 

extralymphatic organs with or without lymph 

node involvement  

considered. Intrathecal prophylaxis should be administered at 
the time of fi rst CSF examination in these patients. Serology for 
HIV and hepatitis B virus (HBsAg, HBcAb and HBsAb) and 
HCV should be performed in all patients as appropriate con-
comitant antiviral therapy may be indicated during and after 
therapy.  

  Treatment 

 Treatment of NHL is mainly based on the histological fi ndings, 
although therapeutic decisions are infl uenced by the patient ’ s 
age, performance status and disease extension. The two main 
subtypes comprise over two - thirds of cases in the Western 
world: DLBCL, an aggressive lymphoma, and FL, which follows 
a more indolent course. There are also a number of subtypes of 
lymphoma with distinct clinical and pathological features and 
therapeutic strategies that are discussed separately. Some of the 
NHLs are potentially curable and thus access to timely sophis-
ticated diagnostic services and expert clinical opinion is neces-
sary to ensure accurate diagnosis and tailored therapy. 

 Particular considerations prior to therapy should include a 
formal assessment of cardiac function for older patients and 
those with a previous history of diabetes or cardiac disease if 
anthracycline therapy is considered. Accurate analysis of renal 
function is necessary before the administration of high - dose 
methotrexate and platinum - containing regimens.  

  Follicular  l ymphoma 

  Localized  d isease 

 Approximately 10 – 20% of patients with FL present with non -
 bulky localized (stage I/IIA) disease. Localized radiotherapy can 
cure approximately half of patients with stage I and one - quarter 
of those with stage IIA. Although the addition of chemotherapy 
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 Management therefore ranges from a  ‘ watch - and - wait ’  
approach to different kinds of chemotherapy regimens (mono-
clonal antibodies applied in symptomatic patients) to the exper-
imental intensive therapies considered in younger patients that 
aim to prolong survival and achieve cure, for example autolo-
gous or allogeneic SCT. 

 What is required is a series of complementary structured 
randomized studies that will give proper data over a number of 
years. Unfortunately, newer modalities such as monoclonal 
antibodies with some sort of SCT will inevitably be introduced 
during the lifetime of an incidental patient ’ s disease and thus 
 ‘ skew ’  the fi ndings. It is almost impossible to study a patient 
over 10 – 15 years without allowing him or her to potentially 
benefi t from new treatments emerging during that period. 

 Patients with the histological subtype FL grade 3b follow a 
more aggressive course and should be treated according to prac-
tice for aggressive large - cell lymphomas.  

  Chemotherapy for  f ollicular  l ymphoma 

 As mentioned above, historically treatment has been unable to 
prolong long - term survival. Therefore, it is mainly offered to 
reduce symptoms and signs of the disease and improve quality 
of life. 

 A large number of patients are asymptomatic at diagnosis. 
Deferral of treatment in such patients seems to have no adverse 
impact on survival. The BNLI reported the outcome of patients 
with asymptomatic advanced stage III/IV low - grade lymphoma 
who were randomly assigned to receive oral chlorambucil 
10   mg/m 2  continuously ( N     =    158) versus observation until 
disease progression ( N     =    151) (local radiotherapy to sympto-
matic enlarged lymph nodes was permitted in both arms). 
There was no signifi cant difference in OS and cause - specifi c 
survival between the two arms. However, age below 60 years 
and stage III versus IV conferred a signifi cant survival advan-
tage. The actuarial chance of not requiring chemotherapy at 10 
years was almost 20%, supporting the strategy of  ‘ watch and 
wait ’  in these  ‘ advanced ’  patients. Similarly, the Groupe d ’  É tude 
des Lymphomes Folliculaires (GELF) found no differences in 
OS between patients with low tumour burden randomized to 
prednimustine/interferon versus observation only. Results 
from the UK NCRI  ‘ Watch and Wait ’  study, in which asymp-
tomatic patients with low - volume disease are randomized 
between rituximab and observation, are awaited. As a rule, con-
servative management should be considered in asymptomatic 
patients in order to maintain their quality of life without unnec-
essary toxicity. 

  First -  l ine  c hemotherapy for  a dvanced -  s tage 
 f ollicular  l ymphoma 
 Those individuals who have symptoms can receive either oral 
or intravenous therapies. Oral chlorambucil and cyclophospha-
mide, both alkylating agents, remain good therapies for those 

their disease in less than 5 years, others may have an indolent 
course and live for 15 years or longer. Conventional chemo-
therapy has not been shown to prolong long - term survival com-
pared with observation. For some patients management is 
mainly targeted to reducing symptoms and prolonging time to 
progression (TTP) rather than prolonging survival. Previously 
FL was considered an incurable disease but it is possible 
that novel approaches (immunochemotherapy, radioimmuno-
therapy, transplantation strategies) and their combination will 
lead to prolonged survival and potential cure in some patients. 

 Patient quality of life and treatment - related side - effects 
should be carefully considered, especially in the background of 
a disease with a median survival of 10 – 15 years and which 
occurs mainly in elderly patients, whose life expectancy irre-
spective of disease may be less than 20 years. However, there is 
a risk of transformation to high - grade lymphoma of approxi-
mately 3% per annum that has signifi cant impact on outcome. 

  Table 35.7    Chemotherapy protocols used in NHL. 

  CVP    Cyclophosphamide, vincristine, 

prednisolone  

  FMC    Fludarabine, cyclophosphamide, 

mitoxantrone  

  CHOP    Cyclophosphamide, doxorubicin, 

vincristine, prednisolone  

  MACE - CYTABOM    Doxorubicin, etoposide, prednisolone, 

cytarabine, bleomycin, vincristine, 

methotrexate  

  MACOP B    Methotrexate, doxorubicin, 

cyclophosphamide, vincristine, 

bleomycin  

  m - BACOD    Methotrexate, bleomycin, doxorubicin, 

cyclophosphamide, vincristine, 

dexamethasone  

  ESHAP    Etoposide, cytarabine, 

methylprednisolone, cisplatin  

  Mini - BEAM    BCNU, etoposide, cytarabine, melphalan  

  ICE    Ifosfamide, carboplatin, etoposide  

  DHAP    Dexamethasone, high - dose cytarabine, 

cisplatin  

  DVIP    Dexamethasone, etoposide, ifosfamide, 

cisplatin  

  CODOX - M/IVAC    Cyclophosphamide, doxorubicin, 

high - dose methotrexate/ifosfamide, 

etoposide, high - dose cytarabine  

  Hyper - CVAD    Hyperfractionated cyclophosphamide, 

vincristine, doxorubicin, 

dexamethasone  

  ACVBP    Doxorubicin, cyclophosphamide, 

vindesine, bleomycin, prednisolone  
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combinations (e.g. fl udarabine/cyclophosphamide, fl udarab-
ine/mitoxantrone/dexamethasone) are superior to traditional 
alkylating agent regimens or fl udarabine only, providing a 
higher CR rate in both therapy - naive and relapsed patients. 
However, other studies failed to repeat these results, emphasiz-
ing the need for prospective randomized trials. 

 Fludarabine does cause immunosuppression, resulting in 
increased incidence of opportunistic infection necessitating 
prophylaxis against  Pneumocystis jirovecii . It may also cause 
myelosuppression and adversely affect stem cell harvesting. 
However, it is usually well tolerated and its use has become 
much easier since the introduction of an oral formulation. 
Several studies performed in patients with chronic lymphocytic 
leukaemia and low - grade lymphoma confi rmed oral fl udarab-
ine to be as effective as the intravenous formulation.  

  Side -  e ffects of  c hemotherapy 
 Chemotherapy - related side - effects should be considered 
seriously, taking into account the historical inability of 
chemotherapy to improve patient survival. Chemotherapy 
may adversely affect quality of life, causing myelosuppression 
and immunosuppression with increased risk of infections. 
Myelodysplastic changes and increased risk of leukaemia were 
mainly reported with alkylating agents, although these may also 
be associated with fl udarabine. For young patients, infertility 
may be a primary concern of treatment.  

  Interferon 
 Recombinant interferon alfa has been used simultaneously 
with initial cytotoxic chemotherapy or as maintenance therapy 
in patients who responded to initial chemotherapy, aiming 
to enhance immunological response and prolong survival. 
Interferon has been shown to improve DFS but the benefi t did 
not appear to translate into improved OS, unless an anthracy-
cline regimen was used. Benefi t has not been proven in the 
rituximab era and therefore it is not widely used at present.  

  Monoclonal  a ntibodies 
 The addition of the monoclonal antibody rituximab to chemo-
therapy regimens has been associated with improvements in 
response rates, PFS and OS, although it is unclear whether 
advanced indolent NHL can be cured without allogeneic SCT. 

 Rituximab is an anti - CD20 chimeric monoclonal antibody 
that was the fi rst approved for NHL treatment. The cell - surface 
antigen CD20 is in many ways an ideal target as it is expressed 
by 95% of B cells in NHL but not by haemopoietic stem cells; 
it has a functional role in B - cell growth and also does not nor-
mally circulate as a free antigen in plasma, so the free antigen 
does not compete for antibody binding. Response is achieved 
via several mechanisms, including complement - dependent 
cytotoxicity, antibody - dependent cellular cytotoxicity and 
induction of apoptosis. Rituximab is also able to sensitize lym-
phoma cells to the cytotoxic activity of chemotherapy. 

who do not need rapid debulking of their tumour mass. The 
combination chemotherapeutic regimens CVP (cyclophospha-
mide, vincristine, prednisolone) and CHOP (cyclophospha-
mide, vincristine, Adriamycin, prednisolone) with rituximab 
(R - CHOP) are widely used. Rituximab/bendamustine has been 
shown to be effi cacious in a randomized non - inferiority study 
(vs. R - CHOP) and well tolerated, with similar haematological 
and infectious complications but without inducing alopecia. 

 The role of doxorubicin - containing regimens for indolent 
lymphoma is controversial. There has been no direct rand-
omized comparison between R - CHOP and R - CVP. Comparison 
of outcome from up - front Phase II/III studies demonstrates 
prolongation of response duration and higher overall response 
rate (ORR) and complete responses (CR) following R - CHOP, 
although it is not known whether this will translate into overall 
survival benefi t. There is some evidence from retrospective 
studies that risk of transformation may be lower with anthra-
cycline - based therapy though this needs confi rmation. However, 
haematological and non - haematological (alopecia, cardiac) 
toxicity are greater with R - CHOP. 

 Nevertheless, there are some patients for whom doxorubucin -
 containing regimens may be appropriate, although the data to 
support this approach remain controversial. Grade IIIB FL is a 
defi nite indication, while those who present with constitutional 
symptoms, high tumour burden and elevated LDH (all param-
eters suggesting more aggressive disease, despite the indolent 
histology) may be more appropriate for doxorubicin - 
containing combinations. 

 Seven randomized controlled trials involving 1943 patients 
with indolent lymphomas (1480 with FL) have been included 
in a recent meta - analysis comparing the outcome after radio-
chemotherapy with chemotherapy alone. In fi ve of the trials 
patients had no prior therapy. Patients treated with radioche-
motherapy had better OS (HR for mortality 0.65, 95% CI 0.54 –
 0.78), overall response (relative risk of tumour response 1.21, 
95% CI 1.16 – 1.27) and disease control (HR of disease event 
0.62, 95% CI 0.55 – 0.71) than patients treated with chemo-
therapy alone.  

  Purine  a nalogues 
 The more recent purine analogues, fl udarabine, 2 - chlorode-
oxyadenosine (cladribine) and deoxycoformycin (pentostatin), 
represent a group of potently lymphotoxic antimetabolite 
agents, non - cross - resistant to alkylating agent therapy. Their 
activity in the indolent NHLs, particularly in the follicular 
subtype, may be due to their unique ability as antimetabolites 
to inhibit resting as well as dividing cells. 

 Several retrospective studies suggested a higher response rate 
with single - agent fl udarabine compared with alkylating agent -
 based regimens. However, prospective randomized trials failed 
to confi rm these results, suggesting CVP/CHVP plus interferon 
to be as good as single - agent fl udarabine. Several retrospective/
Phase I studies have suggested that fl udarabine - containing 
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serve as a survival factor for lymphoma cells, is carried by 85% 
of patients with FL and can be detected by PCR. Achievement 
of molecular remission after therapy (clearance of  BCL2  -
 positive cells) appears to be associated with prolonged PFS and 
may even predict a longer OS. Various chemotherapy regimens 
(e.g. FND - R, CHOP - R) have yielded similar results, reporting 
molecular remissions with prolonged PFS. Rituximab -
 containing chemotherapy regimens appear to increase both 
clinical and molecular remission rates when compared with 
those usually achieved with chemotherapy only, giving grounds 
for optimism.  

  Relapsed  l ow -  g rade  l ymphoma 
 Single - agent rituximab has limited effi cacy in relapsed disease, 
providing responses in 38 – 59% of patients, including CR in up 
to 28%. However, responses are not durable and patients even-
tually relapse. Many studies now suggest that combination 
immunochemotherapy may be more effective than single - agent 
rituximab or chemotherapy alone and thus this treatment may 
be offered to patients with relapsed disease who can tolerate a 
combined regimen. However, results of prospective compara-
tive trials are still needed to confi rm the superiority of this 
strategy, especially in the setting of fi rst - line chemoimmuno-
therapy. Concerns regarding the ability to mobilize stem cells 
after fl udarabine should be taken into account if subsequent 
autologous SCT is considered. 

 A study by the German Low - grade Lymphoma Study Group 
compared the combination of fl udarabine, cyclophosphamide 
and mitoxantrone (FCM) with rituximab plus FCM in patients 
with relapsed FL and MCL. This study was stopped early after 
147 patients had been randomized when R - FCM treatment 
revealed a signifi cant improvement in response rates, response 
duration, and survival over that of FCM alone.  

  Rituximab  m aintenance 
 A recent meta - analysis of randomized controlled trials that 
compared rituximab maintenance therapy with observation or 
treatment at relapse (no maintenance) has recently been pub-
lished. Five trials including 1143 adult patients were included 
in this meta - analysis. Data for 985 patients with FL were avail-
able for the meta - analysis of OS. Patients treated with mainte-
nance rituximab had statistically signifi cantly better OS than 
patients in the observation arm or patients treated at relapse 
(HR for death 0.60, 95% CI 0.45 – 0.79). The rate of infection -
 related adverse events was higher with rituximab maintenance 
treatment (HR 1.99, 95% CI 1.21 – 3.27). Patients with refrac-
tory or relapsed (i.e. previously treated) FL had a survival 
benefi t with maintenance rituximab therapy (HR for death 
0.58, 95% CI 0.42 – 0.79), whereas previously untreated patients 
did not (HR for death 0.68, 95% CI 0.37 – 1.25). Maintenance 
therapy with rituximab was offered either as four weekly infu-
sions every 6 months or as a single infusion every 2 – 3 months. 
Open questions still exist regarding the effect of rituximab 

 The effi cacy and tolerability of monoclonal antibodies tar-
geted against CD20 and other antigens expressed by lymphoma 
cells are also being explored (Table  35.8 ).   

  Previously  u ntreated  l ow -  g rade  l ymphoma 
 Single - agent therapy with rituximab appears to be effective in 
previously untreated low - grade NHL, yielding a high response 
rate of 62 – 73%, including 20 – 44% CRs. 

 A number of Phase II studies have suggested that extending 
therapy with rituximab maintenance schedules is associated 
with improved outcomes compared with rituximab induction 
alone. A Phase III trial comparing rituximab maintenance 
therapy with observation only (following rituximab induction) 
showed a signifi cantly improved PFS in those who received 
rituximab maintenance, with no increase in treatment - related 
adverse events. Whether maintenance with rituximab to these 
complete responders can prolong survival remains to be seen 
and studies are addressing this. 

 The single - agent activity of rituximab, coupled with its dis-
tinct mechanisms of action, non - overlapping toxicity and 
ability to sensitize lymphoma cells to cytotoxic activity, has 
encouraged researchers to evaluate its combinations with 
chemotherapy. In a number of large Phase III trials, rituximab 
plus chemotherapy (CHOP or CVP) has demonstrated signifi -
cant activity, achieving improvements in ORR (81% vs. 57%, 
with CRs of 40% vs. 10% respectively;  P     <    0.0001) and prolon-
gation of time to treatment failure and TTP and OS compared 
with CVP alone ( P     <    0.0001 for both parameters). 

 A characteristic chromosomal translocation, t(14;18), leading 
to overexpression of  BCL2 , an anti - apoptotic gene that may 

  Table 35.8    Monoclonal antibodies in NHL. 

   Antibody     Antigen     Conjugate  

  Rituximab (IDEC -

 C2B8, Rituxan)  

  CD20    None  

  Alemtuzumab 

(Campath - 1H)  

  CD52    None  

  Epratuzumab 

(hLL2)  

  CD22    None  

  Apolizumab 

(Hu1D10, 

Remitogen)  

  HLA - DR    None  

  Ibritumomab 

tiuxetan (IDEC - 

Y2B8, Zevalin)  

  CD20     90 Y  

  Tositumomab 

(Bexxar)  

  CD20     131 I  

  Immunotoxins    CD19, CD22     Pseudomonas  exotoxin 

A (PE38), ricin A, 

Shiga toxin  
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Greater effi cacy than rituximab  in vivo  has been demonstrated 
in preclinical lymphoma models and this agent is being assessed 
clinically. The combination of epratuzumab (anti - CD22) and 
rituximab has been shown to induce durable responses in 
patients with recurrent indolent NHL in an international mul-
ticenter trial. Apolizumab is a humanized IgG1 antibody spe-
cifi c for a polymorphic determinant found on the HLA - DR 
 β  - chain expressed by normal and malignant B cells. It has been 
shown to be well tolerated and effective in a proportion of 
patients with rituximab - refractory FL. Alemtuzumab (Campath -
 1H), directed against CD52, may be used in both T - cell and 
B - cell NHL. An increased risk of opportunistic infection (related 
to T - cell depletion) may limit its use and its effi cacy is described 
separately in the relevant sections. 

 Combinations of monoclonal antibodies directed at different 
antigens may have a synergistic effect, leading to increased 
response rates. Various combinations are being investigated 
(e.g. rituximab and alemtuzumab, rituximab and epratuzu-
mab). Data are still too limited to draw fi nal conclusions about 
their potential toxicity and effi cacy. In summary, there is little 
doubt about the effi cacy of rituximab in FL, but there is still 
doubt as to whether any treatment signifi cantly modifi es the 
ultimate duration of disease.  

  Radioimmunoconjugates 
 FL is a radiosensitive malignancy and a targeted strategy using 
radiotherapy involves the use of radiolabelled monoclonal 
antibodies such as  131 I - labelled or  90 Y - labelled anti - CD20 
antibodies.  90 Y - ibritumomab tiuxetan (Zevalin; Bayer Schering 
Pharma AG, Berlin, Germany) is an immunoconjugate 
comprising murine IgG1 and the anti - CD20 monoclonal 
antibody ibritumomab covalently bound to the chelator 
tiuxetan, which provides stable linkage to the radioisotope. 
Radioimmunoconjugates kill tumour cells predominantly by 
radioactive emission and can therefore be effective in patients 
who do not respond to unconjugated antibodies (e.g. rituxi-
mab). The most common radioisotopes are  131 I ( β / γ  - emitter) 
and  90 Y (a pure  β  - emitter) (Table  35.9 ). The  β  - particles emitted 

maintenance on the outcome of patients with FL, some of 
which are currently being evaluated in randomized clinical 
trials. These questions include the effects of rituximab mainte-
nance therapy compared with rituximab at disease progression, 
effects of rituximab maintenance therapy in previously 
untreated patients with advanced FL, effects of rituximab main-
tenance therapy in patients with FL following rituximab and 
chemotherapy induction, the optimal duration of rituximab 
maintenance therapy, and the optimal schedule of rituximab 
maintenance. 

 Presently it is felt to be reasonable to offer rituximab main-
tenance to patients responding to reinduction with chemother-
apy with or without rituximab regardless of whether they 
received rituximab with initial chemotherapy. There has been 
no direct comparison of rituximab maintenance with autolo-
gous or allogeneic SCT but any of these treatment options for 
patients who have responded to second - line chemotherapy may 
be considered. There are many factors to consider, such as 
response duration, morbidity, survival, quality of life, potential 
of  ‘ cure ’  and fi nancial criteria. The multidisciplinary team 
meeting is a venue to discuss such options but clearly involving 
the patient in such treatment choices is recommended.  

  New  u nconjugated  a ntibodies and  c ombinations of 
 m onoclonal  a ntibodies 
 New monoclonal antibodies directed at different antigens 
expressed by lymphoma cells are being investigated, for example 
anti - CD22 (hLL2, epratuzumab), anti - HLA - DR (Hu1D10, 
apolizumab, Remitogen) and anti - CD19 monoclonal antibod-
ies (see Table  35.8 ). New monoclonal antibodies directed 
against CD20 include ofatumumab (HuMax CD20), IMMU -
 106 (hA20) which has a greater than 90% humanized frame-
work, and GA - 101, a novel third - generation fully humanized 
and optimized monoclonal antibody. These agents are highly 
cytotoxic against B - cell lymphoid cells and are currently being 
evaluated. Veltuzumab is a humanized anti - CD20 monoclonal 
antibody that has signifi cantly reduced off - rates and increased 
complement - dependent cytotoxicity in lymphoma cell lines. 

  Table 35.9    Characteristics of currently available radioimmunoconjugates used in NHL. 

   Characteristics      131 I      90 Y  

  Emission     β  and  γ      β   

  Half - life    8 days    2.5 days  

  Energy     –      × 5  

  Imaging    Can be used for radioimmunoscintigraphy    Cannot be used for radioimmunoscintigraphy by conventional 

methods  *    

  Stability    Rapid degradation after endocytosis    Retained stable by tumour cells after endocytosis  

  Hospitalization    Hospitalization    Outpatient  *    

    * As a result of having no  γ  emission.   
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  Radioimmunoconjugates in  t herapy -  n aive  p atients 
 Radioimmunoconjugates are particularly effective when used 
earlier in the disease course and in less bulky ( < 5   cm diameter) 
disease. The recently published First - Line Indolent Trial (FIT), 
an international randomized controlled Phase III trial, evalu-
ated the safety and effi cacy of consolidation therapy with a 
single dose of  90 Y - ibritumomab tiuxetan in 414 patients with 
advanced - stage FL who achieved a partial response (PR) or 
better with fi rst - line induction treatment. Consolidation of fi rst 
remission with  90 Y - ibritumomab tiuxetan was highly effective 
with no unexpected toxicities, prolonging PFS by 2 years and 
resulting in high PR - to - CR conversion rates regardless of type 
of fi rst - line induction treatment (although only 15% of patients 
received rituximab - containing chemotherapy). Median PFS 
with consolidation was prolonged in all IPI risk subgroups. The 
most common toxicity with  90 Y - ibritumomab tiuxetan was hae-
matological, and grade 3 or 4 infections occurred in 8% of 
patients. Whether such benefi t will be seen after radiochemo-
therapy remains to be evaluated.    

  Immunotoxins 
 Immunotoxins are specifi c antibodies connected to toxins 
through a linker that is easily cleavable on the malignant cell 
surface but which is stable while the toxin circulates in the 
blood. For the immunotoxin to be effective, the antigen should 
be expressed extensively on the surface of the targeted cell, and 
should be able to be internalized in response to antibody 
binding so that the toxin can kill the cell. The most commonly 
used toxins (ricin A, diphtheria,  Pseudomonas  exotoxin A and 
Shiga - like toxin - 1) kill by inhibiting protein synthesis. The 
effi cacy and safety of most of these immunotoxins have yet 
to be proven. However, an anti - CD22 immunotoxin called 
RFB4(dsFv) - PE38 (BL22) has been recently reported to be 
extremely potent in patients with hairy cell leukaemia who 
failed cladribine (see also Chapter  29 ). The CD22 antigen is 
expressed by other lymphoproliferative disorders (i.e. MCL and 
DLBCL) and the BL22 immunotoxin may also be applied in 
these patients.   

  Stem  c ell  t ransplantation in  l ow -  g rade  NHL  

  Autologous  s tem  c ell  t ransplantation 
 Autologous SCT can prolong OS in relapsed disease and can 
extend PFS in fi rst remission. With more than 10 years of fol-
low - up, the survival curves demonstrate a plateau indicating a 
potential cure in certain patients. A recently published retro-
spective analysis by the European Group for Blood and Marrow 
Transplantation (EBMT) of 693 patients with follicular lym-
phoma who underwent autologous SCT between 1979 and 1995 
reported a 15 - year PFS and OS of 27 and 47% respectively. 
Notably, the PFS curve begins to plateau after 10 years, suggest-
ing that some patients may be cured. Combined data from St 
Bartholomew ’ s Hospital and the Dana - Farber Cancer Institute 

by  131 I and  90 Y radioisotopes have high penetration (over many 
cell diameters), allowing eradication of tumour cells that are not 
expressing the targeted antigen but which are adjacent to target 
CD20 - positive cells; this is known as the  ‘ crossfi re ’  effect. 
Although  131 I is inexpensive and easily conjugated,  90 Y has fi ve 
times more energy, a longer path length and a shorter half - life 
than  131 I (2.5 days vs. 8 days). A potential problem with pure 
 β  - emitters such as  90 Y is that dosimetry is relatively compli-
cated. However, pure  β  - emitters can be given to outpatients, as 
there is no radiation risk for those who come into contact with 
them. This risk is substantially higher with  γ  - emitters such as 
 131 I (Table  35.10 ).   

  Radioimmunoconjugates in  p atients with  r elapsed  d isease 
 During the past decade, two products directed against the CD20 
antigen,  131 I - labelled tositumomab and  90 Y - labelled ibritu-
momab tiuxetan, have been studied. Both products have pro-
duced response rates of 70 – 80% in patients with relapsed/
treatment - naive low - grade lymphoma, and 50 – 60% in low -
 grade lymphoma that has transformed into an intermediate or 
high - grade lymphoma. Median duration of response to a single 
course of treatment approached 1 year. The treatment was well 
tolerated. However, prolonged myelosuppression with a poten-
tial risk of long - term myelodysplastic syndrome/myeloid leu-
kaemia was noted. A Phase III trial comparing rituximab with 
 90 Y - labelled ibritumomab tiuxetan in patients with relapsed/
refractory low - grade lymphoma/transformed B - cell NHL con-
fi rmed the effi cacy of radioimmunoconjugates, showing a 
higher response rate in those who received  90 Y - labelled ibritu-
momab tiuxetan. There was no difference in median TTP, but 
durable responses ( ≥ 6 months) were more frequent in the radi-
oimmunotherapy arm. A recent meta - analysis demonstrated 
that response rates, response duration and safety profi le of 
 90 Y - ibritumomab tiuxetan in elderly patients ( > 70 years) were 
similar to those of younger patients. 

 These agents have been used in patients prior to transplanta-
tion, with the aim of reducing disease bulk, and in some cases 
establishing CR before consolidation with high - dose therapy. 
Whether patients can achieve a similar outcome from radioim-
munotherapy without proceeding to a transplant procedure is 
unknown.  

  Table 35.10    Potential problems when using 

radioimmunoconjugates. 

  Requires special knowledge and can be given by an expert only  

  Treatment with  131 I (emitting  γ  - particles) requires hospitalization 

for isolation  

  Accumulative toxicity may limit future stem cell harvesting  

  Long - term toxicity unknown (possibility of secondary 

malignancies)  
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 Radioimmunoconjugates may also be used as part of autolo-
gous SCT in NHL, enabling the delivery of higher radiotherapy 
doses without signifi cantly increasing treatment - related toxic-
ity. Phase I and II studies have demonstrated the addition of a 
radioimmunoconjugate to standard conditioning regimens to 
be well tolerated and associated with a potential increase in 
effi cacy. Randomized studies are ongoing and long - term fol-
low - up will be important, given the potential for these agents 
to increase rates of treatment - related MDS and AML.  

  Allogeneic  s tem  c ell  t ransplantation in 
 l ow -  g rade  l ymphoma 
 Advanced low - grade lymphomas are usually incurable with 
conventional - dose chemotherapy. It is uncertain whether cures 
are possible with autologous SCT and bone marrow transplan-
tation from a human leucocyte antigen (HLA) - identical sibling. 
Earlier studies suggested that allogeneic SCT using myeloabla-
tive conditioning was potentially curative, although the trans-
plant - related mortality (TRM) was high. This strategy combines 
the cytoreductive effect of the conditioning agents with the 
alloreactive donor T cells to eliminate residual lymphoma. The 
problems of tumour contamination of the graft and secondary 
MDS/AML are not concerns compared with autologous SCT. 

 Reduced - intensity SCT is being increasingly used for various 
kinds of haematological malignancies, aiming to exploit the 
curative potential of this modality by inducing a graft - versus -
 tumour effect without the morbidity and mortality associated 
with conventional transplantation. Several retrospective studies 
have suggested this approach to be less toxic and potentially 
curative in patients with low - grade lymphoma. At 2 – 5 years of 
follow - up, OS rates are at least comparable to those obtained 
with myeloablative regimens. In an Italian multicentre study a 
relapse risk of 14% and 3 - year OS of 88% were observed for 
patients with FL. This outcome is similar to that described by a 
UK group, although different rates of acute and chronic GVHD 
refl ect differences in prophylaxis (T - cell depletion).  

  Treatment of  t ransformed  f ollicular  l ymphoma 
 There is approximately a 3% per annum risk of transformation 
of FL to a more aggressive phenotype. In the pre - rituximab era 
the outcome after chemotherapy was generally poor, with 
median survival of 1.2 – 1.8 years reported. Consideration for 
autologous SCT after chemotherapy was thus advocated and in 
small Phase II studies 30% survival at 5 years has been described. 
Although published data are scant, outcome appears to be 
improved after rituximab, CHOP or other combination chemo-
therapy regimens, especially for patients who had received no 
prior therapy for their low - grade disease and who achieve com-
plete remission following treatment of the transformed disease. 
Thus autologous SCT is commonly withheld in this subgroup. 
Allografting using reduced - intensity conditioning is another 
option and its effi cacy described in small series, with a 60% OS 
at 4 years observed in chemosensitive patients.   

in 121 recipients of autologous SCT in second, third or fourth 
complete remission also support this observation, with a sur-
vival plateau after 13 years. At 10 and 15 years, PFS of 48 and 
47% and OS of 54 and 44%, respectively, were reported. A 
comparison of second complete remission age - matched con-
trols showed superior OS with autologous SCT compared with 
conventional therapy (61% vs. 41% at 10 years; 54% vs. 30% at 
15 years). 

 Second malignancies are the most common cause of late 
non - relapse mortality after autologous SCT. Although recipient 
age, number of prior chemotherapeutic regimens, and use of 
fl udarabine, etoposide and alkylating agents may predispose 
patients to myelodysplastic syndrome (MDS)/acute myeloid 
leukaemia (AML), it is now clear that haemopoietic SCT inde-
pendently adds to the overall risk. The inclusion of total body 
irradiation (TBI) into the conditioning regimen markedly 
increases the risk of MDS/AML. The EBMT analysis noted a 
fourfold increased risk of secondary malignancies at 10 years. 
The Dana - Farber group, who used a TBI - containing condition-
ing regimen, demonstrated a 16% risk of second malignancy at 
10 years, even though patients underwent autologous SCT in 
fi rst remission and therefore were exposed only to one prior 
regimen. An increased incidence of hypothyroidism, hypogo-
nadism, infections, anxiety, depression and cardiac dysfunction 
were also reported. 

 In contrast, three studies comparing the outcome after TBI -
 based autologous SCT compared with further conventional -
 dose chemotherapy in patients responding to fi rst - line induction 
chemotherapy have shown no difference in OS between the 
arms. The PFS benefi t, seen for patients autografted in two of 
these studies, is balanced by an increased risk of second cancers 
in the autograft arm. Autografting in fi rst complete remission 
is not therefore generally recommended.  

  Non -  c onjugated  m onoclonal  a ntibodies, 
 r adioimmunoconjugates and  a utologous 
 s tem  c ell  t ransplantation 
 It is well established that conventional chemotherapy does not 
prolong survival in patients with low - grade lymphoma. 
However, autologous SCT may improve PFS, and most patients 
with FL will eventually relapse due to contamination of the 
harvest product with lymphoma cells or regrowth of malignant 
cells that survived the transplantation procedure. Molecular 
remission before transplantation appears to be linked to 
increased PFS. Therefore, it is tempting to try to purge the stem 
cells before transplantation in order to minimize harvest con-
tamination and reduce relapse risk. Similarly, it might be a 
reasonable approach to add rituximab post transplant ( ‘ mopping 
up ’ ), aiming to eradicate residual cells that survived high - dose 
chemotherapy (ongoing EBMT Lym1 study). The effi cacy of 
both stem cell purging/post - transplant  ‘ mopping - up ’  is still 
debated, and results from prospective randomized trials are 
awaited. 



Postgraduate Haematology

670

   MALT   l ymphoma 

  Staging 
 Up to 25% and 46% of patients with gastric and non - gastric 
MALT lymphoma respectively have disseminated disease at 
presentation so more extensive staging is indicated, including 
gastroduodenal endoscopy with multiple biopsies. For patients 
presenting with gastric MALT lymphoma, consideration should 
be given to endoscopic ultrasound for evaluation of depth of 
infi ltration if this is not evaluable by CT. It is essential to assess 
the  H. pylori  status in all cases (see below). Wherever possible, 
the t(11;18) status, which is positive in about 30 – 40% of cases, 
should also be determined as this is of prognostic and therapeu-
tic value.  

  Treatment 
  Helicobacter pylori  infection appears to be a possible causative 
agent for development of gastric MALT lymphoma. Eradication 
of  H .  pylori  with antibiotics appears to be initial effective therapy 
for localized gastric MALT lymphoma. Preliminary analysis of 
the LY03 trial (International Extranodal Lymphoma Study 
Group, the United Kingdom Lymphoma Group and the Groupe 
d ’ Etude des Lymphomes de l ’ Adulte) confi rmed that at least 
half of the cases treated with antibiotics achieve histological 
complete remission. Median time for optimal response is 6 
months, but some patients require 24 months to achieve com-
plete remission. Response rate is highest in those whose disease 
is restricted to the mucosa (78%) and in those who have no 
nodal involvement by endoscopic ultrasonography. The extent 
of tumour penetration into the gastric wall is inversely corre-
lated with complete remission rate. 

 Based on these data it seems reasonable to treat localized 
disease with antibiotic therapy, followed by strict endoscopic 
follow - up, including multiple biopsies 2 months after therapy 
to confi rm eradication of bacteria, with repeated endoscopies 
and biopsies at least twice per year for 2 years to confi rm his-
tological regression of the tumour. 

 Histological complete remission does not necessarily predict 
cure: PCR for the detection of monoclonality remains positive 
in approximately half of those who achieve histological com-
plete remission, suggesting suppression but not eradication of 
the lymphoma clone. In cases of unsuccessful eradication of 
 H .  pylori  (PR/resistance disease), a second - line high - dose 
antibiotic regimen containing three or four drugs, one of 
which should be omeprazole (e.g. omeprazole, bismuth citrate, 
metronidazole, tetracycline), should be administered. Those 
patients whose tumour fails to regress despite second - line 
therapy frequently express t(11;18) or t(1;14) and those who 
present with  H .  pylori  - negative localized gastric lymphoma may 
still respond to chemotherapy (e.g. oral cyclophosphamide/
chlorambucil), immunotherapy (monoclonal antibodies), radi-
otherapy or more rarely surgery, or combinations of these treat-

  Suggested  a lgorithm for  t herapy of 
 l ow -  g rade  NHL  ( m ostly  f ollicular 
 l ymphoma) 

        Localized  d isease 
     •      Use of involved - fi eld radiation     

  Disseminated  d isease ( s tage  III / IV ) 
     •      Asymptomatic patient.     In asymptomatic patients a  ‘ watch and 
wait ’  policy is generally appropriate. Younger patients with 
advanced asymptomatic disease may be considered for clinical 
trials (e.g. BNLI trial: rituximab in patients with stage III/IV 
asymptomatic low - volume FL).  
   •      Symptomatic patient.     Use of chemotherapy and/or immuno-
therapy to relieve symptoms. Treatment regimen should 
be chosen according to patient ’ s performance status and age. 
The effi cacy of maintenance rituximab is presently being 
evaluated.  
   •      Relapsed disease.     At the time of relapse it is important to 
evaluate the patient ’ s symptoms and rule out biological pro-
gression as identifi ed by histological evidence of progression, 
asynchronous growth in prior disease sites, appearance of  ‘ B ’  
symptoms and high LDH. Patients who have previously 
achieved a prolonged response to alkylating agents may be 
retreated, whereas those who failed to respond or progressed 
quickly may benefi t from purine analogue - based therapies, with 
the concomitant administration of monoclonal antibodies. The 
addition of maintenance rituximab has improved results even 
further. Histological evidence of transformation or clinical 
suspicion of more aggressive disease indicates the need for 
anthracycline - containing regimens.  
   •      Further intensifi cation of treatment.     Autologous SCT may be 
valuable in patients beyond CR1, providing a prolonged DFS 
and OS. Autologous SCT may be considered for patients who 
have histological evidence of transformation and who had 
received prior therapy for low - grade disease. Younger patients 
with progressive disease may be considered for allogeneic SCT, 
the only potentially curative therapy for patients with advanced 
disease. Useful outcomes have been seen in patients undergoing 
reduced - intensity allogeneic SCT.         

  Marginal  z one  B  -  c ell  l ymphoma 

 The term  ‘ marginal zone lymphoma ’  refers to three closely 
related lymphoma subtypes: nodal, primary splenic and extran-
odal lymphomas of mucosa - associated lymphoid tissue (MALT) 
(see Chapter  33 ). MALT lymphomas are the most common, 
representing about 7% of NHLs, of which at least one - third 
present as primary gastric lymphoma. These lymphomas are 
characterized by mature B cells lacking expression of CD5 and 
CD10. 
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and prostate; in these cases it tends to have an indolent course. 
Treatment should be tailored to the patient, considering the site 
of disease and the patient ’ s symptoms. Management therefore 
ranges from a  ‘ watch - and - wait ’  policy, through various kinds 
of therapy, including chemotherapy, monoclonal antibodies 
(e.g. rituximab) and radiotherapy, to surgery. 

 A number of reports have suggested an association between 
ocular adnexal MALT lymphoma and  Chlamydia psittaci , 
although this has precipitated much debate. However, there is 
wide variability (0 – 80%) in the seroprevalence of  C. psittaci  in 
series of ocular adnexal lymphomas, which may partly refl ect 
methodological differences among published studies. Reponses 
to doxycycline have been documented in the treatment of 
ocular MALT lymphoma and this agent may be considered, 
although the time to response may be prolonged.   

  Waldenstr ö m  m acroglobulinaemia 

 Waldenstr ö m macroglobulinaemia (WM) is a clinical syn-
drome occurring in most patients with a lymphoplasmacytic 
lymphoma, rather than a specifi c pathological diagnosis. WM 
represents a clonal expansion of post - germinal centre lymphoid 
cells expressing IgM, CD19 and CD20. The morphological, 
immunophenotypic and genetic features are described in 
Chapter  33 . 

 High IgM levels may cause hyperviscosity syndrome, mani-
fested as fatigue, headache, blurred vision, mucosal bleeding, 
impaired cognition or coma. Other clinical manifestations 
include haemostatic abnormalities, polyneuropathies (which 
may be related to anti - myelin - associated glycoprotein anti-
bodies), cryoglobulinaemias, cold agglutinin haemolytic 
anaemia and the consequences of tissue deposition such as 
amyloidosis. Depending on the degree of marrow infi ltration, 
patients may present with mild anaemia or with severe 
pancytopenia. Progressive anaemia is the most common indica-
tion for initiation of treatment. Approximately one - third of 
patients present with lymphadenopathy, splenomegaly or 
hepatomegaly. 

 Factors predictive of poor prognosis include age over 65 
years, anaemia, thrombocytopenia, serum monoclonal protein 
concentration above 70   g/L and raised levels of  β  2  - microglobulin. 
These factors form the basis of the International Prognostic 
Staging System for WM (IPSSWM). 

 Patient management ranges from  ‘ watch and wait ’  for asymp-
tomatic patients, through various types of chemotherapy (e.g. 
alkylating agents with or without steroids, CHOP, purine nucle-
oside analogues), monoclonal antibodies (e.g. rituximab) and 
immunomodulators (e.g. thalidomide), to autologous/alloge-
neic SCT. Patients presenting with hyperviscosity also need 
adjuvant plasmapheresis. 

ments. Data from small series suggest low - dose radiotherapy to 
be highly effective for patients with stage I/II disease, providing 
a 5 - year DFS of 93%. At present there are no prospective ran-
domized trials comparing these modalities. 

 Surgical resection is not recommended because the frequent 
multicentric nature of MALT lymphomas necessitates radical 
surgery with its attendant morbidity. Patients with advanced -
 stage disease are unlikely to be cured with antibiotics only and 
are therefore treated with systemic chemotherapy/immuno-
therapy up - front.   

  Splenic  m arginal  z one  l ymphoma (with or 
 w ithout  v illous  l ymphocytes) and 
 n odal  v ariant 

 Splenic marginal zone lymphoma (SMZL) often presents 
as splenomegaly with bone marrow and peripheral blood 
involvement, with associated cytopenias, whereas lymph nodes/
extranodal sites are usually spared. SMZL is characterized 
by micronodular infi ltration of the spleen with marginal - zone 
differentiation; the immunophenotype usually shows cells 
positive for IgM and pan B antigens and negative for CD5, 
CD10, CD23 and cyclin D1, with variable expression of IgD, 
cytoplasmic immunoglobulin and CD43 (described further in 
Chapter  33 ). 

 It generally tends to have an indolent course; however, 
autoimmune complications are often associated with tumour 
progression, with increase of blastic forms and shorter survival. 
The median survival is around 10 years and more than 60% of 
patients are alive at 5 years. Approximately 10% of cases 
undergo transformation to DLBCL. To date no defi nitive cura-
tive therapy has been established and thus therapeutic interven-
tion is generally reserved for patients with symptomatic active 
disease. 

 Splenectomy is considered to be the treatment of choice for 
symptomatic patients (pain, cytopenias), resulting in correction 
of pancytopenia and improvement in quality of life. Up to half 
of patients do not require further therapy. Retrospective studies 
have reported better OS in splenectomized patients than those 
treated with chemotherapy, although this may refl ect selection 
bias. In the majority of evaluable cases a worsening of both the 
degree and pattern of bone marrow infi ltration after splenec-
tomy has been observed. A change in intrasinusoidal to nodular 
infi ltration has been reported. 

 The utility of purine analogues with or without anti - CD20 
antibodies has to be clarifi ed in prospective trials, although 
retrospective data suggest these modalities to be effective.  

  Non -  g astric  MALT   l ymphoma 

 MALT lymphoma can also occur in salivary glands, skin, 
thyroid, conjunctiva, orbit, larynx, lung, breast, kidney, liver 
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of autologous SCT along with biological agents (e.g. rituximab 
purging), maintenance strategies (including immunotherapy) 
and evaluation of non - myeloablative regimens containing 
fl udarabine to achieve higher response rates and improve 
survival.  

  Novel  t herapies 

 Agents with effi cacy include bortezomib, immunomodulatory 
drugs (thalidomide, lenalidomide), sildenafi l (Viagra), Akt 
inhibitors and novel monoclonal antibodies and have been 
described in a number of small studies. A combination of these 
agents with chemotherapy may increase treatment effi cacy, 
inhibiting diverse pathways that are important for tumour 
growth and survival.  

  Guidelines for Waldenstr ö m 
 m acroglobulinaemia 

 The Fourth International Workshop on WM, a consensus 
panel, published its recommendations for the treatment of 
patients with WM in 2009. 
  1     First - line combinations such as rituximab with nucleoside 
analogues with or without alkylating agents or with cyclophos-
phamide - based therapies (CHOP) or the combination of rituxi-
mab with thalidomide are recommended. Limiting exposure to 
nucleoside analogues is recommended in younger patients 
because of the reports of the associated increase in incidence of 
Richter transformation and development of secondary MDS/
AML.  
  2     Patients with relapsed disease can be treated with an alterna-
tive fi rst - line agent or with the same agent again. Thalidomide 
with or without chemotherapy can also be considered at relapse. 
In the salvage setting, reuse of a fi rst - line regimen or use of a 
different regimen should be considered along with bortezomib 
or alemtuzumab.  
  3     Autologous SCT may be considered for patients with refrac-
tory or relapsing disease. However, patients considered for 
autologous SCT may fail mobilization following treatment with 
alkylating agents or nucleoside analogues.  
  4     Allogeneic transplantation should only be undertaken in the 
context of a clinical trial.  
  5     Plasmapheresis should be considered as interim therapy until 
defi nitive therapy can be initiated.  
  6     The panel reaffi rmed its encouragement of the active enrol-
ment of patients with WM onto innovative clinical trials when-
ever possible.  
  7     Patients should be stratifi ed according to the IPSSWM.      

  Mantle  c ell  l ymphoma 

 This represents approximately 5 – 10% of NHLs, with a median 
age at presentation of 60 years. The majority of patients have 

  Chemotherapy 

 Alkylating agents (e.g. chlorambucil) with or without pred-
nisolone have been the mainstay of treatment for patients with 
symptomatic WM, producing remissions in 50 – 75% of patients. 
Responses are usually slow and toxicity minimal provided the 
dose is adjusted for cytopenias. Response rates of 60% and 
median survival of about 60 months have been observed. 
Combination chemotherapy (CHOP or CVP) produces com-
parable response rates to single - agent alkylating agents and 
more rapid responses, but with greater toxicity. The advantages 
of regimens such as CHOP include the rapidity of response and 
the lack of compromise to subsequent stem cell harvesting. 

 Purine analogues (e.g. fl udarabine and cladribine) appear to 
be active in both previously untreated patients and those who 
fail to respond to alkylating agents/relapsed disease, providing 
response rates of 38 – 85% and 30 – 50% respectively. One disad-
vantage of purine analogue therapy is the prolonged lympho-
penia that results, with consequent risk of opportunistic 
infections. Prophylaxis against opportunistic infections (aciclo-
vir and co - trimoxazole or pentamidine) during therapy and for 
approximately 6 months following completion of treatment is 
essential. Another concern is the recent reports suggesting an 
increased incidence of Richter transformation and development 
of secondary MDS/AML in WM patients treated with nucleo-
side analogue - containing regimens. These data favour limiting 
exposure of WM patients to nucleoside analogues, particularly 
younger patients.  

  Monoclonal  a ntibodies 

 Several studies have shown rituximab to be active in WM, pro-
viding responses in up to 35% of previously untreated patients. 
However, rituximab can cause a sudden rise in serum IgM and 
viscosity in certain patients, which may lead to complications; 
therefore, close monitoring of these parameters and symptoms 
of hyperviscosity is recommended during therapy. Similarly, 
 90 Y - ibritumomab tiuxetan (Zevalin) is likely to be effective and 
a Phase I trial evaluating this monoclonal antibody in patients 
with WM is ongoing. Rituximab is commonly added to chemo-
therapy schedules with reported improvement in outcome.  

  Stem  c ell  t ransplantation for Waldenstr ö m 
 m acroglobulinaemia 

 Several small studies have reported encouraging results with 
autologous SCT in heavily pretreated patients, providing high 
response rates (95%), with improved PFS in some patients. 
However, at least half of these patients relapse, and the impact 
of this approach on long - term survival is not known. Allogeneic 
SCT does produce prolonged remissions with potential cures 
compared with autologous SCT, but TRM approaches 40%. 
Future strategies in WM will include a plan to evaluate the role 
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SCT for MCL reported to the EBMT identifi ed 279 patients 
transplanted between 1998 and 2006. At 1 and 3 years OS was 
60% and 43% and PFS 49% and 29% respectively. Survival was 
signifi cantly worse for patients with a poor performance status, 
refractory disease or those transplanted before 2002. The M.D. 
Anderson Cancer Center has recently reported the outcome of 
30 patients, with disease beyond fi rst remission, undergoing an 
allograft using fl udarabine, cyclophosphamide and rituximab as 
a preparative regimen. Durable remissions were observed and 
a PFS of 5 – 9 years described. Donor chimerism of 95% or more 
was associated with disease control, while chronic GVHD was 
a major cause of TRM. 

 For patients who have previously received standard salvage 
regimens, novel agents such as mTOR inhibitors, bortezomib, 
immunomodulatory agents (lenalidomide and thalidomide) 
and fl avopiridol have been used with reports of effi cacy. 
Multicentre Phase II and III studies of the mTOR inhibitor 
temsirolimus (CCI - 779) involving patients with relapsed or 
refractory MCL have been recently reported. ORRs of 22 – 38% 
have been described. Median duration of response of 7.1 
months and median OS of 13.6 months were reported. Adverse 
effects were predominantly haematological and thrombocyto-
penia was the most frequent cause of dose reduction. Other 
mTOR inhibitors are being evaluated in Phase II studies. 
Whether the outcome of patients can be improved by combin-
ing an mTOR inhibitor with other agents while maintaining an 
acceptable safety profi le is the subject of ongoing and future 
clinical trials. 

 A number of multicentre Phase II studies of bortezomib in 
patients with relapsed or refractory MCL have reported ORR of 
33 – 47%. A median duration of response of 9 months and 
median time to progression of 6.2 months have been described. 
The most common adverse effects are peripheral neuropathy, 
fatigue and thrombocytopenia. Lenalidomide, an agent with 
antineoplastic, anti - angiogenic, pro - erythropoietic and immu-
nomodulatory properties, has also been used for patients with 
relapsed and refractory MCL. A Phase II trial involving 15 MCL 
patients described an ORR of 53%, median duration of response 
of 13.7 months and median PFS of 5.6 months. The toxicities 
of therapy were predominantly haematological, but manageable 
with dose reduction or dose interruption. Flavopiridol, a cyclin 
inhibitor, and other specifi c cyclin - dependent kinase inhibitors 
have been shown to be biologically active and are being evalu-
ated in MCL patients.  

  Aggressive  B  -  c ell  NHL  

 Treatment of DLBCL is mainly based on anthracycline - 
containing combinations, with or without adjuvant radiother-
apy. However, there are some variations in treatment related to 
patient age, performance status, stage, disease bulk ( < 10   cm vs. 
 ≥ 10   cm), IPI risk group and presence of primary extranodal 

advanced - stage disease at the time of diagnosis, with approxi-
mately 80% having stage IV disease, 50% having gastrointesti-
nal involvement and 70% bone marrow involvement. The MIPI 
score (see Table  35.5 ) is a combined clinical and biological score 
devised by the European MCL Network after a retrospective 
analysis of 350 patients. 

 Typically, patients have a short response to treatment with 
frequent relapses and a median survival of 3 – 5 years. However, 
a minority (10 – 15%) of patients appear to have more indolent 
disease and are long - term survivors, suggesting a  ‘ watch - and -
 wait ’  approach should be considered at diagnosis. 

 Conventional chemotherapy regimens do improve PFS, but 
rarely lead to cure. None of the following chemotherapeutic 
regimens  –  CVP, CHOP, MCP, fl udarabine, bendamustine  –  
seem to be signifi cantly better than any other, providing an OS 
of only 3 – 5 years. The addition of rituximab to these regimens 
appears to improve remission rates but does not infl uence PFS 
or OS. A number of studies are addressing the merit of rituxi-
mab maintenance but this is unproven to date. 

 An alternative approach for patients who are fi t for more 
intensive strategies is the Hyper - CVAD multidrug regimen, 
which incorporates high doses of methotrexate and cytarabine, 
and rituximab. Effi cacy with this regimen was fi rst described by 
the group at the M.D. Anderson Cancer Center who have 
recently reported a 7 - year OS of 68% for patients under 65 
years. Multicentre Phase II trials using this regimen performed 
by the Southwestern Oncology Group (SWOG) and researchers 
in Italy have not reproduced these impressive results, with 22 –
 42% of patients not completing treatment due to toxicity. 

 The effi cacy of another intensive approach has recently been 
described by the Nordic group in their MCL2 study. This incor-
porates intensive immunochemotherapy using  ‘ maxi - CHOP ’ , 
high - dose cytarabine and rituximab, and is consolidated by  in 
vivo  purged SCT. A 5 - year OS of 74% was reported although 
the follow - up is short. A majority of patients achieved PCR 
negativity after SCT, which was associated with prolonged 
response duration. 

 Similar effi cacy of up - front autologous SCT after chemoim-
munotherapy (CHOP, high - dose cytarabine and rituximab) 
and  in vivo  purging has also been described recently in Phase II 
studies by the Groupe de l ’ Etude des Lymphomes de l ’ Adulte 
(GELA) and an Italian multicentre report. Prolonged follow - up 
of 10 years in the latter has shown that 71% of 28 patients are 
alive, with 50% of patients disease - free. A number of groups are 
also assessing the effi cacy of maintenance rituximab after autol-
ogous SCT. The European MCL network has also identifi ed that 
the achievement of molecular remission, after immunochemo-
therapy with or without autologous SCT, is a strong prognostic 
factor in patients with MCL. 

 Allogeneic transplantation is also considered for patients 
with MCL, although it is not standard practice to perform this 
up - front and is generally reserved for patients with relapsed 
disease. A retrospective analysis of reduced - intensity allogeneic 
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therapy, which may partially explain the inferiority of these 
combinations. 

 Adjuvant immunotherapy has been shown to signifi cantly 
improve patient outcomes. A prospective randomized trial per-
formed by GELA in 399 elderly patients with previously 
untreated DLBCL demonstrated a signifi cant advantage for 
CHOP - R over CHOP alone. Patients in the CHOP - R group had 
a higher CR rate (75% vs. 63%,  P     <    0.005), improved PFS (2 -
 year disease progression of 9% vs. 22%,  P     <    0.007; 2 - year relapse 
rate of 14% vs. 25%,  P    =   0.002) and increased OS (2 - year OS 
70% vs. 57%,  P     <    0.007), with no signifi cant increase in treat-
ment - related toxicity. This study identifi ed CHOP - R as the 
gold - standard therapy in elderly patients with DLBCL. These 
results were corroborated in young patients with good - 
prognosis DLBCL in the MInT study. 

 The German High - Grade NHL Study Group (Deutsche 
Studiengruppe Hochmaligne Lymphome; DSHNHL) also dem-
onstrated the effi cacy of shortening intervals between CHOP 
from 3 weeks to 2 weeks (CHOP - 14). This approach was also 
shown to improve the outcome of patients, notably without 
relevant additional toxicity. More recently, the RICOVER - 60 
study, performed by the DSHNHL, demonstrated that six cycles 
of R - CHOP - 14 signifi cantly improved event - free survival 
(EFS), PFS and OS over six cycles of CHOP - 14 treatment for 
patients over 60 years with DLBCL. No further benefi t was 
observed after eight cycles of chemoimmunotherapy.  

  Prophylactic  t herapy to the  c entral 
 n ervous  s ystem 

 Patients with DLBCL who present with a high IPI score (par-
ticularly those with high LDH and/or extranodal disease) are at 
higher risk for CNS relapse and should therefore receive CNS 
prophylactic therapy (see CNS prophylaxis, p. 681).  

  Adjuvant  r adiotherapy 

 The role of adjuvant radiotherapy in DLBCL remains contro-
versial. Although this kind of radiotherapy is recommended at 
present for patients with stage I/II disease, it is unclear if adju-
vant radiotherapy has any benefi t in patients with advanced 
(stage III – IV) bulky disease, who have completed six to eight 
cycles of systemic combination chemotherapy. 

 The maximum tumour (bulk) diameter (MTD) has been 
shown to be an adverse factor affecting outcome in many 
studies. Arbitrary cut - off points for bulky disease have been set 
between 5   cm and 10   cm, depending on clinical considerations, 
although a recent study in the rituximab era has identifi ed a 
cut - off point of 10   cm to delineate those patients with bulky 
disease. The addition of rituximab decreased but did not elimi-
nate the adverse prognostic effect of MTD in this study per-
formed in young patients with good - prognosis DLBCL (MInT 
study). 

disease (see Table  35.3 ). The other histological entities, anaplas-
tic large - cell lymphoma and grade 3b FL, are treated similarly. 

 A large international trial has suggested that in patients under 
60 years of age, the presence of two of the following risk factors 
 –  raised LDH, stage III or IV and poor performance status  –  
predicts a lower chance to achieve CR and increased risk of 
relapse (see Table  35.3 ). 

  Localized  d isease:  n on -  b ulky  s tage  I , with  n o 
 a dditional  r isk  f actors 

 The BNLI reported a 10 - year DFS and OS of 35% and 67%, 
respectively, in 243 patients who were treated with local radio-
therapy for stage I/IE disease. In patients younger than 60 years 
( N     =    140), the actuarial cause - specifi c death approached 80%. 
It is therefore quite clear that local radiotherapy is insuffi cient 
and systemic treatment such as chemotherapy is necessary. 

 A signifi cantly improved DFS and OS in patients who 
received combined modality treatment with a brief chemother-
apy course (three cycles of anthracycline - containing regimen) 
followed by radiotherapy has been reported in a prospective 
randomized trial. Patients with non - bulky stage I disease with 
no additional risk factors (age  > 60 years, elevated serum LDH, 
performance status 2 – 4) have a 5 - year OS of 94%. Patients with 
at least one of the above adverse risk factors have a 5 - year OS 
of around 70%. One randomized study has shown that the 
outcome for patients older than 60 years with limited - stage 
disease and no risk factors is equivalent after four courses of 
R - CHOP chemotherapy to that after four courses of CHOP 
chemotherapy and involved - fi eld radiotherapy. Consideration 
of this approach may be appropriate if radiotherapy is not 
thought feasible.  

  Stage  II  –  IV   d isease 

 Patients with more advanced - stage disease should receive com-
bination chemotherapy. It is now over 30 years since the dox-
orubicin - containing CHOP regimen was fi rst introduced. 
Despite a CR rate of 60 – 70%, less than 40% remain disease - free 
at 5 years from diagnosis. Since that time, different chemo-
therapy regimens have been introduced (e.g. MACOP - B, 
m - BACOD; see Table  35.7 ), although none of them has proved 
superior to CHOP. Several prospective studies have failed to 
show any advantage of intensifi ed regimens over CHOP, sup-
porting the continued use of CHOP in DLBCL. A collaborative 
study by SWOG/Eastern Cooperative Oncology Group (ECOG), 
comparing CHOP with three different intensifi ed regimens 
(MACOP - B, m - BACOD and Pro - MACECytabom), showed no 
survival advantage of any of these regimens compared with 
CHOP. However, it should be noted that most of the Phase 
III studies have compared CHOP with various chemotherapy 
regimens that contained a lower dose of doxorubicin and/or 
cyclophosphamide, two of the most potent drugs in DLBCL 



Non-Hodgkin lymphoma

675

 The subgroup of patients that fails to respond to induction 
is defi ned as  ‘ primary refractory disease ’ . Attempts to overcome 
this biological resistance, by early autologous SCT, have failed 
to achieve better results than conventional chemotherapy. 
Autologous SCT should therefore be limited to those who 
respond to second - line chemotherapy. 

 The role of PET following second - line chemotherapy prior 
to autologous SCT has been evaluated in a number of studies. 
A positive FDG - PET scan before autologous SCT has been cor-
related with inferior PFS and OS and an increased risk for 
relapse.  

  Allogeneic  s tem  c ell  t ransplantation in 
 a ggressive  NHL  

 Some patients are likely to have a very poor prognosis with 
conventional therapy, including those who failed autologous 
SCT, those presenting with a very high IPI and those with 
special subtypes of aggressive NHL (e.g.  γ  δ  T - cell NHL). Such 
patients may be considered for allogeneic SCT. Several reports 
have suggested allogeneic SCT to be potentially curative in 
high - risk patients with chemosensitive disease. There is no 
certainty regarding the existence of a strong graft - versus - 
leukaemia effect in intermediate/high grade of the disease, 
whereas mortality following transplantation remains high, indi-
cating that this treatment should be reserved for selected 
patients only. 

 There are scant data available at present regarding the role of 
low - intensity SCT in aggressive NHL, although a number of 
recent reports suggest there is a role for this approach. Although 
a relatively high TRM (32%) and a high relapse rate (33%) have 
been reported, the 4 - year OS was 44% for patients with  de novo  
DLBCL that was chemotherapy sensitive before reduced inten-
sity transplantation. Chemotherapy - refractory patients had a 
poor outcome. The majority of patients included in these 
studies had very advanced disease, received multiple lines of 
therapy and failed a prior autologous transplantation proce-
dure, which might have adversely affected results. There is little 
evidence to support a clinically relevant anti - DLBCL effect sec-
ondary to donor lymphocyte infusions from these series. 
Further studies that explore low - intensity SCT in earlier stages 
are ongoing.  

  Primary  m ediastinal  B  -  c ell  l ymphoma 

 Primary mediastinal B - cell lymphoma (PMBL) is a discrete 
clinicopathological entity, representing less than 3% of all non -
 NHL cases. The disease affects females more frequently than 
men, and peaks in incidence in the third and fourth decades. 
Molecular analyses have revealed it to be distinct from other 
types of large B - cell lymphoma. PMBL typically presents with 
a bulky mass in the anterior mediastinum and symptoms related 
to local compressive effects are not uncommon. 

 Radiation may cause short -  and long - term side - effects and 
therefore minimal effective doses should be delivered, aiming 
to minimize toxicity (e.g. salivary glands, orbital structures, 
lung, heart).  

  Up -  f ront  a utologous  s tem  c ell  t ransplantation 

 The merit of up - front (performed in CR1) autologous SCT is 
unproven. A meta - analysis of 15 randomized controlled trials 
including 3079 patients has recently been published. Overall 
treatment - related mortality was 6% in the group receiving 
autologous SCT and was not signifi cantly different from that of 
the group receiving conventional chemotherapy (OR 1.33, 95% 
CI 0.91 – 1.93;  P    =   0.14). Thirteen studies including 2018 patients 
showed signifi cantly higher CR rates in the group receiving 
autologous SCT (OR 1.32, 95% CI 1.09 – 1.59;  P    =   0.004). 
Despite higher CR rates after autologous SCT there was no OS 
or EFS benefi t compared with conventional chemotherapy. The 
pooled HRs were 1.04 (95% CI 0.91 – 1.18;  P    =   0.58) and 0.93 
(95% CI 0.81 – 1.07;  P    =   0.31) respectively. Subgroup analysis of 
prognostic groups according to the IPI did not show any sur-
vival difference between those receiving autologous SCT and 
controls in 12 trials, although there was suggestive but incon-
clusive evidence that poor - risk patients may benefi t from autol-
ogous SCT. Whether the response of histological subtypes 
( ‘ activated B cell subtype ’  vs.  ‘ germinal centre ’ ) is different is 
unclear at present and may warrant evaluation. Further assess-
ment of the role of autologous SCT for high - risk patients should 
be conducted in large trials with harmonized procedures and 
defi nitions, which would facilitate the comparability of results 
and improve the assessment of its value.  

  Autologous  s tem  c ell  t ransplantation in 
 r elapsed and  p rimary  r efractory  d isease 

 Once a patient has failed initial chemotherapy, the prognosis is 
poor and long - term OS is less than 10%. The prospective ran-
domized multinational Parma trial demonstrated the superior-
ity of intensifi ed treatment in patients with sensitive relapse, 
providing a signifi cantly longer EFS than those treated with 
chemotherapy. However, high - dose therapy followed by autol-
ogous SCT is effective only in those who have shown some 
response to conventional - dose second - line (salvage) chemo-
therapy prior to autologous SCT (PR or chemoresponsive 
relapse). A retrospective UK study of 57 lymphoma patients (26 
with histologically aggressive NHL) identifi ed that of 16 patients 
with progressive disease after fi rst - line salvage, only one patient 
(4%) subsequently responded to second - line salvage regimens. 
The PFS and OS at 3 years in this subgroup was only 4%. Since 
patients who progress on fi rst - line salvage therapy have a very 
low chance of responding to a second - line salvage regimen, 
they should therefore be considered instead for experimental 
therapies. 
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 In some cases, histological transformation of MALT lym-
phoma may have occurred and therefore it is reasonable to add 
anti -  H .  pylori  therapy, aiming to eradicate the bacteria and 
avoid potential relapses. Furthermore, anti -  H .  pylori  therapy 
applied in these  ‘  H .  pylori  - positive ’  cases yields a high response 
rate, suggesting that an antigenic drive may be present in a 
subset of aggressive gastric lymphomas.  

  Diffuse  l arge -  c ell  l ymphoma of the  i ntestine 
 At present, there are no studies that demonstrate surgery to be 
unnecessary, and management is therefore based on surgical 
resection followed by systemic chemotherapy.  

  Immunoproliferative  s mall  i ntestinal  d isease 
 Immunoproliferative small intestinal disease (IPSID), also 
known as  α  - chain disease, arises in small intestinal MALT and 
is characterized by the expression of a monotypic truncated 
immunoglobulin  α  - heavy chain without an associated light 
chain. IPSID is mostly found in young adults of low socio-
economic class in developing countries. The aetiology of this 
disease is unclear, although various causative pathogens (e.g. 
 Campylobacter jejuni ) and genetic and toxic mechanisms have 
been proposed. 

 Half of all IPSID patients present with concurrent intestinal 
B - cell lymphoma, whereas most of the remaining patients 
develop frank lymphoma within a few years. Whereas patients 
with early - stage disease may respond to antibiotics, those who 
present with more advanced disease should be treated with 
chemotherapy.   

  Primary  CNS   l ymphoma 

 Primary CNS lymphoma is defi ned as lymphoma arising in the 
craniospinal axis (brain, spinal cord, leptomeninges and eye). 
It is usually disseminated within the nervous system at presenta-
tion (in 50% of immunocompetent patients and in nearly 100% 
of HIV - positive patients). The histology in most cases is com-
patible with diffuse large - cell lymphoma (90%) or non - cleaved 
cell lymphoma. Age, poor performance status, involvement of 
deep structures, high LDH level and a high protein level in the 
CSF have been shown to predict poor prognosis. 

 Previously, the traditional therapy was based on whole - brain 
irradiation. Unfortunately, the median survival was 12 – 18 
months and 5 - year survival less than 10%, suggesting that radi-
otherapy is insuffi cient. The combination of high - dose meth-
otrexate ( > 3   g/m 2  over 2 – 3 hours) and radiotherapy appears to 
be more effective, providing a 5 - year OS of 30 – 50%, but may 
cause delayed neurotoxicity, especially in patients older than 60 
years. Many groups avoid radiotherapy up - front in these older 
patients and defer radiotherapy until relapse. A recent rand-
omized study has shown that the effi cacy of high - dose meth-
otrexate is improved by using it in combination with cytarabine. 
Other protocols that include combinations of other CNS -

 Initial therapy is critical in treating PMBL as salvage therapy 
for recurrence or progressive disease is of limited effi cacy. 
However, this creates a challenge in delivering the most effective 
therapy while minimizing the long - term sequelae in a young 
patient population. Retrospective analyses suggest patients with 
PMBL may respond better to third - generation multiagent 
chemotherapy regimens (i.e. MACOP - B and VACOP - B) than 
to CHOP. The addition of rituximab may mitigate such 
differences and may also diminish the role of consolidation 
radiotherapy.  

  Intravascular  l arge  B  -  c ell  l ymphoma 

 Intravascular large B - cell lymphoma is an extremely rare form 
of NHL and is characterized by an accumulation of large neo-
plastic B cells within blood vessel lumina. These lymphomas 
preferentially affect the elderly and involve the CNS, reported 
in approximately 30% of patients, lungs and skin. Prognosis is 
generally poor. Patients presenting with only skin lesions appear 
to have a signifi cantly better survival than patients with other 
clinical presentations (3 - year OS 56% vs. 22%). Multiagent 
chemotherapy using agents with higher CNS bioavailability is 
the preferred mode of treatment. The role of autologous SCT 
in younger patients with unfavourable features is being explored.   

  Extranodal  l ymphomas 

 At least 25% of NHLs arise from tissues other than lymph 
nodes, including sites that normally contain no lymphatic 
tissue. The incidence of NHL, particularly primary extranodal 
lymphoma, is gradually increasing (e.g. primary CNS/gastroin-
testinal/breast), most probably due to the increase in viral infec-
tions, especially HIV, and exposure to environmental factors. 

  Primary  g astrointestinal  l ymphoma 

 Gastrointestinal lymphoma is the most common form of 
extranodal lymphoma, accounting for 30 – 40% of cases and 
4 – 20% of all NHL cases. 

  Diffuse  l arge -  c ell  l ymphoma of the  s tomach 
 Advanced gastrointestinal DLBCL tends to behave primarily 
like nodal advanced disease. These tumours were traditionally 
treated with gastrectomy; however, recent data suggest that this 
strategy is unnecessary in most cases, where combination chem-
oimmunotherapy (six to eight courses of R - CHOP) with or 
without adjuvant radiotherapy provides high response and cure 
rates. For patients with localized gastric diffuse large - cell lym-
phoma, short - course chemoimmunotherapy (three to four 
courses of R - CHOP) followed by involved - fi eld radiotherapy 
has been shown to be effective. 
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performance status, LDH, bone marrow involvement and Ki - 67 
expression. 

 Excluding anaplastic lymphoma kinase (ALK) - positive 
ALCL, which has a good outcome, 5 - year survival for other 
nodal and extranodal T - cell lymphomas is about 30%. 
Treatment of T - cell lymphomas is commonly based on multia-
gent chemotherapy (e.g. CHOP), although patient outcome 
remains disappointing and the majority of patients die of their 
disease. A number of small Phase II studies have assessed (and 
are assessing) the effi cacy and toxicity of combining CHOP 
chemotherapy with alemtuzumab. Whether outcome is 
improved is unclear although infectious toxicity is greater. 
CD52 expression in PTCL is unclear, with some groups report-
ing a high rate of CD52 negativity. Gemcitabine - containing 
combination chemotherapy regimens (gemcitabine, cisplatin 
and methylprednisolone: GEM - P, PEGS, CHOP - EG) have been 
shown to be effi cacious, although no comparative study has 
been performed. At present, no chemotherapy regimens have 
been found to be superior to CHOP. 

 The similarity in PFS and OS is an indication of the poor 
response to second - line therapies. Consideration for up - front 
autologous SCT (performed in fi rst CR) is recommended 
(except for ALK - positive ALCL) as improvements in long - term 
outcome have been reported in prospective and retrospective 
analyses. However, approximately 25% of patients show disease 
progression during fi rst - line chemotherapy and thus are not 
candidates for autologous SCT. 

 Initial treatment of refractory disease is usually with plati-
num - based combination chemotherapy prior to consolidation 
with a transplant. Alternatively, purine analogue or gemcitab-
ine - containing combination chemotherapy regimens may be 
considered. There are also a number of experimental agents 
that have shown promise and patients should also be considered 
for inclusion in suitable clinical trials where available. Early 
data regarding the effi cacy of histone deacetylase inhibitors 
(Depsipeptide), pralatrexate (a novel antifolate agent) and 
antibodies to CD52, CD25 and the IL - 2 – toxin conjugate dini-
leukin difi tox (ONTAK) have been reported. Patients with 
chemosensitive relapsed disease may be considered subse-
quently for allograft. In addition, a number of agents, including 
ciclosporin, thalidomide, rituximab and bevacizumab (MAb to 
VEGF - A), are being assessed for the treatment of AITL in Phase 
II trials. 

  Enteropathy -  a ssociated  T  -  c ell  l ymphoma 

 Enteropathy - associated T - cell lymphoma is an aggressive 
tumour of the small bowel that is strongly associated with 
coeliac disease, of which it may be the presenting feature in 
adults. A gluten - free diet appears to markedly reduce the risk 
for lymphoma. The outcome is poor, partly due to the biology 
of the disease and partly the performance status of patients in 
the setting of malabsorption and malnutrition. Conventional 

 penetrating agents have been evaluated but their effi cacy has 
not been directly compared. 

 Further attempts to reduce long - term neurotoxicity in this 
group, delivering lower doses of radiotherapy or omitting radi-
otherapy, by providing intensifi ed chemotherapy regimens such 
as up - front autologous SCT have been described and are being 
explored further.  

  Treatment of  s econdary  CNS   l ymphoma 

 Secondary CNS lymphoma may present as cranial nerve palsies, 
headache, cognitive disturbance or spinal cord compression. It 
may occur concurrently with a systemic lymphoma, during 
therapy or may present as a late relapse. 

 There is no consensus on how best to treat secondary CNS 
lymphoma and scant data regarding the effects of treatment on 
survival, quality of life and cognitive function. Whether the 
CNS relapse is confi ned to brain parenchyma or the leptome-
ninges alters the approach. Options for the former include 
chemotherapy (high - dose methotrexate or combination chem-
otherapy), immunotherapy, cranial radiotherapy and autolo-
gous SCT. These approaches are often combined. A large 
retrospective analysis of 113 cases with isolated CNS relapse 
involving brain parenchyma reported a median OS of 1.6 years 
(95% CI 0.9 – 2.6 years), although this does not refl ect the 
outcome of all patients. Other studies have described a median 
survival of less than 6 – 12 months with no survival difference 
in patients with leptomeningeal, parenchymal or combined 
parenchymal/leptomeningeal disease. Treatment of isolated 
leptomeningeal involvement commonly includes intrathecal 
methotrexate or cytarabine. The latter agent is also available as 
a liposomal product and cytocidal levels are maintained for at 
least 14 days in the CSF.   

  Nodal  p eripheral  T  -  c ell  NHL  
 ( s ee  a lso Chapter    30   )  

 Peripheral T - cell lymphomas (PTCLs) are a biologically and 
clinically heterogeneous group of rare disorders that result from 
clonal proliferation of mature post - thymic lymphocytes. There 
is geographical variation in the frequency of the different sub-
types and in Europe, PTCL unspecifi ed, anaplastic large - cell 
lymphoma (ALCL) and angioimmunoblastic T - cell lymphoma 
(AITL) account for about three - quarters of all cases. PTCL 
unspecifi ed, and particularly natural killer (NK) - cell lympho-
mas, are more common in Asia and the Far East. 

 Extranodal presentation is common in PTCL. Paraneoplastic 
features are well described, including eosinophilia, haemo-
phagocytic syndrome and autoimmune phenomena (particu-
larly seen in AITL). Most patients present with unfavourable 
IPI scores ( > 3) and poor performance status. A number of 
T - cell - specifi c IPI features have been described, including age, 
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prolonged remission duration is observed in some patients after 
allogeneic SCT and the outcome appears to be superior com-
pared with chemotherapy.  

  Extranodal  NK / T  -  c ell  l ymphoma,  n asal  t ype 

 This is an aggressive, largely extranodal lymphoma, usually of 
NK - cell type but with recognized T - cell phenotypic variants. 
These are very rare in the Western world but commoner in Asia 
and South America. It is usually associated with EBV and often 
presents as localized disease in and around the nasal structures. 
Local extension and dissemination is frequent, usually to 
regional nodes and distant extranodal structures such as skin, 
testis and gut. An association with the haemophagocytic syn-
drome has been described. 

 Survival at 5 years ranges from 20 to 35% in different series 
but most of the cases included in these fi gures are localized stage 
I/II nasal presentations, and when considered separately the 
patients with disseminated disease almost all die, mostly within 
a few months. Involved - fi eld radiotherapy produces excellent 
initial control for patients with stage I/II disease, and may be 
followed by CHOP - based chemotherapy, although its merit is 
unclear.   

  Adult  T  -  c ell  l eukaemia  l ymphoma 
 ( s ee  a lso Chapter    30   )  

 ATLL is divided into four different clinical subtypes, with 
the acute (leukaemic) and lymphomatous subtypes being 
more common than the chronic and smouldering forms. 
Lymphadenopathy, hepatosplenomegaly, skin lesions and 
hypercalcaemia are observed in the majority of patients. The 
prognosis for acute and lymphoma subtypes is poor, with a 
median survival of only 6.2 and 10.2 months respectively. 
Patients are immunocompromised and opportunistic infec-
tions are common, including  Pneumocystis jirovecii  pneumonia, 
aspergillosis or candidiasis,  Strongyloides stercoralis  and 
cytomegalovirus. 

 Despite signifi cant advances in understanding the pathogen-
esis of ATLL, results of treatment remain disappointing. 
Responses to conventional chemotherapy are poor. A number 
of Phase II studies of the combination of the antiretroviral drug 
zidovudine and interferon alfa have reported signifi cant activity 
in patients with ATLL and have been administered successively 
with chemotherapeutic regimens such as CHOP. Conjugated 
and unconjugated monoclonal antibodies (anti - CD25, anti -
 CD4, anti - CD52) have all been tested in small numbers of 
patients. Other agents being evaluated include arsenic trioxide 
and bortezomib. 

 There appears to be minimal long - term benefi t in autograft-
ing patients with ATLL, with the majority of patients relapsing 
within 1 year of transplantation. Prolonged DFS has been 

chemotherapy gives poor results but there are some long - term 
survivors ( ∼ 10%). Dose intensifi cation is often attempted, using 
salvage - type chemotherapy with or without high - dose meth-
otrexate, as is up - front autologous SCT but has yet to be con-
fi rmed as benefi cial in adequate trials and must be seen as 
experimental.  

  Anaplastic  l arge -  c ell  l ymphoma 

 The WHO classifi cation recognizes two distinct subtypes of 
ALCL, primary systemic and primary cutaneous types, which 
exhibit differences in immunophenotype, genetics and clinical 
behaviour (see Chapter  33 ). It is now known that approxi-
mately 60% of cases of systemic ALCL express the ALK protein 
(ALK + ) and have a signifi cantly superior survival to ALK -
 negative cases. Since cases of ALK - negative ALCL appear to 
have a prognosis similar to that of PTCL unspecifi ed, it has been 
suggested that they should be treated similarly. 

 Systemic ALK - positive ALCL occurs at a young age (median 
 < 30 years) and shows a male predominance. The majority 
of patients present with  ‘ B ’  symptoms, advanced - stage disease 
and involvement of multiple extranodal sites. However, the 
majority of patients fall into lower IPI categories because of 
good performance status, younger age and a normal LDH. 
Combination anthracycline - based chemotherapy (e.g. CHOP) 
is associated with a 5 - year OS of 60 – 93%. Prognosis is so good 
in this group of patients that transplantation should only be 
considered at relapse. Platinum - based chemotherapy is stand-
ard for patients with relapsed disease, although monoclonal 
antibodies directed against CD30 and/or specifi c inhibitors of 
NPM – ALK are under investigation. Patients with ALK - positive 
ALCL autografted at relapse have a 3 - year EFS/PFS/OS of 
67 – 100%.  

  Hepatosplenic  T  -  c ell  l ymphoma 

 This is a rare entity, affecting mainly younger men. It is a dis-
tinctive and aggressive disease with a characteristic presentation 
(liver, spleen and bone marrow involvement but rarely lym-
phadenopathy) and clinical course. Most patients exhibit a 
characteristic phenotype (typical histology showing sinusoidal 
infi ltration with tumour cells in the affected tissues), expression 
of the  γ  δ  TCR and an isochromosome 7q abnormality (described 
in Chapter  33 ). 

 The outlook is very poor with scant data regarding effective 
therapies and a number of single case reports concerning treat-
ment with CHOP, alemtuzumab, purine analogues (fl udarab-
ine, pentostatin or cladrabine) or their combination. However, 
responses are often transient and there is increasing enthusiasm 
for early allogeneic SCT, although its effi cacy is also unclear due 
to the small number of patients in published reports. A recent 
literature review identifi ed 7 of 17 (40%) patients who had been 
treated with allogeneic SCT and who were alive and in CR. Thus 
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Rituximab is commonly added to such regimens, although ran-
domized trials demonstrating its effi cacy have not been per-
formed. Approximately 50 – 80% of adult patients can be cured 
with these intensive chemotherapy regimens, and in paediatric 
populations the cure rate is even higher. 

 The risk of tumour lysis syndrome, especially after initiating 
chemotherapy, is relatively high, refl ecting the high prolifera-
tion rate of tumour cells. Vigorous hydration with alkaliniza-
tion, accompanied by administration of recombinant urate 
oxidase (rasburicase), or a uric acid synthesis inhibitor such 
as allopurinol, are very important in preventing/reducing 
the severity of this complication (see also Chapter  26 ). 
Hypercalcaemia is also frequent at presentation and needs 
appropriate therapy with hydration and bisphosphonates.  

  Lymphoblastic  l ymphoma 

 Lymphoblastic lymphoma is a lymphoproliferative disorder 
derived from early B/T cells and patients should therefore be 
treated as for ALL (see Chapters  24  and  25 ) using protocols such 
as UKALL 2003, UKALL XII, Hyper - CVAD or German NHL -
 BFM 90. These generally use multidrug induction followed by 
high - dose methotrexate, with or without consolidation chemo-
therapy blocks (depending on stage). 

 Autologous SCT (with or without TBI) in fi rst remission 
gives as good an outcome as extended chemotherapy and both 
treatment modalities are followed. Most adult studies show EFS 
of 30 – 50%, which is inferior to outcome in paediatric studies. 
Allogeneic SCT provides a lower relapse rate compared with 
autologous SCT; however, long - term survival is not necessarily 
higher due to increased TRM as observed with allograft. 
Allogeneic SCT is commonly deferred for the relapsed patients 
with chemosensitive disease. 

 Tumour regression in lymphoblastic lymphoma is often 
incomplete and has not been shown to be predictive for relapse. 
The role for consolidative mediastinal radiotherapy in those 
with residual masses is contentious. In children it appears 
to add to toxicity without leading to improved outcome. 
Consequently, paediatric studies reserve local radiotherapy for 
 ‘ high - risk ’  patients, such as those with suboptimal volume 
response of a mediastinal mass during induction chemother-
apy. In adults, a proportion (12 – 47%) of patients who subse-
quently relapse had undergone previous radiotherapy, often to 
the site of subsequent relapse, suggesting doubtful benefi t. One 
study suggested that higher radiotherapy doses (36   Gy) were 
associated with reduced local relapse rates but such doses are 
associated with increased toxicity. 

 The effi cacy of nelarabine, a nucleoside analogue prodrug of 
9 -  β  -  d  - arabinofuranosylguanine, for the treatment of patients 
with T - cell lymphoblastic lymphoma whose disease has not 
responded to, or has relapsed after, treatment has been 
described. The most common adverse events associated with 
nelarabine are neurotoxic and have been dose - limiting.   

described after allogeneic SCT, with many of the reports derived 
from retrospective analyses of the Japanese Registry Data. Age 
and remission status at transplantation have been identifi ed as 
signifi cant predictors of survival and since the median age at 
presentation with ATLL is approximately 60 years, reduced -
 intensity conditioning is generally favoured. The estimated 
3 - year overall and relapse - free survival rates have been reported 
as approximately 45% and 35% respectively.  

  Histiocytic and  d endritic  c ell  n eoplasms 

  Precursor  h aematological  n eoplasm: 
CD4 + CD56 +   h aematodermic  n eoplasm 

 The derivation of this clinically aggressive neoplasm (previously 
called blastic NK - cell lymphoma), with a high incidence of 
cutaneous involvement and risk of leukaemic dissemination, is 
thought to be a plasmacytoid dendritic cell precursor. Although 
patients typically present with cutaneous manifestations, about 
half have nodal or bone marrow involvement at presentation 
and many rapidly develop extracutaneous spread. The coexist-
ence of myelodysplasia has been described in approximately 
15 – 20% of cases. 

 The prognosis is very poor, with most patients dying from 
their disease within 2 years. Remissions achieved by systemic 
chemotherapy are rarely maintained and resistance to subse-
quent chemotherapy is common. Whether patients should be 
treated with regimens used in acute leukaemias or aggressive 
lymphomas is unclear.   

  High -  g rade  l ymphoma 

  Burkitt  l ymphoma and  s mall  n on -  c leaved 
Burkitt -  l ike  l ymphoma 

 These are highly aggressive forms of NHL, frequently involving 
extranodal organs (e.g. CNS in 20%) but usually without 
tumour cells detected in the peripheral blood and characterized 
by dysregulation of the  MYC  oncogene. BL is a distinct entity 
that includes endemic and sporadic types and cases associated 
with immunodefi ciency or immunosuppression. Transcriptional 
and genomic profi ling has defi ned BL, an entity with a favour-
able outcome, more precisely. Mature aggressive B - cell lympho-
mas with chromosomal breakpoints at the  MYC  locus but 
without a gene signature for BL conversely have an adverse 
clinical outcome. 

 Effective treatment of patients with BL is based on multidrug 
combination chemotherapy (e.g. CODOX - M/IVAC, Hyper -
 CVAD; see Table  35.7 ) that includes drugs such as methotrexate 
and cytarabine , which penetrate the CNS extremely well. 
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infected with HIV, although the effect of HAART on incidence 
and prognosis is unclear. 

 MCD typically presents with fevers, multifocal lymphaden-
opathy, hepatosplenomegaly, polyneuropathies, effusions and 
weight loss. Laboratory investigations may reveal thrombocy-
topenia, anaemia, raised serum C - reactive protein, hypoalbu-
minaemia and hypergammaglobulinaemia. Not only is MCD 
itself potentially fatal due to organ failure but it is also associ-
ated with an increased incidence of NHL. HHV - 8 has been 
found to be present in 100% and 50% of cases of HIV - positive 
and HIV - negative MCD respectively. 

 The diagnosis is established on lymph node biopsy and the 
characteristic features of HIV - associated MCD are interfollicu-
lar plasmablasts that express the HHV - 8 latent nuclear antigen. 
These plasmablasts also express high levels of  λ light - chain -
 restricted IgM, but are polyclonal and do not contain somatic 
mutations in their  IGV  genes, suggesting that they arise from 
naive B lymphocytes. 

 There are no defi nitive gold - standard treatments for MCD. 
No randomized trials have been conducted on account of the 
infrequency of the diagnosis and often only case reports have 
appeared in the literature. Resolution of systemic symptoms can 
be achieved with chemotherapy (etoposide or vinblastine) but 
relapse occurs and many patients remain dependent on chemo-
therapy for life. Lymphoma schedules such as CHOP or immu-
nomodulatory therapy with thalidomide or interferon alfa have 
also been used, with effi cacy described. The initiation of HAART 
in HIV - positive patients, often in combination with chemo-
therapy, appears to be well tolerated and is associated with 
immune reconstitution. The role of antiviral agents (ganciclo-
vir, cidofovir, foscarnet) is unclear. Administration of the 
humanized anti - IL - 6 receptor antibody to patients with MCD 
has been associated with improvements in infl ammatory 
parameters, fatigue and lymphadenopathy. This likely refl ects 
that dysregulated overproduction of IL - 6 underlies at least 
some of the clinical abnormalities. However, benefi t was not 
sustained and recurrence was observed. 

 A number of small studies have shown that rituximab can 
induce impressive clinical, biochemical and radiological sus-
tained response in HIV - related MCD. Its effi cacy as initial 
therapy and for relapsed patients has been described. 
Exacerbation of Kaposi sarcoma lesions after rituximab has 
been described.   

   CNS   p rophylaxis in  a ggressive  NHL  

 There is a 5% incidence of CNS relapse in most large studies of 
aggressive NHL. These include DLBCL, PTCL, the blastoid 
variant of MCL, ATLL, NK - cell lymphoma and primary medi-
astinal B - cell lymphoma. The factors of importance include 
high IPI score, elevated LDH, involvement of more than one 

  Lymphomatoid  g ranulomatosis 

 Lymphomatoid granulomatosis is a rare angiocentric and angi-
odestructive lymphoreticular proliferation that usually prima-
rily affects the lungs, although other sites such as skin, CNS and 
kidney may be involved. The immunophenotype has been 
described as a T - cell - rich, EBV - associated, B - cell lymphoprolif-
erative disorder. However, primary CNS lymphomatoid granu-
lomatosis appears to be derived from clonal T cells in some 
cases and appears not to be associated with EBV. 

 Treatment is currently not well established. Spontaneous 
remission has been reported. The therapeutic approach ranges 
from immunomodulatory agents (corticosteroids, interferon, 
ciclosporin), chemotherapy (cyclophosphamide, CHOP) or 
immunotherapy (rituximab). A number of case reports have 
described the effi cacy of autografting. The prognosis of this 
disorder has been considered to be poor, with a 5 - year survival 
in less than 50% of cases and with progression to lymphoma in 
13% of cases. Primary CNS lymphomatoid granulomatosis 
appears to have a better prognosis.  

  Castleman  d isease 

 Castleman disease is a rare atypical lymphoproliferative disor-
der classifi ed according to the histopathology of the affected 
lymph nodes as hyaline – vascular, plasma - cell type or a mixed 
variant of the two (discussed in more detail in Chapter  33 ). 
Classifi cation may also be based on whether the disease is local-
ized or multifocal, the latter often associated with systemic fea-
tures and abnormal laboratory fi ndings. 

  Localized Castleman  d isease 

 Localized Castleman disease is commonly of the hyaline – vascu-
lar variant and patients are usually asymptomatic. It usually 
presents in young adults with isolated masses in the mediasti-
num (60 – 75%), neck (20%) or less commonly the abdomen 
(10%). Excision of the affected lymph node results in subse-
quent cure in a majority of cases. Patients with the plasma - cell 
type or the mixed - type variant frequently have systemic mani-
festations and the disease is multifocal with widespread aden-
opathy and multiorgan involvement (see below).  

  Multicentric Castleman  d isease 

 Multicentric Castleman disease (MCD) is a relatively rare 
lymphoproliferative disorder that occurs in the fourth or fi fth 
decade of life but at younger ages in people who are HIV posi-
tive. Today, MCD is most commonly diagnosed in individuals 
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   •      Adjuvant radiotherapy may be considered in patients with 
bulky disease.  
   •      No clear role for up - front autologous SCT (performed in 
CR1).     

  At  r elapse 
     •      Second - line regimens (e.g. ESHAP, DVIP, DHAP, mini -
 BEAM), followed by autologous SCT.  
   •      Allogeneic SCT may be considered in patients who have failed 
autologous SCT or in those with special subtypes of NHL (e.g. 
 γ  δ  lymphoma).         

  Lymphoma in the  i mmunocompromised 
 p atient 

 Most frequently, the disease is diagnosed in patients with 
acquired immunodefi ciency caused by HIV infection (AIDS -
 related lymphoma) or immunosuppressive drugs (e.g. PTLD). 

   AIDS  -  r elated  NHL  

 The histological diagnosis in the majority of such patients is 
diffuse large - cell lymphoma (60%) or BL (30%). Patients tend 
to present with advanced - stage disease,  ‘ B ’  symptoms, extran-
odal sites of disease and bone marrow involvement. Prior to the 
introduction of HAART (highly active antiretroviral therapy), 
treatment with standard - dose chemotherapy induced high 
levels of toxicity and a high incidence of opportunistic infec-
tions. Since the regular use of HAART, the immunolgical func-
tion and haemopoietic reserve of these patients has improved 
dramatically. This is associated with a reduction in the inci-
dence of infections and an outcome similar to that of non - HIV -
 infected patients. Increasingly, similar treatment strategies 
adopted for HIV - negative patients (e.g. CHOP, m - BACOD, 
CDE, EPOCH, CODOX - M/IVAC) with or without rituximab 
are used. The use of rituximab has been associated with a sig-
nifi cant reduction in progression of lymphoma on treatment, 
and in death due to lymphoma. However, an increase in infec-
tious deaths has been described in patients with CD4 cell counts 
less than 50    ×    10 6 /L and thus caution or more vigilant antimi-
crobial prophylaxis and surveillance is advocated in this cohort. 

 Improvements in the immune function and haematological 
reserves of HAART - treated patients, and better supportive care, 
have made stem cell mobilization and high - dose chemotherapy 
approaches possible in HIV - infected patients. The feasibility 
and effi cacy of autologous SCT for HIV - positive patients with 
relapsed lymphoma has been widely described by single centres 
and cooperative groups. In a recently published retrospective 
study performed by the EBMT, a similar outcome for HIV -
 negative and HIV - positive lymphoma patients undergoing 
autologous SCT has been described. 

extranodal site and specifi c sites such as bone marrow, testis, 
breast, epidural space, paranasal sinuses and Waldeyer ring 
(Table  35.11 ).   

 The use of rituximab has recently been shown to be associ-
ated with a signifi cantly lower incidence of CNS disease in 
elderly patients with aggressive CD20 - positive lymphoma 
treated in the RICOVER - 60 trial. Patients treated with R - CHOP -
 14 had a relative risk for CNS disease of 0.58 (95% CI 0.3, 1.0; 
 P    =   0.046) compared with patients treated with CHOP - 14. CNS 
prophylaxis with intrathecal methotrexate was offered to 
patients with involvement of bone marrow, testes, upper neck, 
or head. The estimated 2 - year incidence of CNS disease was 
6.9% (CI 4.5, 9.3) after CHOP - 14 and 4.1% (CI 2.3, 5.9) after 
R - CHOP - 14. 

 The outcome of those who develop CNS relapse is extremely 
poor, with a median survival of less than 6 months (discussed 
later). Thus intrathecal chemotherapy is routinely administered 
to patients considered at high risk. However, agreement regard-
ing the optimal regimen, the frequency of administration and 
whether high - dose systemic (methotrexate, cytarabine) chemo-
therapy should also be offered is lacking. 

 All patients with BL or lymphoblastic lymphoma should 
receive CNS prophylaxis with both intrathecal and high - dose 
systemic chemotherapy, as the observed incidence of CNS 
relapse without prophylaxis is about 20%. Standard treatment 
incorporates both intrathecal therapy and high - dose systemic 
chemotherapy with methotrexate and cytarabine. 

 There is no evidence to support routine use of CNS prophy-
laxis in any patient with low - grade lymphoma. 

  Suggested  a lgorithm for  t herapy of 
 a ggressive  NHL  

        At  d iagnosis 
     •      Anthracycline - containing combination chemotherapy with 
rituximab (CHOP - R) is already proven to be superior to CHOP 
in patients who are more than 60 years old.  
   •      Patients with intermediate - high/high IPI score (particularly 
those who present with raised LDH and/or extranodal involve-
ment) should receive CNS prophylactic therapy.  

  Table 35.11    Risk factors for CNS involvement. 

  High IPI score  

  Extranodal sites involved (0 or 1 vs.  > 1)  

  Raised LDH level  

  Age    <    60 years  

  Specifi c involvement of the following organs: bone marrow, 

testis, paranasal sinuses, Waldeyer ring  

  Low albumin level  

  Retroperitoneal glands  
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fungoides/S é zary syndrome are the most common clinico-
pathological subtypes (see also Chapter  30 ). Mycosis fungoides 
is characterized by distinct clinical stages of cutaneous disease 
consisting of patches/plaques, tumours and erythroderma in 
which the whole skin is involved. S é zary syndrome is defi ned 
by the presence of erythroderma, peripheral lymphadenopathy 
and a minimum number of S é zary cells within the peripheral 
blood. These clinicopathological entities are closely related 
pathogenetically but are distinct from other less common types 
of primary CTCL, including primary cutaneous CD30 - positive 
lymphoproliferative disorders, which have an excellent progno-
sis, and other CTCL variants which generally have intermediate 
or poor prognosis and are more closely related to peripheral 
T - cell lymphomas. 

 For mycosis fungoides, two staging systems are in regular use, 
including a TNM (primary tumour, regional nodes, metastasis) 
system and a clinical staging system specifi cally designed for 
CTCL. Most cases of primary CTCL are not curable but patients 
with very early stage disease (IA) are highly unlikely to die of 
their disease. The 5 - year and 10 - year OS are 80% and 57%, 
respectively, with disease - specifi c survival rates of 89% and 75% 
at 5 and 10 years respectively. Patients with folliculotropic vari-
ants of mycosis fungoides have a worse prognosis. Therapy is 
based on  ‘ skin - targeted modalities ’ , including PUVA (psoralen 
with UVA irradiation), electron beam radiation, narrowband 
UVA (NB - UVA), topical steroids, nitrogen mustard, carmus-
tine and vitamin D. PUVA and NB - UVA remain the gold -
 standard therapies at early stages (IA/IIA), whereas systemic 
therapies are reserved for more advanced stages. Treatment 
options in these cases may include chlorambucil, methotrexate, 
doxorubicin, etoposide, retinoids, rexinoids, interferon, extra-
corporeal photopheresis, interferon alfa/gamma, or conjugated 
monoclonal antibodies (e.g. anti - CD52) and immunotoxins 
(e.g. IL - 2 receptor - specifi c fusion protein combined with 
diphtheria toxin, which selectively targets the IL - 2 receptor 
on malignant and activated T cells). Systemic therapies are 
frequently combined with topical agents. Interferon alfa with 
or without phototherapy appears to be highly effective in 
advanced disease, providing responses in up to 80% of 
patients. Other immunomodulatory agents, such as recom-
binant human IL - 2, anti - idiotype vaccines and gene therapies, 
are under investigation. 

 Young patients with biologically aggressive mycosis fun-
goides who have failed conventional therapies may be consid-
ered for allogeneic SCT. There is increasing enthusiasm for 
reduced - intensity approaches for a number of reasons: the 
average age of patients with CTCL is 60 years, many patients 
have chronically infected skin ulcers and the risk of life - threat-
ening sepsis is lower. Effi cacy of reduced - intensity allogeneic 
SCT has been reported by a number of groups. 

 S é zary syndrome is an aggressive CTCL, characterized by 
erythroderma, lymphadenopathy and circulating malignant T 
cells with ceribriform nuclei. Therapy is usually based on a 

 HIV - positive patients with BL should also receive intensive 
regimens used in the HIV - negative setting, such as CODOX - M/
IVAC with or without rituximab, as the outcome has been 
shown to be equivalent to that in HIV - negative patients in small 
studies.  

  Post -  t ransplant  l ymphoproliferative  d isorder 

 PTLD ranges from polyclonal plasmacytic hyperplasia to mon-
oclonal B - cell proliferation, polymorphic hyperplasia/lym-
phoma, immunoblastic lymphoma or myeloma. EBV causes the 
majority of these disorders: impaired T - cell function leads to 
proliferation of latently EBV - infected polyclonal B cells, whereas 
subsequent genomic mutations result in monoclonal PTLD. 
Prevention of EBV infection/reactivation may therefore be 
essential. Antiviral agents (e.g. aciclovir, ganciclovir), passive 
immunotherapy and pre - emptive immunotherapy, using cyto-
toxic T lymphocytes targeted against EBV, are all applied to 
prevent PTLDs, with variable success. 

 The optimal treatment of PTLD is still not clearly defi ned due 
to lack of randomized Phase III trials. Most published data are 
in the form of case series. Therapeutic options in PTLD include 
immunosuppression reduction, transplant organ resection, 
radiotherapy, chemotherapy and immunotherapy. Patients 
may respond to reduction in immunosuppressive therapy, 
especially those who develop PTLD within 1 year from trans-
plant (ORR 80% vs. 10% in patients who developed PTLD 
beyond 1 year). Case series and Phase II studies of rituximab 
monotherapy following failure of reduction of immunosup-
pression have confi rmed effi cacy in inducing remission in a 
proportion of patients (44 – 65%) with PTLD. Toxicity appears 
to be low, but signifi cant numbers of patients progressed on 
therapy or relapsed after rituximab, some died of lymphoma 
and many required intensifi cation to chemotherapy. A risk 
score for identifying patients with PTLD most likely to respond 
to rituximab monotherapy has been proposed, using age over 
60 years, performance status ECOG 2 – 4 and raised LDH as poor 
risk markers. Chemotherapy (i.e. CHOP) is usually reserved for 
those patients who have failed to respond to previous modali-
ties. Adoptive immunotherapy following allogeneic SCT may 
also be effective. Donor lymphocyte infusion may cause severe 
GVHD, limiting its use. In contrast, anti - EBV cytotoxic T lym-
phocytes do provide a more specifi c effect, but are less available, 
being produced over weeks to months by expert laboratories 
and their infusion is associated with regulatory challenges.   

  Cutaneous  l ymphomas 

  Primary  c utaneous  T  -  c ell  l ymphoma 

 Primary cutaneous T - cell lymphoma (CTCL) comprises a 
heterogeneous group of extranodal NHLs, of which mycosis 
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ment. The majority of patients should be considered for con-
servative palliative therapy (e.g. local or topical treatments), 
unless they present with histologically aggressive lymphoma 
(e.g. large - cell CTCL) or disseminated stage of an  ‘ indolent ’  
disease (extracutaneous involvement), for which they should 
receive systemic therapy. New emerging therapies (monoclonal 
antibodies, topical and systemic rexinoids, recombinant toxins 
and immunomodulators) may succeed in improving long - term 
outcome, although further studies are needed.   

  Lymphoma in  e lderly  p atients 

 Diffuse large - cell lymphoma accounts for 50% of lymphomas 
in patients older than 60 years. Unfortunately, the outcome in 
this population is worse than that observed in younger adults, 
partly because of the high incidence of coexisting medical prob-
lems affecting organ function. Attempts to improve patient 
outcome, providing intensifi ed chemotherapy regimens (com-
pared with CHOP), ended with increased toxicity without 
improvement in survival, whereas less toxic regimens were 
often less effective. However, the prospective randomized GELA 
study, comparing CHOP with CHOP plus rituximab (CHOP -
 R), reported an improved DFS and OS in elderly patients ( > 60 
years) treated with CHOP - R, with no increase in treatment -
 related toxicity. 

 The addition of granulocyte colony - stimulating factors can 
shorten duration of neutropenia, enabling the delivery of chem-
otherapy at the planned time and dose intensity. Several studies 
have recently reported encouraging results with autologous 
SCT in patients older than 60 years (4 - year OS in patients with 
chemosensitive relapsed disease approached 40%), indicating 
the feasibility of this treatment in selected patients.  
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  Cutaneous  B  -  c ell  l ymphoma 

 Primary cutaneous B - cell lymphoma (CBCL) comprises a 
group of lymphomas characterized by dominant infi ltration of 
clonal B cells in the skin. Primary cutaneous follicle centre 
lymphoma, the most frequent CBCL, is characterized by a local-
ized slowly progressive lesion in the neck/head or trunk and is 
associated with an excellent prognosis (5 - year OS  > 95%). In 
most cases the tumour cells do not express Bcl - 2 and MUM - 1. 
Local radiation remains the preferred therapy for patients 
with localized disease (localized with regional satellites), whereas 
those who present with disseminated skin disease may be 
observed or treated with systemic chemotherapy with or without 
monoclonal antibodies (e.g. rituximab). Primary cutaneous 
marginal zone lymphoma, the second most common CBCL, is 
also considered to have an indolent course, with a 5 - year OS 
approaching 100%. Patient management is similar to that of 
patients with primary cutaneous follicle centre lymphoma. 

 A more aggressive type of CBCL, primary cutaneous large 
B - cell lymphoma leg - type, typically presents with nodules/
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clinical presentations and prognoses. Accurate diagnosis and 
assessment of prognostic factors determine patient manage-



Postgraduate Haematology

684

rituximab, fl udarabine, cyclophosphamide, and mitoxantrone 
(R - FCM) in patients with recurring and refractory follicular and 
mantle cell lymphomas: results of a prospective randomized 
study of the German Low Grade Lymphoma Study Group 
(GLSG) .  Blood   108 :  4003  –  8 .  

    Greb   A  ,   Bohlius   J  ,   Schiefer   D  ,   Schwarzer   G  ,   Schulz   H  ,   Engert   A   
( 2008 )  High - dose chemotherapy with autologous stem cell 
transplantation in the fi rst line treatment of aggressive non -
 Hodgkin lymphoma (NHL) in adults .  Cochrane Database of 
Systematic Reviews  CD004024.  

    Gyan   E  ,   Foussard   C  ,   Bertrand   P    et al . ( 2009 )  High - dose therapy 
followed by autologous purged stem cell transplantation and 
doxorubicin - based chemotherapy in patients with advanced fol-
licular lymphoma: a randomized multicenter study by the 
GOELAMS with fi nal results after a median follow - up of 9 years . 
 Blood   113 :  995  –  1001 .  

    Haioun   C  ,   Itti   E  ,   Rahmouni   A    et al . ( 2005  )  [ 18 F]fl uoro - 2 - deoxy -
  d  - glucose positron emission tomography (FDG - PET) in aggres-
sive lymphoma: an early prognostic tool for predicting patient 
outcome .  Blood   106 :  1376  –  81 .  

    Hoster   E  ,   Dreyling   M  ,   Klapper   W    et al . ( 2008 )  A new prognostic 
index (MIPI) for patients with advanced - stage mantle cell lym-
phoma .  Blood   111 :  558  –  65 .  

    Illerhaus   G  ,   Muller   F  ,   Feuerhake   F  ,   Schafer   AO  ,   Ostertag   C  ,   Finke  
 J   ( 2008 )  High - dose chemotherapy and autologous stem - cell 
transplantation without consolidating radiotherapy as fi rst - line 
treatment for primary lymphoma of the central nervous system . 
 Haematologica   93 :  147  –  8 .  

    Ishitsuka   K  ,   Tamura   K   ( 2008 )  Treatment of adult T - cell leukaemia/
lymphoma: past, present, and future .  European Journal of 
Haematology   80 :  185  –  96 .  

    Kaplan   LD  ,   Lee   JY  ,   Ambinder   RF    et al . ( 2005 )  Rituximab does not 
improve clinical outcome in a randomized phase 3 trial of CHOP 
with or without rituximab in patients with HIV - associated non -
 Hodgkin lymphoma: AIDS - Malignancies Consortium Trial 010 . 
 Blood   106 :  1538  –  43 .  

    Kyriakou   C  ,   Canals   C  ,   Goldstone   A    et al . ( 2008 )  High - dose therapy 
and autologous stem - cell transplantation in angioimmunoblas-
tic lymphoma: complete remission at transplantation is the 
major determinant of Outcome - Lymphoma Working Party of 
the European Group for Blood and Marrow Transplantation . 
 Journal of Clinical Oncology   26 :  218  –  24 .  

    Lenz   G  ,   Staudt   LM   ( 2010 )  Aggressive lymphomas .  The New 
England Journal of Medicine   362 :  1417  –  29 .  

    Lenz   G  ,   Wright   GW  ,   Emre   NC    et al . ( 2008 )  Molecular subtypes of 
diffuse large B - cell lymphoma arise by distinct genetic pathways . 
 Procedings of the National Academy of Sciences USA   105 : 
 13520  –  5 .  

    McMillan   A   ( 2005 )  Central nervous system - directed preventative 
therapy in adults with lymphoma .  British Journal of Haematology  
 131 :  13  –  21 .  

    Matthews   GV  ,   Bower   M  ,   Mandalia   S  ,   Powles   T  ,   Nelson   MR  , 
  Gazzard   BG   ( 2000 )  Changes in acquired immunodefi ciency 
syndrome - related lymphoma since the introduction of highly 
active antiretroviral therapy .  Blood   96 :  2730  –  4 .  

    Matutes   E  ,   Oscier   D  ,   Montalban   C    et al . ( 2008 )  Splenic marginal 
zone lymphoma proposals for a revision of diagnostic, staging 
and therapeutic criteria .  Leukemia   22 :  487  –  95 .  

    Bessell   EM  ,   Hoang - Xuan   K  ,   Ferreri   AJ  ,   Reni   M   ( 2007 )  Primary 
central nervous system lymphoma: biological aspects and con-
troversies in management .  European Journal of Cancer   43 : 
 1141  –  52 .  

    Boehme   V  ,   Schmitz   N  ,   Zeynalova   S  ,   Loeffl er   M  ,   Pfreundschuh   M   
( 2009 )  CNS events in elderly patients with aggressive lymphoma 
treated with modern chemotherapy (CHOP - 14) with or without 
rituximab: an analysis of patients treated in the RICOVER - 60 
trial of the German high - grade non - Hodgkin lymphoma study 
group (DSHNHL) .  Blood   113 :  3896  –  902 .  

    Bohlius   J  ,   Herbst   C  ,   Reiser   M  ,   Schwarzer   G  ,   Engert   A   ( 2008 ) 
 Granulopoiesis - stimulating factors to prevent adverse effects in 
the treatment of malignant lymphoma .  Cochrane Database of 
Systematic Reviews   CD003189 .  

    Bower   M  ,   Powles   T  ,   Williams   S    et al . ( 2007 )  Brief communication: 
rituximab in HIV - associated multicentric Castleman disease . 
 Annals of Internal Medicine   147 :  836  –  9 .  

    Cheson   BD  ,   Pfi stner   B  ,   Juweid   ME    et al . ( 2007 )  Revised response 
criteria for malignant lymphoma .  Journal of Clinical Oncology   25 : 
 579  –  86 .  

    Dave   SS  ,   Wright   G  ,   Tan   B    et al . ( 2004 )  Prediction of survival in 
follicular lymphoma based on molecular features of tumour -
 infi ltrating immune cells .  New England Journal of Medicine   351 : 
 2159  –  69 .  

    Dave   SS  ,   Fu   K  ,   Wright   GW    et al . ( 2006 )  Molecular diagnosis of 
Burkitt ’ s lymphoma .  New England Journal of Medicine   354 : 
 2431  –  42 .  

    Diez - Martin   JL  ,   Balsalobre   P  ,   Re   A    et al . ( 2009 )  Comparable sur-
vival between HIV positive and HIV negative non - Hodgkin and 
Hodgkin lymphoma patients undergoing autologous peripheral 
blood stem cell transplantation .  Blood   113 :  6011  –  14 .  

    Dimopoulos   MA  ,   Gertz   MA  ,   Kastritis   E    et al . ( 2009 )  Update on 
treatment recommendations from the Fourth International 
Workshop on Waldenstrom ’ s Macroglobulinemia .  Journal of 
Clinical Oncology   27 :  120  –  6 .  

    Doolittle   ND  ,   Abrey   LE  ,   Shenkier   TN    et al . ( 2008 )  Brain paren-
chyma involvement as isolated central nervous system relapse of 
systemic non - Hodgkin lymphoma: an International Primary 
CNS Lymphoma Collaborative Group report .  Blood   111 : 
 1085  –  93 .  

    Dreyling   M  ,   Hiddemann   W   ( 2008 )  Dose - intense treatment of 
mantle cell lymphoma: can durable remission be achieved?  
 Current Opinion in Oncology   20 :  487  –  94 .  

    Ferrucci   PF  ,   Zucca   E   ( 2007 )  Primary gastric lymphoma pathogen-
esis and treatment: what has changed over the past 10 years?  
 British Journal of Haematology   136 :  521  –  38 .  

    Feugier   P  ,   Van   Hoof   A  ,   Sebban   C    et al . ( 2005 )  Long - term results 
of the R - CHOP study in the treatment of elderly patients with 
diffuse large B - cell lymphoma: a study by the Groupe d ’ Etude 
des Lymphomes de l ’ Adulte .  Journal of Clinical Oncology   23 : 
 4117  –  26 .  

    Fisher   RI  ,   Gaynor   ER  ,   Dahlberg   S    et al . ( 1993 )  Comparison of a 
standard regimen (CHOP) with three intensive chemotherapy 
regimens for advanced non - Hodgkin lymphoma .  New England 
Journal of Medicine   328 :  1002  –  6 .  

    Forstpointner   R  ,   Unterhalt   M  ,   Dreyling   M    et al . ( 2006 )  Maintenance 
therapy with rituximab leads to a signifi cant prolongation of 
response duration after salvage therapy with a combination of 



Non-Hodgkin lymphoma

685

    Rohatiner   AZ  ,   Nadler   L  ,   Davies   AJ    et al . ( 2007 )  Myeloablative 
therapy with autologous bone marrow transplantation for fol-
licular lymphoma at the time of second or subsequent remission: 
long - term follow - up .  Journal of Clinical Oncology   25 :  2554  –  9 .  

    Savage   KJ  ,   Harris   NL  ,   Vose   JM    et al . ( 2008 )  ALK  −   anaplastic large -
 cell lymphoma is clinically and immunophenotypically different 
from both ALK +  ALCL and peripheral T - cell lymphoma, not 
otherwise specifi ed: report from the International Peripheral 
T - Cell Lymphoma Project .  Blood   111 :  5496  –  504 .  

    Schulz   H  ,   Bohlius   J  ,   Skoetz   N    et al . ( 2007 )  Chemotherapy plus 
rituximab versus chemotherapy alone for B - cell non - Hodgkin 
lymphoma .  Cochrane Database of Systematic Reviews  CD003805.  

    Sehn   LH  ,   Berry   B  ,   Chhanabhai   M    et al . ( 2007 )  The revised 
International Prognostic Index (R - IPI) is a better predictor of 
outcome than the standard IPI for patients with diffuse large 
B - cell lymphoma treated with R - CHOP .  Blood   109 :  1857  –  61 .  

    Thomson   KJ  ,   Morris   EC  ,   Bloor   A    et al . ( 2009 )  Favourable long -
 term survival after reduced - intensity allogeneic transplantation 
for multiple - relapse aggressive non - Hodgkin lymphoma .  Journal 
of Clinical Oncology   27 :  426  –  32 .  

    Tsukasaki   K  ,   Hermine   O  ,   Bazarbachi   A    et al . ( 2009 )  Defi nition, 
prognostic factors, treatment, and response criteria of adult 
T - cell leukaemia - lymphoma: a proposal from an international 
consensus meeting .  Journal of Clinical Oncology   27 :  453  –  9 .  

    van   Oers   MH  ,   Klasa   R  ,   Marcus   RE    et al . ( 2006 )  Rituximab main-
tenance improves clinical outcome of relapsed/resistant follicu-
lar non - Hodgkin lymphoma in patients both with and without 
rituximab during induction: results of a prospective randomized 
phase 3 intergroup trial .  Blood   108 :  3295  –  301 .  

    Vidal   L  ,   Gafter - Gvili   A  ,   Leibovici   L    et al . ( 2009 )  Rituximab main-
tenance for the treatment of patients with follicular lymphoma: 
systematic review and meta - analysis of randomized trials .  Journal 
of the National Cancer Institute   101 :  248  –  55 .  

    Whittaker   SJ  ,   Marsden   JR  ,   Spittle   M  ,   Russell Jones   R   ( 2003 )  Joint 
British Association of Dermatologists and UK Cutaneous 
Lymphoma Group guidelines for the management of primary 
cutaneous T - cell lymphomas .  British Journal of Dermatology   149 : 
 1095  –  107 .  

    Willemze   R  ,   Jaffe   ES  ,   Burg   G    et al . ( 2005 )  WHO - EORTC classifi ca-
tion for cutaneous lymphomas .  Blood   105 :  3768  –  85 .  

    Yeo   W  ,   Chan   TC  ,   Leung   NW    et al . ( 2009 )  Hepatitis B virus reac-
tivation in lymphoma patients with prior resolved hepatitis B 
undergoing anticancer therapy with or without rituximab . 
 Journal of Clinical Oncology   27 :  605  –  11 .   

 

 

 

    Montoto   S  ,   Davies   AJ  ,   Matthews   J    et al . ( 2007 )  Risk and clinical 
implications of transformation of follicular lymphoma to diffuse 
large B - cell lymphoma .  Journal of Clinical Oncology   25 : 
 2426  –  33 .  

    Morris   E  ,   Thomson   K  ,   Craddock   C    et al . ( 2004 )  Outcomes after 
alemtuzumab - containing reduced - intensity allogeneic trans-
plantation regimen for relapsed and refractory non - Hodgkin 
lymphoma .  Blood   104 :  3865  –  71 .  

    Morschhauser   F  ,   Radford   J  ,   Van   Hoof   A    et al . ( 2008 )  Phase III trial 
of consolidation therapy with yttrium - 90 - ibritumomab tiuxetan 
compared with no additional therapy after fi rst remission in 
advanced follicular lymphoma .  Journal of Clinical Oncology   26 : 
 5156  –  64 .  

    Navarro   WH  ,   Kaplan   LD   ( 2006 )  AIDS - related lymphoproliferative 
disease .  Blood   107 :  13  –  20 .  

    Oksenhendler   E  ,   Boulanger   E  ,   Galicier   L    et al . ( 2002 )  High 
incidence of Kaposi sarcoma - associated herpesvirus - related 
non - Hodgkin lymphoma in patients with HIV infection and 
multicentric Castleman disease .  Blood   99 :  2331  –  6 .  

    Parker   A  ,   Bowles   K  ,   Bradley   JA   ( 2010 )  Diagnosis of post - transplant 
lymphoproliferative disorder in solid organ transplant recipients 
 –  BSCH and BTS guidelines .  British Journal of Haematology   149 : 
 675  –  92 .  

    Pfreundschuh   M  ,   Trumper   L  ,   Osterborg   A    et al . ( 2006 )  CHOP - like 
chemotherapy plus rituximab versus CHOP - like chemotherapy 
alone in young patients with good - prognosis diffuse large - B - 
cell lymphoma: a randomized controlled trial by the MabThera 
International Trial (MInT) Group .  Lancet Oncology   7 :  379  –  
91 .  

    Pfreundschuh   M  ,   Schubert   J  ,   Ziepert   M    et al . ( 2008 )  Six versus 
eight cycles of bi - weekly CHOP - 14 with or without rituximab in 
elderly patients with aggressive CD20 +  B - cell lymphomas: a ran-
domized controlled trial (RICOVER - 60) .  Lancet Oncology   9 : 
 105  –  16 .  

    Rezvani   AR  ,   Storer   B  ,   Maris   M    et al . ( 2008 )  Nonmyeloablative 
allogeneic haematopoietic cell transplantation in relapsed, 
refractory, and transformed indolent non - Hodgkin lymphoma . 
 Journal of Clinical Oncology   26 :  211  –  17 .  

    Rodriguez   J  ,   Conde   E  ,   Gutierrez   A    et al . ( 2007 )  The results of 
consolidation with autologous stem - cell transplantation in 
patients with peripheral T - cell lymphoma (PTCL) in fi rst com-
plete remission: the Spanish Lymphoma and Autologous 
Transplantation Group experience .  Annals of Oncology   18 : 
 652  –  7 .  



686

Postgraduate Haematology : 6th edition. Edited by A. Victor Hoffbrand, 
Daniel Catovsky, Edward G.D. Tuddenham, Anthony R. Green 
© 2011 Blackwell Publishing Ltd.

  CHAPTER 36 

Myeloproliferative  n eoplasms  
  Peter J     Campbell 1     and    Anthony R     Green 2   
   1 Cancer Genome Project, Wellcome Trust Sanger Institute, Cambridge, UK  
   2 Cambridge Institute for Medical Research, Cambridge, UK       

36

         Introduction , 686  
   The polycythaemias , 686  
  Polycythaemia vera, 686  
  Other causes of erythrocytosis, 690    
   Essential thrombocythaemia , 693 
   Pathophysiology, 693  
  Clinical features, 694  
  Investigations, 694  
  Treatment, 696  
  Prognosis, 696  
  Essential thrombocythaemia and pregnancy, 696    
   Primary myelofi brosis , 697 
   Pathophysiology, 697  

  Clinical features, 697  
  Investigations, 698  
  Treatment, 699  
  Prognosis, 701    
   Mastocytosis , 701 
   Pathophysiology, 701  
  Clinical features, 702  
  Investigations, 702  
  Treatment, 702  
  Prognosis, 704    
   Clonal hypereosinophilic syndromes , 704 
   Pathophysiology, 704  
  Clinical features, 705  

  Investigations, 705  
  Treatment, 706  
  Prognosis, 706    
   Chronic neutrophilic leukaemia , 706 
   Pathophysiology, 706  
  Clinical features and treatment, 707  
  Neutrophilic chronic myeloid leukaemia, 707    
   Transient abnormal myelopoiesis of Down 

syndrome , 707 
   Incidence, clinical features and treatment, 707  
  Pathophysiology, 708    
   Selected bibliography , 708     

  Introduction 

 For the purposes of this chapter, the term  ‘ myeloproliferative 
neoplasm ’  (MPN) refers to clonal disorders of haemopoiesis 
that lead to an increase in the numbers of one or more mature 
blood cell progeny. The chronic myeloid leukaemias would fi t 
this defi nition and share pathogenetic features with some of 
the MPNs, but have historically (since the discovery of the 
Philadelphia chromosome) been studied separately from the 
MPNs and are described in another chapter. Myelodysplastic 
syndrome (MDS) can also, in a minority of cases, fi t our 
working defi nition of MPN, in being associated with increased 
numbers of mature cell progeny, but dysplasia is a major feature 
and there are, usually, coexisting cytopenias. Not surprisingly, 
a small number of patients do not fi t neatly into a single cate-
gory and exhibit features of both MPN and MDS. 

 This chapter focuses on the classical MPNs: polycythaemia 
(rubra) vera (PV), essential thrombocythaemia (ET) and 
primary myelofi brosis (PMF), three related disorders originally 
grouped together by William Dameshek in 1951. They share 
clinical, morphological and molecular features and can trans-
form, in their course, into one another. They are clonal disor-
ders of the pluripotent haemopoietic stem cell and have, to 
varying degrees, the potential to transform into acute myeloid 
leukaemia (AML). Secondary (non - clonal) polycythaemias and 

thrombocytoses are also discussed in this chapter, as they often 
enter the differential diagnosis of their clonal counterparts. 

 In addition, some of the less common MPNs are described, 
namely mastocytosis and its variants, the clonal eosinophilic 
syndromes and chronic neutrophilic leukaemia. The ontogeny 
of the target cell for transformation is less well established in 
these disorders, but there is accumulating evidence implicating 
the pluripotent haemopoietic stem cell in at least some cases.  

  The  p olycythaemias 

 True polycythaemia refers to an absolute increase in total body 
red cell volume (or mass), which usually manifests itself as a 
raised haemoglobin concentration (Hb) and/or packed cell 
volume (PCV). A raised Hb (or PCV) can also be secondary 
to a reduction in plasma volume, without an increase in total 
red cell volume; this is known as apparent (or relative) 
polycythaemia. 

 True polycythaemia is further subdivided into primary poly-
cythaemia (namely PV), a clonal haematological disorder, and 
secondary polycythaemia, which results from an increased 
erythropoietin drive, either in the presence or absence of 
hypoxia (Figure  36.1 ).   

  Polycythaemia  v era 

 The central pathological feature of PV is an expansion in the 
total red cell mass, although elevations in the platelet and/or 
neutrophil counts are relatively common. The fi rst description 
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 Erythropoiesis in PV is autonomous and does not rely on 
erythropoietin (Epo). Plasma levels of this hormone are reduced 
in PV patients, and PV progenitor cells, unlike normal ones, 
can survive  in vitro  and give rise to erythroid colonies (BFU - E) 
in the absence of added Epo (endogenous erythroid colonies). 
PV erythroid progenitors show increased sensitivity to Epo but 
also to several other growth factors, including insulin - like 
growth factor (IGF) - 1, thrombopoietin, interleukin (IL) - 3 
and granulocyte/monocyte colony - stimulating factor. Germline 
mutations in the Epo receptor (EpoR) are known to occur in 
inherited polycythaemia, but such mutations are absent in 
patients with PV. 

 In 2005, several groups identifi ed a unique acquired muta-
tion in the cytoplasmic tyrosine kinase JAK2 in myeloid cells 
from the great majority of patients with PV. JAK2 lies down-
stream of several cell surface receptors including EpoR. Upon 
Epo binding to EpoR, JAK2 becomes phosphorylated and in 
turn phosphorylates downstream targets, most important of 
which are the STATs (signal transducers and activators of tran-
scription), leading to stimulation of erythropoiesis. Valine 617 
is located in the JH2 domain of JAK2, which acts to repress its 
kinase activity (Figure  36.2 ). The V617F mutation leads to 
increased kinase activity, confers cytokine independence and 
results in erythrocytosis in a mouse transplant model. The 
mutation appears to be fairly specifi c to the classical MPNs and 
although it has been reported in small numbers of patients 
with related myeloid neoplasms, it is not present in lymphoid 
or non - haemopoietic cancers. Intriguingly, the mutation is 
homozygous in a large proportion of patients with PV and PMF 
but this is rare in ET. It appears that the moderate familial 
predisposition to MPNs can be largely attributed to an inherited 
haplotype block surrounding the  JAK2  gene, although the 
mechanism underlying this interaction between somatic and 
germline genetics has not been identifi ed.   

 When appropriately sensitive methods are used for the detec-
tion of the V617F mutation, about 95% of PV patients are 
positive. Recently, mutations elsewhere in  JAK2  have been 
described in most of the V617F - negative patients who have PV 
by strict diagnostic criteria. These mutations cluster in exon 12, 

of PV was by Vaquez in 1892. Osler, in 1903, published the fi rst 
series of patients, identifying salient clinical features setting PV 
apart from other erythrocytoses. Considerable information has 
been gathered about PV since the work of these pioneers, much 
of it due to the work of the Polycythaemia Vera Study Group 
(PVSG), which was set up in 1967 with the aim of optimizing 
diagnosis and management of PV. The recent discovery of the 
V617F mutation in the pseudokinase domain of the tyrosine 
kinase JAK2, in nearly all cases of PV, represents a major 
advance in our understanding of this disorder. 

  Pathophysiology 
 PV is a stem cell disorder characterized by hyperplasia of all 
three major myeloid cell lineages. The fi rst line of evidence in 
support of the stem cell origin of PV came in the form of clonal-
ity studies. Using X - chromosome inactivation patterns in the 
mid - 1970s Fialkow and colleagues showed that neutrophils, 
erythrocytes and platelets originated from the same clone. Large 
studies have since confi rmed these fi ndings. 

Apparent
polycythaemia
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polycythaemia
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Idiopathic
erythrocytosis

Primary
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Raised Hb
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     Figure 36.1     An aetiological classifi cation of polycythaemia.  
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     Figure 36.2     Diagrammatic representation of JAK2 indicating the 

location of valine 617 and the very high degree of cross - species 

amino acid homology in its JH2 domain. The JH2 domain 

normally acts to repress the kinase activity of JAK2, but its ability 

to do so is impaired in the presence of the JAK2 V617F mutation. 

 (Modifi ed from Baxter  et al.   2005  with permission.)   
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conventional deep venous thromboses and pulmonary emboli 
are also seen.    

  Neurological  f eatures 
 Over and above the consequences of occlusive vascular lesions, 
the sluggish cerebral blood fl ow secondary to the increased PCV 
is thought to underlie features such as headaches, drowsiness, 
insomnia, amnesia, tinnitus, vertigo, chorea and even depres-
sion. Transient visual disturbances also occur.  

  Pruritus 
 This symptom occurs in about one - quarter of PV patients and 
in some it may be severe. It is characteristically aquagenic, pre-
cipitated by warm baths, and can be associated with erythema, 
swelling or even pain. Pruritus is often relieved by controlling 
the PCV, but its aetiology remains elusive. Basophilia, hyper-
histaminaemia and iron defi ciency may have a role and there is 
an increased incidence in patients with a lower mean corpus-
cular volume.  

  Skin 
 Plethora, dilated conjunctival vessels and rosacea - like facial skin 
changes are not uncommon at presentation. Brown discolora-
tion of the skin, erythromelalgia and, rarely, Sweet syndrome 
may be seen.  

  Splenomegaly 
 Palpable splenomegaly is seen in 30 – 50% of cases of PV. It is 
unclear if its presence affects prognosis, but it may be associated 
with an increased risk of progression to myelofi brosis.  

and can be of several different types, but all seem to affect the 
pseudokinase domain, leading to constitutive activation of the 
JAK2 kinase. Interestingly, compared with PV patients with 
the V617F mutation, those carrying exon 12 mutations tend to 
be younger and have a more isolated erythrocytosis, with less 
frequent thrombocytosis and leucocytosis. The molecular basis 
for these differences in phenotype has not been identifi ed. 

 Recently, mutations in a novel tumour - suppressor gene, 
 TET2 , have been identifi ed in myeloid disorders of all types, 
including MPNs. In particular, 20 – 25% of patients with MDS, 
50% of patients with chronic myelomonocytic leukaemia, 12 –
 15% of patients with MPN and about 20% of patients with AML 
carry somatically acquired mutations of the gene. Little is 
known about how the gene functions in normal cells, nor how 
disruption of the gene promotes myeloid disorders. However, 
the mutation is found in early haemopoietic progenitors, can 
either pre - date or post - date  JAK2  V617F mutation, and allows 
stable engraftment of haemopoietic cells in immunodefi cient 
mice.  

  Clinical  f eatures 

  Epidemiology 
 The annual incidence of PV is reported to be around 2 – 3 per 
100   000 population with a male to female ratio of 1.2   :   1. The 
median age at onset is 55 – 60 years and although incidence 
increases with age, PV can occur at any age even, rarely, in 
childhood.  

  Thrombotic  c omplications 
 Thrombosis is the most common serious complication of PV. 
Untreated PV patients run a greatly increased risk of throm-
bosis, which can be arterial, venous or microvascular. The 
increased PCV leads to an increased blood viscosity, rheological 
abnormalities and abnormal platelet – endothelial contact. 
Additionally, procoagulant changes in platelets (e.g. decreased 
response to prostaglandin D 2 ), thrombocytosis and pre - existing 
vascular disease can all conspire to dramatically increase throm-
botic risk. 

 Arterial occlusions can lead to myocardial infarcts, strokes, 
transient ischaemic attacks, amaurosis, scotomata, and 
mesenteric and limb ischaemia. Less commonly, microvascular 
occlusions affecting the extremities and erythromelalgia can 
occur. 

 In the venous circulation, unusual sites such as the splanch-
nic vessels can be involved. As a result, mesenteric, splenic and 
hepatoportal thromboses (Figure  36.3 ) are recognized present-
ing features of PV. Recent data indicate that this propensity to 
venous thrombosis in atypical sites is particularly strongly cor-
related with presence of the  JAK2  V617F mutation, and indeed 
patients presenting with otherwise unexplained splanchnic vein 
thrombosis will often be found to have the mutation, even in 
the absence of an overt MPN. Superfi cial thrombophlebitis, 

     Figure 36.3     Polycythaemia vera presenting with Budd – Chiari 

syndrome in a 28 - year - old man: contrast computed tomography 

showing reduced enhancement of the right lobe of the liver 

(arrow) with characteristic sparing of the caudate lobe 

(arrowhead). On this occasion, the left lobe was also relatively 

spared. Marked ascites and a bulky spleen are also seen.  
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for diagnosing PV, taking into account the latest advances in 
the molecular understanding of these disorders, are shown in 
Table  36.1 .   

 Most patients can now be diagnosed on the basis of a raised 
haematocrit together with the presence of the  JAK2  V617F 
mutation. It is also important to emphasize that the V617F 
mutation has been identifi ed in a small proportion of other 
hematological malignancies (e.g. AML, chronic myelomono-
cytic leukaemia and myelodysplasia). However, none of these 
disorders is associated with a raised red cell mass and clinical 
distinction from PV is rarely an issue. The role of bone marrow 
biopsy in the evaluation of PV remains controversial, but it may 
be useful as a baseline investigation for later comparison in 
younger patients with the disorder, or if there are atypical clini-
cal and laboratory features at presentation. 

 A minority of patients with clinical PV is negative for the 
V617F mutation, even when tested using sensitive detection 
methods. Many reference laboratories now offer highly sensi-
tive molecular testing for  JAK2  exon 12 mutations, and this 
should be considered in patients who have a typical clinical and 
laboratory presentation of PV but who are negative for the 
V617F mutation. Rarely, patients will be negative for both 

  Hypertension and  g out 
 Hypertension is probably more common in patients with PV as 
is hyperuricaemia, with gout seen in about 5% of cases.  

  Leukaemic  t ransformation 
 This is perhaps the most feared complication of PV, but the risk 
of developing acute leukaemia in PV patients treated only with 
venesection is very small (1 – 3%). However, this risk increases 
dramatically (more than 10 - fold) when radioactive phosphorus 
( 32 P), chlorambucil or irradiation are used as treatment. The 
median time interval between fi rst starting such therapy and 
developing acute leukaemia is 5 – 8 years. Interestingly, in about 
half of patients transforming to acute leukaemia from a preced-
ing  JAK2  - positive MPN, the leukaemia is  JAK2  negative.  

  Myelofi brosis 
 Progression to myelofi brosis (Figure  36.4 ) occurs in around 
10 – 20% of PV cases at 15 years after diagnosis. This fi gure 
is approximate, not least because different studies have used 
distinct criteria to defi ne myelofi brotic transformation. 
Transformation often occurs gradually over many years and is 
thought to be associated with an increased risk of leukaemic 
conversion. The management of these patients is similar to that 
of PMF.     

  Investigations 
 The diagnosis of PV requires both the identifi cation of features 
in support of this diagnosis and the exclusion of secondary and 
apparent polycythaemia. The original set of diagnostic criteria 
was formulated by the PVSG in the 1970s. The British 
Committee for Standards in Haematology (BCSH) guidelines 

     Figure 36.4     Blood fi lm from a case of post - polycythaemic 

myelofi brosis after splenectomy. Note the presence of nucleated 

erythrocytes, giant platelets and features of splenectomy including 

target cells, spherocytes and acanthocytes.  

  Table 36.1    Diagnostic criteria for polycythaemia vera, as 

recommended in the BCSH guidelines. 

   JAK2   - positive polycythaemia vera   

  A1    High haematocrit ( > 0.52 in men,  > 0.48 in women)  or  

raised red cell mass ( > 25% above predicted)  *    

  A2    Mutation in  JAK2   

   Diagnosis requires both criteria to be present   

   JAK2   - negative polycythaemia vera   

  A1    Raised red cell mass ( > 25% above predicted)  or  

haematocrit  > 0.60 in men,  > 0.56 in women.  

  A2    Absence of mutation in  JAK2   

  A3    No cause of secondary erythrocytosis  

  A4    Palpable splenomegaly  

  A5    Presence of an acquired genetic abnormality 

(excluding  BCR – ABL1 ) in haemopoietic cells  

  B1    Thrombocytosis (platelet count  > 450    ×    10 9 /L)  

  B2    Neutrophil leucocytosis (neutrophil count  > 10    ×    10 9 /L 

in non - smokers,  > 12.5    ×    10 9 /L in smokers)  

  B3    Radiological evidence of splenomegaly  

  B4    Endogenous erythroid colonies or low serum 

erythropoietin  

   Diagnosis requires A1    +    A2    +    A3    +    either another A or two B 

criteria   

    * Dual pathology (coexistent secondary erythrocytosis or relative 

erythrocytosis) may rarely be present in patients with a  JAK2  -

 positive MPN. In this situation, it would be prudent to reduce 

the haematocrit to the same target as for polycythaemia vera.   
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the blood. It is not widely used because of its cost, route of 
administration (subcutaneous injection) and its side - effects 
(including fatigue, fl u - like symptoms and depression). However, 
it can be useful in young patients who are reluctant to take other 
cytotoxic agents, in pregnancy and in patients with intractable 
pruritus. The usual dose range is 3 – 5   million units three times 
per week. 

 Anagrelide is a newer agent that lowers the platelet count by 
inhibiting megakaryocyte differentiation. It can be useful in 
controlling the platelet count of patients being treated with 
venesection and can also be combined with hydroxycarbamide 
to allow the use of lower doses of both agents. Approximately 
10% of patients are completely refractory to anagrelide. The 
usual dose is 1 – 2   mg daily, but occasional patients may require 
doses of up to 8   mg daily. Its side - effects are mainly secondary 
to its inotropic and vasodilatory properties and include head-
aches, palpitations and fl uid retention. 

 Busulfan is sometimes used in elderly patients or when all 
other treatments are not tolerated. It is very convenient as it 
need only be administered intermittently, but may increase the 
risk of leukaemia. The usual dosage is 25 – 75   mg as a single dose 
every 2 – 3 months. Low - dose aspirin (75 – 100   mg daily) reduces 
thrombotic complications in PV and is used in most patients 
without contraindications to this drug. Pruritus often improves 
with control of the PCV but paroxetine, antihistamines and 
aspirin (in some cases) can help. There is also evidence that 
interferon can be useful in intractable cases. 

 In view of the age of most patients and the relatively benign 
natural history of treated PV, bone marrow transplantation is 
not advocated for stable disease. The role, if any, of transplanta-
tion employing reduced - intensity conditioning regimens is not 
yet clear.  

  Prognosis 
 In the fi rst half of the 20th century, untreated polycythaemia 
had a dismal prognosis with a 50% survival of less than 2 years. 
However, adequately treated PV now has a relatively benign 
natural history with a life expectancy of over 11 years, bearing 
in mind that the average age of onset is 60 years. Factors predic-
tive of poorer prognosis and increased complication rates in PV 
include  JAK2  mutation burden and white cell count at diagno-
sis, both factors probably serving as surrogate markers of disease 
activity.   

  Other  c auses of  e rythrocytosis 

 All disorders with an increased red cell mass that are not due to 
clonal proliferation of haemopoietic progenitors are included 
under this heading. They are most conveniently subclassifi ed 
into primary and secondary causes. In primary polycythaemia, 
the defect is intrinsic to the red cell precursors, which are hyper-
sensitive to Epo. In secondary polycythaemia, the defect is 
upstream of the red cell precursors. The latter group can be 

V617F and exon 12  JAK2  mutations. In these patients, the diag-
nosis of PV can be made if the other criteria set out in Table 
 36.1  are met, but it should be remembered that this group of 
truly  JAK2  - negative PV is very rare, and secondary erythrocy-
tosis, idiopathic erythrocytosis and relative erythrocytosis are 
all much more likely diagnoses in this clinical setting.  

  Treatment 
 Identifi cation of the  JAK2  V617F mutation has generated much 
interest in the development of therapeutic JAK2 inhibitors. 
However, as patients with PV currently have a very good prog-
nosis, new agents will have to display an excellent safety profi le. 
For the time being, the treatment of PV should employ existing 
treatment modalities whose effectiveness has been validated, as 
described below. 

 In the absence of thrombocytosis, regular venesection 
remains the mainstay of treatment for PV in patients who can 
tolerate it. A target haematocrit of 0.45 or less is widely used, 
following the demonstration that in patients with PV, higher 
haematocrits are associated with a signifi cantly increased risk of 
thrombosis. Venesection has little impact on the haematocrit in 
the short term: the purpose of regular venesection is to induce 
iron defi ciency such that the haematocrit remains chronically 
below the target threshold of 0.45. Thus, typical venesection 
regimens start with phlebotomy every 2 – 3 weeks until the hae-
matocrit is controlled, and thereafter phlebotomy is generally 
needed every 1 – 3 months, depending of factors such as dietary 
iron intake and erythropoietic activity. 

 Cytoreductive therapy is recommended for patients unable 
to undergo venesection and those with thrombocytosis, in view 
of the probable increased risk of thrombosis. Hydroxycarbamide 
(hydroxyurea) is the most commonly used drug. It is orally 
bioavailable and generally very well tolerated. It will reduce 
both the haematocrit and the platelet count. The commonest 
complications are leucopenia or thrombocytopenia, which are 
dose dependent and can usually be avoided by close monitoring 
of the blood count when the drug is fi rst introduced. In suscep-
tible patients it can cause photosensitivity, painful leg ulcers and 
gastrointestinal side - effects. The usual dose is 0.5 – 2   g daily. 

 It has been suggested that hydroxycarbamide may increase 
the inherent leukaemogenic risk associated with PV. This 
concern is largely based on studies involving small numbers of 
patients or patients who have also required other cytotoxic 
agents (and may therefore represent a subgroup with more 
aggressive disease). At present, there are no convincing data to 
show that hydroxycarbamide, when used as a single agent, sig-
nifi cantly increases the risk of leukaemia, although a small effect 
cannot be excluded. Preliminary data from studies of hydroxy-
carbamide in sickle cell disease are reassuring, but longer 
follow - up is required. 

 Interferon alfa is effective in controlling both the platelet 
count and the PCV, and there are some data that it may induce 
impressive reductions in the burden of V617F - positive cells in 
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Chuvashia. Patients have increased levels of circulating Epo but 
do not carry mutations of EpoR. Chuvash polycythaemia was 
recently shown to be associated with a C → T mutation at nucle-
otide 598 (leads to an Arg200Trp substitution) in the von 
Hippel – Lindau ( VHL ) gene. The  VHL  gene is pivotal for ubiq-
uitination and subsequent degradation of HIF - 1 transcription 
factor, which is central to the oxygen - sensing pathway. This 
 VHL  mutant leads to a reduced rate of degradation of HIF - 1 
and upregulation of downstream targets including Epo, leading 
to polycythaemia. Recently, some of the rare non - Russian fami-
lies with inherited polycythaemia were also shown to carry  VHL  
mutations, and occasional pedigrees with mutations elsewhere 
in the oxygen - sensing pathway have been described, including 
the  PHD2  and  HIF2A  genes. 

 Primary familial and congenital polycythaemia (PFCP) is a 
rare disorder in which erythropoiesis is intrinsically overactive. 
The disorder is usually transmitted in an autosomal dominant 
manner with some cases appearing sporadically. Clinical fea-
tures include the presence of isolated erythrocytosis without 
evolution into leukaemia or other MPNs, absence of splenom-
egaly, normal white blood cell and platelet counts, low or 
normal plasma Epo levels, normal haemoglobin – oxygen dis-
sociation curve/ P  50 , and hypersensitivity of erythroid progeni-
tors to Epo. Mutations in the gene encoding EpoR have been 
described in several (but not all) families with PFCP. In most 
cases, the mutations lead to a C - terminal truncation of the 
EpoR protein, with increased sensitivity to Epo.   

  Secondary  e rythrocytosis 

  Erythrocytosis in the  p resence of  s ystemic  h ypoxia 
  Chronic  l ung  d isease and  h ypopnoea 
 Lung disease is the predominant cause of chronic systemic 
hypoxia at sea level. Hypoxaemic chronic obstructive pulmo-
nary disease is the commonest syndrome, but any lung – airway 
disease leading to chronic hypoxia could cause polycythaemia. 
Syndromes such as obstructive sleep apnoea and hypoventila-
tion due to muscle weakness or paralysis can also occasionally 
be associated with secondary erythrocytosis. 

 Where possible, hypoxia should be ameliorated by treating 
the lung disease or with home oxygen therapy. Erythrocytosis 
has opposing effects on oxygen delivery as it increases the oxy-
gen - carrying capacity while also increasing blood viscosity. 
Unfortunately, there is little evidence from clinical trials to 
guide management. In practice, many specialists suggest that 
venesection should be performed for haematocrits above 0.55.  

  High  a ltitude 
 Residents at altitudes above 4000   m compensate for the ambient 
hypoxia by multisystem adaptation, including mild erythrocy-
tosis, increase in capillary perfusion and lung diffusion capacity 
as well as biochemical changes in metabolic enzymes and 
myoglobin. Excessive altitude polycythaemia (PCV    ≥    0.65) is 

further subdivided into polycythaemias in the presence or 
absence of systemic hypoxia. A small group of patients do not 
fall into any of these categories and are given the diagnosis of 
idiopathic erythrocytosis (Table  36.2 ). The clinical manage-
ment of many of these syndromes is not well defi ned.   

 The term  ‘ apparent polycythaemia ’  refers to a raised haema-
tocrit in the absence of a raised red cell mass and is discussed 
later in this chapter. 

  Primary  e rythrocytosis 

  Inherited/ c ongenital  e rythrocytosis 
 Chuvash polycythaemia is an autosomal recessive condition 
that is endemic in the Russian mid - Volga river region of 

  Table 36.2    Causes of erythrocytosis other than polycythaemia 

vera. 

   Primary erythrocytosis   

  Primary familial and congenital polycythaemia  

   Secondary erythrocytosis   

   Erythrocytosis in the presence of systemic hypoxia   

  Chronic hypoxia  

     Lung disease  

     Hypopnoea  

     High altitude  

     Congenital cyanotic heart disease  

  Defective oxygen transport  

     High - affi nity haemoglobins  

     Red cell metabolic defects (low 2,3 - DPG)  

     Methaemoglobinaemia  

     Heavy smoking (carboxyhaemoglobinaemia)  

   Erythrocytosis in the absence of systemic hypoxia   

  Inherited/congenital erythrocytosis  

     Chuvash polycythaemia  

     Inherited mutations in  EPOR  and oxygen signalling  

  Abnormal erythropoietin secretion  

     Renal tumours  

     Cystic/polycystic kidney disease  

     Renal transplantation  

     Renal hypoxia (e.g. renal artery stenosis)  

     Cerebellar haemangioma  

     Hepatocellular carcinoma  

  Endocrine syndromes  

     Administration of androgenic steroids  

     Cushing syndrome  

     Conn syndrome  

     Phaeochromocytoma (rarely)  

     Bartter syndrome  

   Idiopathic erythrocytosis   
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variant can be identifi ed by mutational screening of DNA or by 
protein mass spectrometry.   

 There are over 40 haemoglobin variants with an increased 
affi nity for oxygen, all dominantly inherited. Most are due to 
mutations in  β  - globin, with a small number due to mutations 
in  α  - globin. Mutations are clustered in regions of the globin 
chains involved in the regulation of the transition between 
tense (T) and relaxed (R) states of haemoglobin. Normally, 
oxy - HbA is in the T state and has low affi nity for oxygen, 
and deoxy - HbA is in the R state and has high affi nity for 
oxygen. Thus, mutations at the  α  β  contact site (e.g. Hb 
San Diego), the C - terminus (e.g. Hb Bethesda) and the 
2,3 - diphosphoglycerate (2,3 - DPG) - binding site (e.g. Hb 
Helsinki) are the commonest. 

 Most people with a high - affi nity haemoglobin are in good 
health and are either diagnosed coincidentally or after being 
noticed to be plethoric. Some experience excessive muscle 
fatigue after vigorous exercise. Hyperviscosity is rarely a 
problem and surveys have failed to identify increased cardio-
vascular morbidity or mortality. Pregnancy is not adversely 
affected, even in mothers with haemoglobin affi nity that exceeds 
that of HbF. Generally, therefore, no management is required, 
unless symptomatic.  

  Red  c ell  m etabolic  d efects 
 Very rare cases of erythrocytosis are due to abnormalities in red 
cell metabolism that lead to a reduction in intraerythrocytic 
2,3 - DPG. The best characterized defect is a mutant 2,3 - DPG 
mutase. The only well - characterized family with this disorder 
showed autosomal recessive inheritance, although heterozygous 
family members had a decreased  P  50  and, in some cases, a mod-
erate erythrocytosis. This disorder is excluded by the fi nding of 
a normal  P  50  in a fresh blood sample.  

  Methaemoglobinaemia 
 Oxidation of haem iron converts it from its normal ferrous 
(Fe 2+ ) to the ferric (Fe 3+ ) form and, correspondingly, haemo-
globin (HbA) becomes methaemoglobin (Met - HbA). This con-
stitutes an important antioxidant mechanism for the red cell, 
and conversion of Met - HbA back to HbA requires the genera-
tion of NADH from glycolysis. The rate of HbA auto - oxidation 
is about 20 times slower under normal circumstances than 
the rate of Met - HbA reduction, thus preventing Met - HbA 
accumulation. 

 Methaemoglobin has an increased affi nity for oxygen and a 
left - shifted oxygen dissociation curve. Pathological acquired 
methaemoglobinaemia can result from exposure to strong oxi-
dants (e.g. dapsone, paraquat, benzocaine) and can be life -
 threatening when severe but is rarely suffi ciently long - lived to 
give rise to polycythaemia. 

 Hereditary methaemoglobinaemias can be due to haemo-
globin mutations involving amino acids around the haem 
pocket (HbM disease), or secondary to enzymatic defi ciencies 

seen in a proportion of cases and is often accompanied by 
hyperuricaemia and proteinuria. Some of these individuals 
eventually decompensate and develop chronic mountain sick-
ness (Monge disease). Such people deteriorate steadily and 
develop extreme polycythaemia (sometimes PCV    ≥    0.75), arte-
rial desaturation and right heart failure. Resettlement at lower 
altitudes halts disease progression and can partly reverse it. 
Treatment with angiotensin - converting enzyme (ACE) inhibi-
tors has been shown in randomized studies to reduce the PCV 
and proteinuria seen in excessive altitude polycythaemia.  

  Congenital  c yanotic  h eart  d isease 
 Congenital heart defects leading to a right - to - left shunt can 
cause dramatic erythrocytosis (up to PCV of 0.80). Surgery to 
correct the cardiac defect should be undertaken when possible. 
A few inoperable patients survive to adulthood and the manage-
ment of their erythrocytosis is not straightforward. As in 
patients with chronic lung disease, the increase in oxygen - car-
rying capacity afforded by erythrocytosis is countered by an 
increased viscosity and associated haemodynamic changes. 
Here, however, we are often dealing with young patients with 
responsive vasculatures, which can usually accommodate such 
changes. Some experts advocate venesection when the PCV is 
greater than 0.60, whereas others allow the haematocrit to rise 
further and venesect for symptoms such as recurrent haemop-
tysis, marked fatigue or deteriorating exercise tolerance.  

  High -  a ffi nity  h aemoglobins 
 High - affi nity haemoglobins release less oxygen for a given 
oxygen partial pressure, and may thus give rise to tissue hypoxia. 
This leads to an Epo - driven erythrocytosis, which tends to 
renormalize Epo levels. The pathognomonic anomaly is a left 
shift in the oxygen dissociation curve (Figure  36.5 ). The precise 
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     Figure 36.5     Haemoglobin – oxygen dissociation curves from a 

27 - year - old man with a raised red cell mass and a normal person 

(HbA) showing the presence of a high - affi nity haemoglobin ( ‘ left 

shift ’ ). Mass spectrometric analysis showed the man to be 

heterozygous for Hb San Diego, a high - affi nity  β  - chain variant.  
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  Idiopathic  e rythrocytosis 
 In a small proportion of patients with polycythaemia the crite-
ria for the diagnosis of PV are not met and no other aetiology 
for the raised red cell mass can be identifi ed. This group is 
heterogeneous and likely to include patients with germline 
mutations causing polycythaemia as well as some that will go 
on to develop overt PV. With the advent of increasingly sophis-
ticated diagnostic tests and the identifi cation of the molecular 
lesions in many inherited forms of polycythaemia, idiopathic 
erythrocytosis is becoming a rare entity.  

  Apparent  p olycythaemia 
 Apparent polycythaemia refers to a raised PCV in the presence 
of a normal red cell volume ( <    25% above the predicted mean 
normal value). The raised haematocrit is due to a reduction in 
the plasma volume. Smoking, hypertension, obesity, excessive 
alcohol and diuretic therapy have all been associated with 
apparent polycythaemia. Pathogenesis is uncertain and almost 
certainly heterogeneous. 

 It is not clear whether apparent polycythaemia is associated 
with increased rates of thrombosis, but it seems sensible to 
encourage affected individuals to avoid known predisposing 
factors. There are no convincing data that routine venesection 
is benefi cial.    

  Essential  t hrombocythaemia 

 The fundamental pathological feature of ET is a persistent ele-
vation in the platelet count. However, ET has been poorly 
understood largely because of a lack of positive diagnostic cri-
teria together with the fact that cases labelled as ET are likely to 
be pathogenetically heterogeneous. In 1934 Epstein and Goedel 
fi rst described a patient with persistent elevation of the platelet 
count in association with megakaryocyte hyperplasia and ten-
dency for venous thromboses and haemorrhage. Subsequently, 
Ozer and Gunz independently described two series of patients 
in 1960, thus confi rming ET as a specifi c clinical entity. The 
recent discovery that approximately half the cases of ET carry 
the  JAK2  V617F mutation, as do half the cases of PMF and 
nearly all cases of PV, has enhanced our understanding of the 
relationship between the three disorders. 

  Pathophysiology 

 X - chromosome inactivation patterns provided the fi rst evi-
dence that ET may be a clonal stem cell disorder involving 
granulocytes, platelets and red cells but not T cells. For about 
60% of patients a molecular basis for the clonality can be found, 
with about 55% of ET patients positive for the  JAK2  V617F 
mutation, and a further 5% carrying activating mutations near 
the transmembrane domain of the thrombopoietin receptor 
gene  MPL . 

that interfere with the generation of NADH, which is required 
for day - to - day methaemoglobin reduction (namely NADH 
reductase and cytochrome  b  5  reductase). In view of the chronic 
nature of the methaemoglobinaemia in these disorders, second-
ary erythrocytosis can develop in the same manner as for high -
 affi nity haemoglobin mutants.  

  Heavy  s moking 
 Heavy smoking can lead to mild polycythaemia in the absence 
of hypoxic lung disease. The underlying cause of this is a raised 
carboxyhaemoglobin (CO - Hb) level resulting from chronically 
raised carbon monoxide (CO) levels. CO - Hb levels in urban 
dwelling non - smokers are rarely higher than 2%, with levels 
ranging from 3 to 20% in smokers. The short half - life of CO in 
the body (3 – 5 hours) leads, in smokers, to a rise in CO - Hb 
during the day and a fall during sleep, making it diffi cult to 
compare measurements taken at different times. Binding of CO 
to Hb, as well as displacing oxygen, leads to a conformational 
change similar to that seen in methaemoglobinaemia, with a 
similar left shift in the oxygen dissociation curve and a fall 
in  P  50 .   

  Erythrocytosis in the  a bsence of  s ystemic  h ypoxia 

  Abnormal  e rythropoietin  s ecretion 
 Abnormal Epo secretion is a well - recognized cause of secondary 
erythrocytosis and is most commonly secondary to renal 
pathologies such as renal tumours (benign and malignant), 
polycystic kidney disease and diseases associated with local 
hypoxia such as renal cysts, hydronephrosis and renal artery 
stenosis. The polycythaemia usually responds to treatment of 
the underlying renal pathology. 

 Erythrocytosis occurs in 20 – 30% of patients after renal trans-
plantation. The biggest risk to such patients is hypertension, 
strokes and cardiovascular complications. In many cases, the 
erythrocytosis and associated hypertension respond to ACE 
inhibitors. Theophylline may also be effective in some cases. 
Patients who remain polycythaemic despite such therapy should 
be treated with repeated venesection to maintain their haema-
tocrit below 45%; 30 – 40% of cases resolve spontaneously. 

 Non - renal tumours can rarely be associated with polycythae-
mia. The commonest reported ones are hepatocellular carci-
noma, cerebellar and other haemangiomas and large uterine 
fi bromyomas. Polycythaemia responds to removal of the 
tumour in most of these cases.  

  Endocrine  d isorders 
 The mechanism underlying the development of polycythaemia 
in most endocrine disorders lies in the overproduction of 
androgens, which can produce polycythaemia by increasing 
Epo levels and also, probably, through a direct action on bone 
marrow progenitors.    
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disease, with a decrease in circulating high - molecular - weight 
multimers caused by adsorption to the surface of the excessive 
platelets.  

  Splenomegaly and  h yposplenism 
 Splenomegaly is present in about 5% of ET patients at diagnosis 
and is rarely more than mild. Progressive enlargement of the 
spleen during the course of ET should raise suspicion of evolv-
ing myelofi brosis. It has been suggested that, over time, some 
patients with ET develop splenic atrophy secondary to silent 
microinfarcts in the splenic microcirculation. However, frank 
hyposplenism and its complications are rare.  

  Transformation to  m yelofi brosis or 
 p olycythaemia  v era 
 Transformation to myelofi brosis and, more rarely, to PV are 
recognized complications of ET. Some, but not all, cases of 
apparent polycythaemic transformation may represent resolu-
tion of prior iron defi ciency, as can happen with iron supple-
mentation and after the menopause. The insidious onset of 
myelofi brotic transformation and the reluctance to serially 
study bone marrow trephine biopsies have hampered attempts 
to defi ne its nature and frequency. Nonetheless, recent studies 
have shown that progression of reticulin levels over time 
shows extensive interindividual variability and can be infl u-
enced by choice of therapy, being more marked in patients 
treated with anagrelide (see below). From the available data, 
myelofi brotic transformation occurs in less than 10% and poly-
cythaemic transformation in less than 1 – 2% of ET patients over 
10 years.  

  Leukaemic  t ransformation 
 ET can evolve into MDS or AML even in untreated cases, but 
only rarely. The presence of cytogenetic abnormalities and 
treatment with alkylating agents increase this risk. Approximately 
3% of patients treated with hydroxycarbamide alone develop 
MDS or AML if followed for a median time of 8 years. As with 
PV, there are no data to demonstrate that hydroxycarbamide as 
a single agent signifi cantly increases the risk of leukaemia inher-
ent to this disease, but a small effect cannot be excluded.   

  Investigations 

 The lack of pathognomonic features and the existence of many 
other causes of a raised platelet count have posed signifi cant 
hurdles in the diagnosis of ET. The identifi cation of the  JAK2  
V617F mutation now provides a very useful positive diagnostic 
criterion for approximately 50% of ET patients. However, for 
V617F - negative patients, ET remains a diagnosis of exclusion 
and can only be made after other clonal blood disorders and 
reactive thrombocytosis have been ruled out. A proposed diag-
nostic schema for ET, as outlined by the BCSH guidelines, is 
given in Table  36.3 .   

 Clinical and pathological features vary signifi cantly between 
patients with ET, suggesting that the disease is heterogeneous. 
Prospective data from over 800 patients with ET has demon-
strated that the presence or absence of the  JAK2  V617F muta-
tion divides ET into two biologically distinct disorders. 
Mutation - positive ET exists along a continuum with PV as it 
displays multiple features of the latter, with signifi cantly 
increased haemoglobin levels, neutrophil counts and bone 
marrow erythropoiesis, more venous thromboses and a higher 
incidence of polycythaemic transformation. Mutation - negative 
patients do nonetheless exhibit many clinical and laboratory 
features characteristic of an MPN including the presence of 
endogenous erythroid colonies and a risk of transformation to 
acute leukaemia. Patients with  MPL  - positive ET appear to have 
a phenotype that more closely resembles  JAK2  - negative ET, 
with an isolated thrombocytosis and less hypercellular bone 
marrow.  

  Clinical  f eatures 

  Epidemiology 
 The annual incidence of ET is similar to that of PV at around 
1.5 – 2.0 cases per 100   000 population. The median age at onset 
is 50 – 55 years and although it can occur at any age, it is rare in 
childhood.  

  Thrombotic  c omplications 
 As with PV, thrombotic complications are the main cause of 
morbidity and mortality in ET. Thromboses are present in 
around 15 – 20% of patients at presentation and may be arterial 
or venous. The range of clinical syndromes is similar to PV, but 
the frequency of splanchnic thromboses is probably lower 
and strongly correlated with presence of the  JAK2  V617F 
mutation. 

 A number of risk factors are associated with an increase in 
the risk of thrombosis in patients with ET. The best character-
ized are age over 60 years and a prior history of thrombosis. 
Other risk factors for thrombosis in ET are likely to include 
diabetes, hyperlipidaemia, hypertension and cigarette smoking. 
More recently, it has been reported that white cell count and 
reticulin levels at diagnosis have predictive value for thrombosis 
(and indeed other complications) in ET. The exact role these 
and other predictors have in individualizing treatment regi-
mens remains unclear.  

  Haemorrhagic  c omplications 
 Bleeding is less common and less well studied than thrombosis 
in ET, but can be dramatic when it happens. Efforts to correlate 
the thrombotic risk with platelet function abnormalities 
have generally been fruitless and this investigation is also unable 
to predict haemorrhagic risk. However, bleeding is more 
common in patients with platelet counts above 1000    ×    10 9 /L 
and, in at least some cases, this is due to acquired von Willebrand 
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1000    ×    10 9 /L. There is usually evidence of ongoing infl amma-
tion in the form of a raised erythrocyte sedimentation rate or 
C - reactive protein but this is not always the case.    

  Other  c lonal  t hrombocytoses 
 A number of other haematological malignancies can be 
associated with thrombocytosis. Chronic myeloid leukaemia 
(CML) can be excluded by demonstrating the absence of the 

 An alternative set of diagnostic criteria, based largely around 
salient bone marrow morphological features, have been pro-
posed as part of the WHO classifi cation of tumours. Included 
in these is the concept of  ‘ prefi brotic myelofi brosis ’ , a putative 
group of patients previously labelled as ET who reportedly have 
increased rates of transformation to myelofi brosis over time. 
These proposals remain highly controversial in the MPN litera-
ture. In particular, studies of interobserver reliability for the 
histological component of this classifi cation have shown it to 
be poorly reproducible, and a prospective multicentre study of 
the prognostic discrimination achieved by such a label found it 
to be minimal. Nevertheless, bone marrow histological features 
such as giant multilobated megakaryocytes and megakaryocyte 
clustering (Figure  36.6 ) can be of value in making the diagnosis 
of ET.   

  Reactive  t hrombocytosis 
 Thrombocytosis is most commonly reactive and secondary to 
increased levels of circulating cytokines that stimulate throm-
bopoiesis. Infl ammatory, vasculitic and allergic disorders, acute 
and chronic infections, malignancies, haemolysis, iron defi -
ciency and blood loss can all lead to an increased platelet count 
(Table  36.4 ). Reactive thrombocytosis can sometimes be marked 
and, occasionally, the platelet count can be greater than 

  Table 36.3    Diagnostic criteria for essential thrombocythaemia as 

recommended in the BCSH guidelines. 

  A1    Sustained platelet count  >    450    ×    10 9 /L  

  A2    Presence of an acquired pathogenetic mutation (e.g. in the 

 JAK2  or  MPL  genes)  

  A3    No other myeloid malignancy, especially PV  *  , PMF   †   , 

CML   ‡    or MDS   §     

  A4    No reactive cause for thrombocytosis and normal iron 

stores  

  A5    Bone marrow aspirate and trephine biopsy showing 

increased megakaryocyte numbers displaying a 

spectrum of morphology with predominant large 

megakaryocytes with hyperlobated nuclei and abundant 

cytoplasm. Reticulin is generally not increased (grades 

0 – 2/4 or grade 0/3)  

   Diagnosis requires A1 – A3 or A1    +    A3 – A5   

    * Excluded by a normal haematocrit in an iron - replete patient.  

    †  Indicated by presence of signifi cant bone marrow fi brosis ( ≥ 2/3 

or 3/4 reticulin)  and  palpable splenomegaly, blood fi lm 

abnormalities (circulating progenitors and teardrop cells) or 

unexplained anaemia.  

    ‡  Excluded by absence of  BCR – ABL1  fusion from bone marrow or 

peripheral blood.  

    §  Excluded by absence of dysplasia on examination of blood fi lm 

and bone marrow aspirate.   

     Figure 36.6     Bone marrow trephine section (haematoxylin and 

eosin, H & E) from a 60 - year - old man with essential 

thrombocythaemia. Note the hypercellularity and marked 

increase in megakaryocyte numbers, consisting largely of clusters 

of mature multilobated forms.  

  Table 36.4    Causes of a reactive thrombocytosis. 

  Iron defi ciency  

  Blood loss (acute or chronic)  

  Hyposplenism/splenectomy  

  Surgery  

  Acute bacterial infection  

     Pneumonia, septicaemia, meningitis, diverticular abscess, etc.  

  Chronic infl ammation  

     Vasculitides  

     Infl ammatory bowel disease  

     Connective tissue disorders  

     Rheumatoid arthritis  

     Chronic infections  

  Malignancies  

  Rebound thrombocytosis  

     Following treatment of immune thrombocytopenic purpura  

     Recovery from chemotherapy  

  Drugs  

     Vincristine  
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 Interferon alfa can give good control of the platelet count in 
ET, but as discussed under PV, its signifi cant side - effect profi le, 
subcutaneous administration and cost prevent its widespread 
use. It has a clearer role in the management of ET in pregnancy 
(see later) and some favour it in young patients. Busulfan can 
achieve good control of the platelet count but is only rarely used 
because of concerns over its long - term leukaemogenic poten-
tial. This is true for other alkylating agents and for radioactive 
phosphorus ( 32 P).  

  Intermediate -  r isk  p atients 
 Intermediate - risk patients are those between 40 and 60 years 
old who lack any of the high - risk features listed above. It is not 
clear whether it is benefi cial to lower the platelet count in this 
group. Most receive either aspirin alone, or hydroxycarbamide 
and aspirin.  

  Low -  r isk  p atients 
 Low - risk patients are those younger than 40 years old who lack 
any high - risk features. Low - risk patients are usually given low -
 dose aspirin alone unless there is a contraindication such as 
previous peptic ulceration or allergy to salicylates. Antiplatelet 
agents such as dipyridamole or clopidogrel should be consid-
ered in these cases. In the setting of ET - associated haemorrhage, 
it is probably best to avoid antiplatelet agents.   

  Prognosis 

 Few studies have directly addressed survival in ET and these 
have reached different conclusions. Some suggest that mortality 
at 10 years is that of age - matched controls, whereas others 
found it to be worse. In high - risk patients, hydroxycarbamide 
reduces vaso - occlusive events from 10.7 to 1.6 per 100 
patient - years.  

  Essential  t hrombocythaemia and  p regnancy 

 ET is the MPN encountered most frequently in women of child-
bearing age. In pregnancy, the commonest complication of ET 
is fi rst - trimester miscarriage, which occurs in up to 30% of 
pregnancies. This is thought to be secondary to placental micro-
infarcts and insuffi ciency. The reported increased incidence of 
antiphospholipid antibodies in ET may contribute to this. 
Other less frequent complications include intrauterine death, 
growth retardation, premature delivery and pre - eclampsia. The 
risk of maternal thrombosis and haemorrhage is higher than in 
normal pregnancy, although a successful outcome (live birth) 
is achieved in around 60% of cases and no maternal deaths were 
seen in a recent review of 220 pregnancies. 

 The optimal management of ET in pregnancy has not yet 
been fully defi ned. There is confl icting evidence about the effec-
tiveness of aspirin but, given the good documentation of its 
safety in a large unrelated study of pre - eclampsia, it should 

 BCR – ABL1  fusion transcript. Iron defi ciency can mask the 
typical raised red cell mass of PV, although the clinical utility 
of distinguishing iron - defi cient PV from ET is probably 
minimal. Established PMF can be excluded by the absence of 
signifi cant bone marrow fi brosis and other characteristic labo-
ratory features such as leucoerythroblastic blood fi lm and 
splenomegaly. 

 Lastly, MDS can also be associated with a thrombocytosis in 
a minority of cases, but there are usually coexisting cytopenias, 
dysplastic features or specifi c cytogenetic abnormalities (e.g. 
deletion 5q). Sometimes, refractory anaemia with ringed 
sideroblasts can be associated with thrombocytosis and the 
presence of the  JAK2  V617F mutation; this illustrates the 
overlap among these chronic myeloid disorders.   

  Treatment 

 When considering the management of patients with ET, it is 
helpful to stratify them into risk groups, according to their risk 
of vascular complications, and take treatment decisions on this 
basis. Patients may be assigned to a high - , intermediate -  or low -
 risk category. 

  High -  r isk  p atients 
 High - risk patients are those over 60 years old or those with one 
or more high - risk features, i.e. a platelet count of 1500    ×    10 9 /L 
or more, a prior history of thrombosis or signifi cant thrombotic 
risk factors such as diabetes or hypertension. In high - risk 
patients, control of the platelet count with hydroxycarbamide 
reduces thrombotic events compared with no cytoreductive 
therapy. The MRC PT - 1 trial has recently compared treatment 
with hydroxycarbamide plus low - dose aspirin to anagrelide 
plus low - dose aspirin. Patients receiving anagrelide plus aspirin 
were signifi cantly more likely to reach the composite primary 
end point (arterial thrombosis, venous thrombosis or major 
haemorrhage) and more likely to discontinue their allocated 
treatment. Compared with hydroxycarbamide plus aspirin, 
treatment with anagrelide plus aspirin was associated with a 
signifi cantly increased rate of arterial thrombosis, major haem-
orrhage and myelofi brotic transformation, but a decreased 
rate of venous thromboembolism. These results suggest that 
hydroxycarbamide plus aspirin should remain fi rst - line therapy 
for high - risk patients. Anagrelide is a useful second - line agent 
but the decision to use concurrent aspirin should depend on 
the relative risks of arterial thrombosis and haemorrhage in the 
individual patient. 

 Analysis of patients from the PT - 1 trial according to  JAK2  
status has shown that compared with V617F - negative patients, 
mutation - positive patients share many features with PV includ-
ing a higher risk of venous thrombosis. Moreover, V617F -
 positive patients were more sensitive to hydroxycarbamide than 
anagrelide, raising the possibility that hydroxycarbamide is par-
ticularly effective in these patients. 



Myeloproliferative neoplasms

697

lofi brosis in association with increased megakaryocyte numbers. 
Additionally, mice expressing reduced levels of the transcrip-
tion factor GATA - 1, which impairs the ability of their 
megakaryocytes to differentiate into platelets, also develop mye-
lofi brosis in association with increased expression of cytokines 
such as transforming growth factor (TGF) -  β 1, platelet - derived 
growth factor (PDGF) and vascular endothelial growth factor 
in the bone marrow. 

 In the peripheral circulation there is an increase in the 
number of CD34 - positive cells together with increased numbers 
of progenitors capable of giving rise to a variety of haemopoietic 
colonies. As with PV and ET, erythroid and megakaryocytic 
colonies can also be derived in the absence of exogenous growth 
factors. 

 The same molecular abnormalities seen in chronic - phase 
MPNs, such as mutations in  JAK2 ,  MPL  and  TET2 , are found 
in patients with PMF, underscoring the interrelated nature of 
these disorders. Nonetheless, other mutations and epigenetic 
abnormalities are more frequently found in PMF, in keeping 
with the more aggressive phenotype, poorer prognosis and later 
stage of the disease. For example, cytogenetic abnormalities are 
found in up to 60% of cases. The commonest are deletions of 
20q and 13q, trisomy 8, and abnormalities of chromosomes 1, 
5, 7 and 9. Oncogene mutations are not infrequently found, and 
include point mutations in the  RAS ,  KIT  and  TP53 .  

  Clinical  f eatures 

  Epidemiology 
 The estimated annual incidence of PMF is around 0.5 – 1.5 per 
100   000 population, with most patients diagnosed in the sixth 
decade and roughly equal involvement of the two sexes. Up to 
one - third of patients are asymptomatic at diagnosis and many 
of these are discovered after unrelated blood tests show modest 
abnormalities such as anaemia and thrombocytopenia.  

  Splenomegaly 
 An enlarged spleen is found in almost all patients at presenta-
tion and splenic pain/discomfort is a common presenting 
symptom of PMF. Most cases develop moderate to marked 
splenomegaly during the course of the disease and about 10% 
of cases develop massive splenomegaly, with the spleen extend-
ing to the right iliac fossa (Figure  36.7 ). This dramatic increase 
in splenic mass (up to 20 – 30 times normal) can lead to a sub-
stantial increase in splenic blood fl ow which, in the most severe 
cases, can lead to portal hypertension with oesophageal varices 
and ascites. Painful and painless splenic infarcts are common 
sequelae of splenomegaly in PMF.    

  Extramedullary  h aemopoiesis 
 The spleen is the commonest site of extramedullary haemopoi-
esis in PMF. The liver is also usually involved and this can lead 
to signifi cant hepatomegaly. Unusual sites can sometimes be 

probably be given to most patients who are pregnant or plan-
ning a pregnancy. Pregnancies deemed at high risk of throm-
bosis either on the basis of a prior history of thrombosis or a 
platelet count over 1500    ×    10 9 /L should be considered for 
therapy with a combination of interferon and aspirin. 
Hydroxycarbamide and anagrelide should not be used on 
account of their teratogenic potential. In addition to lowering 
the platelet count, cases at the highest risk of thrombosis, such 
as those with previous thrombosis, hypertension or diabetes, 
should be considered for antithrombotic prophylaxis, normally 
in the form of low - molecular - weight heparin. 

 The platelet count may rise dramatically in the postpartum 
period but can normally be controlled with hydroxycarbamide 
or anagrelide. Hydroxycarbamide and anagrelide are excreted 
in breast milk so that breast - feeding is contraindicated while a 
patient is receiving either of these agents. Although interferon 
alfa is also excreted in breast milk, it is unlikely to be absorbed 
intact by the baby and there are anecdotal reports of successful 
breast - feeding while the mother was receiving interferon.   

  Primary  m yelofi brosis 

 Also known as agnogenic myeloid metaplasia and idiopathic 
myelofi brosis, PMF has the poorest prognosis of the MPNs. PV 
and ET can develop into a condition that resembles PMF, 
usually after a latency of many years. The fi rst reported case of 
PMF is probably that described by Hueck in 1879 as a  ‘ peculiar 
leukaemia ’ . It was not until Dameshek ’ s seminal work in 1951 
that PMF was recognized as an MPN. The identifi cation of the 
 JAK2  V617F mutation in approximately half the cases of PMF 
and ET and nearly all cases of PV has revolutionized our under-
standing of the relationship between the three disorders. In fact, 
analogous to the concept of chronic and accelerated phase in 
CML, it may well be that PMF represents an accelerated phase 
of MPN, associated with the acquisition of further genetic 
abnormalities. In this model, patients presenting with appar-
ently  de novo  PMF may have had a preceding undiagnosed 
disorder such as ET or PV. 

  Pathophysiology 

 PMF is a clonal MPN of the pluripotent haemopoietic stem 
cell, in which the proliferation of multiple cell lineages is 
accompanied by progressive bone marrow fi brosis. This is true 
for both  JAK2  V617F - positive and  - negative cases while the 
precise effect of the mutation on the PMF phenotype awaits 
further studies. 

 Marrow fi brosis is thought to be secondary to the release of 
proinfl ammatory cytokines from abnormal clonal cells (prima-
rily megakaryocytes), which act to stimulate fi broblast prolif-
eration and fi brosis. In support of this premise, transgenic mice 
expressing high levels of thrombopoietin rapidly develop mye-
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splenism, dysmyelopoiesis and progressive replacement of the 
bone marrow by fi brotic tissue. In end - stage PMF, myeloid 
precursors become increasingly common relative to mature 
cells, as do circulating blasts. Transformation to AML occurs in 
20 – 30% of cases of PMF and is usually rapidly fatal.     

  Investigations 

 Diagnostic criteria for PMF are shown in Table  36.5 . Other 
causes of bone marrow fi brosis are listed in Table  36.6 .   

  Peripheral  b lood 
 The presence of myeloid and erythroid precursors in the periph-
eral blood (leucoerythroblastic blood picture) is common in 
PMF (see Figure  36.8 ). Other causes of a leucoerythroblastic 
blood fi lm include bone marrow infi ltration, severe sepsis, 
severe haemolysis and a sick neonate. Teardrop poikilocytes 
(dacryocytes), basophilic stippling, macrocytosis (which may or 
may not be secondary to folate defi ciency), giant platelets and 
megakaryocyte fragments may also be present.  

  Bone  m arrow 
 Attempts at bone marrow aspiration often yield a dry tap or a 
haemodilute sample, making aspirate morphology of limited 
diagnostic value. Suffi cient material can often be obtained from 
either bone marrow or peripheral blood to assess the karyotype, 
which can help exclude diagnoses such as CML. Other chromo-
somal abnormalities may be found in up to 60% of cases as 

affected, leading to haemopoietic tumours surrounded by a 
capsule of connective tissue. Such sites include lymph nodes, 
central nervous system, skin, pericardium, peritoneum, pleura, 
ovaries, kidneys, adrenals, gastrointestinal tract and lungs. 
Many such cases remain asymptomatic, but involvement of the 
central nervous system can be a cause of serious morbidity. 
Treatment with radiotherapy or surgery, when required, almost 
always leads to resolution of these masses.  

  Systemic  s ymptoms 
 A hypermetabolic state presenting with fevers, anorexia, weight 
loss and night sweats develops in many cases of PMF, some-
times early in the disease. The presence of such symptoms is 
associated with a poor prognosis.  

  Anaemia 
 Mild to moderate anaemia is found in most patients at presen-
tation and worsens as myelofi brosis progresses. The anaemia is 
in large part due to reduced erythropoiesis, but may be com-
pounded by hypersplenism, bleeding and iron or folate defi -
ciency. Acquired HbH disease is a rare complication.  

  Platelet  a bnormalities 
 Platelet counts are raised in up to half of the cases at presenta-
tion and can be associated with thrombotic complications. 
However, progressive thrombocytopenia is a frequent occur-
rence and becomes increasingly troublesome as the disease 
progresses. Dysmegakaryopoiesis and abnormal platelet func-
tion further add to the risk of haemorrhagic complications.  

  White  c ells and  l eukaemic  t ransformation 
 The presence of immature myeloid as well as erythroid progeni-
tors is a characteristic feature of PMF (Figure  36.8 ). Neutrophilia 
is common, as are modest elevations in basophil and eosinophil 
counts. As the disease progresses, leucopenia increases in fre-
quency and is believed to be secondary to progressive hyper-

     Figure 36.7     Massive splenomegaly in a 53 - year - old man with an 

8 - year history of primary myelofi brosis.  

     Figure 36.8     Peripheral blood fi lm in primary myelofi brosis 

showing a blast, an abnormal myelocyte, teardrop red cells and 

marked anisopoikilocytosis.  
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detailed above. Abnormalities of chromosomes 5 and 7 are 
usually found in patients with prior exposure to genotoxic 
agents and are associated with a poor prognosis. 

 Bone marrow trephine biopsy is essential to make a diagnosis 
of PMF. Initial stages are characterized by an increase in 
bone marrow cellularity in association with disorganization of 
marrow architecture and the presence of abnormal large meg-
akaryocytes often occurring in clusters (Figure  36.9 ). Bone 
marrow fi brosis becomes increasingly dominant and progres-
sively replaces haemopoiesis. Intrasinusoidal haemopoiesis can 
sometimes be seen at this stage (Figure  36.10 ). The degree of 
fi brosis is best demonstrated using silver impregnation, which 
stains reticulin fi bres (Figure  36.9 ). Collagen fi bres are best 
demonstrated using a trichrome stain. The degree of fi brosis 
can be graded from 0 to 4 according to severity. In a minority 
of cases of advanced PMF, osteosclerosis ensues with thickening 
of the trabecula and extensive deposition of osteoid. Such 
changes may be evident on plain radiography.     

  Table 36.5    Diagnostic criteria for primary myelofi brosis. 

   JAK2   - positive primary myelofi brosis   

  A1    Reticulin    ≥    grade 3 (on a 0 – 4 scale)  

  A2    Mutation in  JAK2   

  B1    Palpable splenomegaly  

  B2    Otherwise unexplained anaemia (Hb    <    11.5   g/L for 

men,    <    10   g/L for women)  

  B3    Teardrop red cells on peripheral blood fi lm  

  B4    Leucoerythroblastic blood fi lm (presence of at least two 

nucleated red cells or immature myeloid cells in 

peripheral blood fi lm)  

  B5    Systemic symptoms (drenching night sweats, weight loss 

 >    10% over 6 months  or  diffuse bone pain)  

  B6    Histological evidence of extramedullary haemopoiesis  

   Diagnosis requires A1    +    A2 and any two B criteria   

   JAK2   - negative primary myelofi brosis   

  A1    Reticulin  ≥    grade 3 (on a 0 – 4 scale)  

  A2    Absence of mutation in  JAK2   

  A3    Absence of  BCR – ABL1  fusion gene  

  B1    Palpable splenomegaly  

  B2    Otherwise unexplained anaemia (Hb    <    11.5   g/L for 

men,    <    10   g/L for women)  

  B3    Teardrop red cells on peripheral blood fi lm  

  B4    Leuckoerythroblastic blood fi lm (presence of at least 

two nucleated red cells or immature myeloid cells in 

peripheral blood fi lm)  

  B5    Systemic symptoms (drenching night sweats, weight loss 

 > 10% over 6 months  or  diffuse bone pain)  

  B6    Histological evidence of extramedullary haemopoiesis  

   Diagnosis requires A1    +    A2    +    A3 and any two B criteria   

  Treatment 

 The only curative treatment for PMF is allogeneic stem cell 
transplantation, but this is only appropriate for a small propor-
tion of patients. In the remaining cases therapy remains sup-
portive and aimed at alleviating symptoms, but has little impact 
on the relatively poor survival of PMF patients. It is for this 
reason that the future development of therapeutic JAK2 inhibi-
tors is most eagerly awaited for these patients, rather than for 
those with PV or ET who have a much better prognosis. 

 Conventional allogeneic bone marrow transplantation is 
only a realistic option in young patients, who represent perhaps 
10% of all cases. The decision to proceed to transplantation 
should always be made in light of the patient ’ s specifi c progno-
sis, age and general fi tness. Only small series have been reported 
and the long - term survival of patients 45 years and younger is 
approximately 50%, with a 30% transplant - related mortality. 
For patients 45 years and older, outcomes are much worse, with 
long - term survival of 10 – 20%. Small numbers of reduced -
 intensity transplants have been reported, which show that this 

  Table 36.6    Differential diagnosis of marrow fi brosis. 

  Haematological malignancies  

     Primary myelofi brosis  

     Chronic myeloid leukaemia  

     Acute myelofi brosis (AML M7)  

     Myelodysplasia  

     Myeloma  

     Hairy - cell leukaemia  

     Non - Hodgkin lymphoma  

     Hodgkin disease  

     Systemic mastocytosis  

  Metastatic carcinoma  

  Infections  

     Tuberculosis  

     Leishmaniasis  

  Drugs/toxins  

     Benzene  

     Thorotrast  

     Irradiation  

  Bone disease  

     Paget disease  

     Osteopetrosis  

     Hyperparathyroidism  

     Hypoparathyroidism  

  Infl ammatory diseases  

     Systemic sclerosis  

     Systemic lupus  

  Other  

     Grey platelet syndrome  
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 Cytoreductive therapy can be useful in the management 
of some aspects of PMF, such as hepatosplenomegaly, 
con stitutional symptoms and troublesome thrombocytosis. 
Hydroxycarbamide is the most widely used agent but anagrelide 
has also been used for thrombocytosis. 

 The indications for splenectomy include splenic pain, consti-
tutional symptoms, portal hypertension and transfusion -
 dependent anaemia. In contrast, there is no good evidence that 
thrombocytopenia responds to splenectomy. The procedure 
has signifi cant mortality (around 10%) and morbidity, particu-
larly in elderly patients. Problems include perioperative bleed-
ing, infection and thrombosis as well as rebound thrombocytosis 
and progressive hepatomegaly. It is particularly important to 
correct any coagulation abnormalities prior to surgery. 

 Splenic irradiation is an alternative to splenectomy in some 
cases and can signifi cantly reduce splenic size, albeit transiently. 
This procedure is not without complications as it can lead to 
life - threatening cytopenias. Radiotherapy can also be useful for 
treating pockets of extramedullary haemopoiesis involving vital 
organs or body cavities. 

 The anti - angiogenic drug thalidomide has been reported to 
improve anaemia, thrombocytopenia or splenomegaly in 
approximately one - third of patients, but these changes are clini-
cally signifi cant only in a small proportion (20%). Thalidomide 
is poorly tolerated at conventional doses ( >    100   mg daily) with 
more than half of the patients being unable to tolerate it beyond 
3 months. Furthermore, thalidomide increases the risk of 
extreme thrombocytosis and probably that of venous thrombo-
sis, and needs special precautions for use in view of its extreme 
teratogenicity. Trials of lower doses of the drug alone or in 
combination with prednisolone suggest that such doses are 

modality is feasible and safe in patients over 50 years old, 
although its effi cacy is not yet clear. 

 Anaemia responds to treatment with androgens in up to one -
 third of cases, with the best responses seen in patients without 
massive splenomegaly and with a normal karyotype. The drugs 
most commonly used are oxymetholone (50 – 150   mg daily) and 
danazol (400 – 600   mg daily). Both of these can have virilizing 
effects and can lead to abnormal liver function. Patients with 
a reduced red cell survival may respond to treatment with 
corticosteroids. Human recombinant Epo has recently shown 
promise in small clinical studies of anaemia in PMF. Splenectomy 
also has a role (see below). Despite these treatments, most 
patients become transfusion dependent eventually. 

(a)

(b)

     Figure 36.9     Bone marrow trephine sections from a patient with 

early - stage primary myelofi brosis. The H & E stain (a) shows 

hypercellularity, disorganized architecture, increase in 

megakaryocyte numbers and prominent sinusoids. The silver 

stain (b) also shows a marked increase in reticulin fi bres.  

     Figure 36.10     Bone marrow trephine section in primary 

myelofi brosis (H & E). Note the presence of two dilated sinusoids 

(arrows) containing immature haemopoietic cells, including 

megakaryocytes.  
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with systemic symptoms (systemic mastocytosis). Paediatric 
mast cell disease is generally a reactive condition rather than a 
clonal MPN and is not further discussed here. A classifi cation 
of mast cell diseases has been proposed (Table  36.9 ).   

 The fi rst case of urticaria pigmentosa (a form of cutaneous 
mastocytosis) was described in 1869 by Nettleship, and systemic 
disease due to increased mast cells was fi rst documented by Ellis 
in 1949. The observation that stem cell factor (SCF) is an essen-
tial growth factor for mast cell development has led to signifi -
cant advances in our understanding of this group of diseases. 

  Pathophysiology 

 After a search for abnormalities of SCF failed to identify any 
pathological changes, researchers turned to c - Kit, the tyrosine 
kinase receptor for SCF. A point mutation in the  KIT  gene 
leading to a single amino acid substitution (Asp816Val) in c - Kit 
was thus identifi ed. This mutation leads to ligand - independent 
phosphorylation of c - Kit and consequent clonal expansion of 
mast cells. 

 Asp816Val was originally identifi ed in cases of mastocytosis 
with associated haematological disorders but is now known to 
be present in the majority of adults presenting with urticaria 
pigmentosa or indolent systemic mastocytosis. More recently, 
other activating mutations affecting the same codon have been 
identifi ed in a minority of adult cases of cutaneous mastocytosis 
(Asp816Tyr, Asp816Phe). A different mutation has been 
reported in a small number of cases of paediatric mastocytosis, 
namely Lys839Glu, which surprisingly gives rise to a dominant -
 negative (inactivating) form of c - Kit; the signifi cance of this 
observation remains unresolved. 

 Recent reports have suggested that in some cases of masto-
cytosis, the c - Kit mutation is found in other haemopoietic cells 
such as B cells, myeloid cells and T cells. These results suggest 
that mastocytosis, as with the classical MPNs, may be a clonal 
disorder of the haemopoietic stem cell.  

better tolerated and may be similarly effi cacious. Bisphosphonates 
can help with bone pain.  

  Prognosis 

 The median survival is 3 – 5 years, but the range is very wide. As 
a result, efforts have been made to devise algorithms to indi-
vidualize prognosis. The two most widely used algorithms are 
shown in Tables  36.7  and  36.8 . Recently, an elevation in CD34 
cell count above 300    ×    10 6 /L and the presence of  JAK2  V617F 
mutation were also identifi ed as adverse prognostic features.     

  Mastocytosis 

 Mastocytosis comprises a rare group of disorders characterized 
by a pathological increase in mast cells in tissues including the 
skin, bone marrow, liver, spleen, lymph nodes and gastrointes-
tinal tract. Mastocytosis can be an isolated fi nding or can form 
part of other haematological disorders, including MDS, MPNs 
or AML. Some cases involve just the skin (cutaneous mastocy-
tosis) whereas others involve multiple tissues and are associated 

  Table 36.7    Prognostic scoring systems in myelofi brosis: the Lille 

scoring system. 

   Number of adverse 

prognostic factors  

   Risk group     Cases (%)     Median 

survival 

(months)  

  0    Low    47    93  

  1    Intermediate    45    26  

  2    High    8    13  

   Adverse prognostic factors: Hb 10   g/dL, WBC    <    4 or  >    30    ×    10 9 /L.   

  Source :   Dupriez  et al .  (1996)  with permission. 

  Table 36.8    Prognostic scoring systems in myelofi brosis: the 

Sheffi eld prognostic system. 

   Age (years)     Hb (g/dL)     Karyotype     Median survival in 

months (95% CI)  

   < 68     > 10    Normal    180 (6 – 354)  

  Abnormal    72 (32 – 112)  

   ≤ 10    Normal    54 (46 – 62)  

  Abnormal    22 (14 – 30)  

   ≥ 68     > 10    Normal    70 (61 – 79)  

  Abnormal    78 (26 – 130)  

   ≤ 10    Normal    44 (31 – 57)  

  Abnormal    16 (5 – 27)  

  Source :   Reilly  et al.  (1997)  with permission. 

  Table 36.9    Classifi cation of mastocytosis. 

  Cutaneous mastocytosis  

     Urticaria pigmentosa and variants  

     Mastocytoma of the skin  

  Systemic mastocytosis  

     Indolent  

     Aggressive  

  Systemic mastocytosis with associated haematological non - mast 

cell disorder  

  Mast cell leukaemia  

  Mast cell sarcoma  

  Source :   modifi ed from Valent  et al.  (2001)  with permission. 
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ical confi rmation. An algorithm has been proposed for the diag-
nosis of systemic mast cell disease and is shown in Table  36.10 .   

 Routine investigations should include a full blood count, 
liver function tests and a random serum tryptase. Tests for 
histamine metabolites in 24 - hour urine specimens are probably 
no more useful than measurements of serum tryptase. Plasma 
levels of soluble CD25 and CD117 (c - Kit) have shown promise 
as novel markers of mast cell disease. 

 Bone marrow aspiration and trephine biopsy allow assess-
ment of bone marrow involvement. Mast cell aggregates can be 
visualized on conventional haematoxylin and eosin - stained sec-
tions (Figure  36.12 ) but stand out much more clearly with 
stains such as toluidine blue (Figure  36.13 ). Immunochemistry 
using anti - tryptase antibodies can also be very useful, being 
highly specifi c for mast cells. Flow cytometry for expression of 
CD2 and CD25 in bone marrow mast cells may be useful as this 
phenotype is not seen in normal mast cells.   

 Abdominal ultrasound or computed tomography should be 
performed to look for hepatosplenomegaly and lymphadenopa-
thy. Plain radiography and bone densitometry can be used to 
determine if bone involvement and osteoporosis are present. 
Endoscopy and biopsy can be useful if gut involvement is 
suspected.  

  Treatment 

 Despite signifi cant advances in the understanding of its patho-
physiology, no curative treatment exists for mastocytosis, the 
management of which remains symptomatic. There are four 
main components to the management of mastocytosis: 
  1     avoidance of factors that can trigger mediator release from 
mast cells;  

  Clinical  f eatures 

  Cutaneous  m anifestations 
 Urticaria pigmentosa is the usual presenting feature in children 
and adults with isolated mastocytosis. Yellowish - brown lesions, 
usually macular and sometimes papular, appear in a patchy 
distribution. Less commonly, there is diffuse involvement of the 
skin, which becomes thickened and darker brown (Figure 
 36.11 ). Pruritus is common, as is fl ushing, and some cases 
develop haemorrhagic bullous disease. Whealing of lesions on 
rubbing is known as the Darier sign.    

  Systemic  d isease 
 Systemic manifestations are very heterogeneous and are thought 
to be largely secondary to mast cell mediator release. Episodes 
of fl ushing, angio - oedema, or even anaphylaxis with or without 
any specifi c trigger, can arise as a result of systemic histamine 
release. Gastrointestinal symptoms include abdominal pain, 
diarrhoea, nausea and vomiting. Gastritis and peptic ulceration 
may occur secondary to hyperhistaminaemia and severe cases 
may develop malabsorption. Osteoporosis is well recognized 
and can sometimes lead to pathological fractures. Peripheral 
blood cytopenias may arise secondary to mast cell infi ltration 
of the bone marrow. Hepatosplenomegaly is more common in 
cases associated with another clonal haematological disorder. 
Fever, fatigue and weight loss can sometimes ensue and may 
result from the release of cytokines such as tumour necrosis 
factor (TNF) -  α  and IL - 1. 

 Symptoms of organ failure due to infi ltration are character-
istic of aggressive systemic mastocytosis. Depending on the 
organs involved, cytopenias, pathological fractures, impaired 
liver function, ascites and malabsorption can all be seen.   

  Investigations 

 Clinical features of mastocytosis can be highly suggestive of the 
disease but diagnosis usually requires histological and biochem-

     Figure 36.11     Urticaria pigmentosa in a 55 - year - old woman. Note 

the widespread pink or brownish macules that become confl uent 

in areas.  

  Table 36.10    Criteria for the diagnosis of systemic mast cell 

disease. 

   Major   

  Multifocal dense infi ltrates of mast cells in bone marrow and/or 

other extracutaneous tissues  

   Minor   

  More than 25% of mast cells on bone marrow smears or tissue 

biopsies are atypical or spindle - shaped  

  Identifi cation of a codon 816 KIT point mutation in blood, bone 

marrow or lesional skin  

  Mast cells in bone marrow, blood or other lesional tissues 

expressing CD25 or CD2  

  Baseline total serum tryptase greater than 20   ng/mL  

   Major and one minor or three or more minor criteria needed for 

diagnosis   

  Source :   modifi ed from Valent  et al.  (2001)  with permission. 



Myeloproliferative neoplasms

703

Non - life - threatening systemic symptoms such as fl ushing, 
abdominal pain and diarrhoea should be treated with H 1  
and H 2  blockers, sodium cromoglycate and corticosteroids. 
Inhibitors of prostaglandin synthesis, such as aspirin and non -
 steroidal anti - infl ammatory drugs, can also be useful. Aspirin 
should always be started with caution as it can initially lead to 
acute mediator release. Such drugs can be used prophylactically 
if symptoms recur frequently. Gastrointestinal disease usually 
responds to the drugs used to treat chronic systemic symptoms. 

  2     treatment of acute mediator release;  
  3     treatment of chronic mediator release;  
  4     reduction of the mast cell burden/organ infi ltration.    

 Avoidance of triggers of mast cell mediator release is prima-
rily an exercise in patient education. Severe reactions due to 
systemic mast cell mediator release are diffi cult to predict in 
patients with mastocytosis and do not correlate well with disease 
category, mast cell burden or severity of other symptoms. All 
patients and relevant healthcare workers should be warned of 
particular triggers, including general anaesthesia, contrast radi-
ography and insect stings. Known mast cell activators such as 
morphine and dextran should only be introduced with great 
caution. Patients with previous anaphylaxis or severe hypoten-
sion should carry injectable adrenaline and they, their family 
and friends should be instructed in its intramuscular adminis-
tration. Local mediator release in cutaneous mastocytosis can 
be moderated by avoidance of triggering factors such as friction 
and heat. 

 Acute systemic mast cell mediator release should be treated 
in much the same way as other forms of anaphylaxis. Treatment 
with adrenaline and intravenous fl uids should be started as 
soon as possible, with early involvement of intensive care spe-
cialists in severe cases. Antihistamines (H 1  and H 2  blockers) 
should be introduced and continued long term if the episode is 
particularly severe or recurrent. 

 Symptoms of chronic mediator release are the commonest 
clinical problem in mastocytosis. Symptomatic cutaneous 
disease should be managed with the help of a dermatologist. 
Treatments include H 1  and H 2  blockers, topical corticosteroids 
and PUVA (psoralen with UVA irradiation) for severe disease. 

     Figure 36.12     Systemic mastocytosis involving the bone marrow 

(H & E). Malignant whorls of rounded and spindle - shaped mast 

cells are seen infi ltrating the bone marrow in a paratrabecular 

distribution (arrow). A lymphoid aggregate and areas of 

hypocellularity are seen interspersed between the mast cell 

infi ltrate and neighbouring haemopoietic islands (arrowhead). 

(Courtesy of Dr Wendy Erber.)  (a)

(b)

     Figure 36.13     Toluidine blue stain of bone marrow aspirate 

(a) and trephine biopsy section (b) in systemic mastocytosis. 

Abnormal spindle - shaped mast cells containing metachromatic 

granules are seen.  
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tosis carries a favourable prognosis and usually persists as a 
chronic low - grade disorder, although it rarely progresses to 
aggressive mastocytosis or mastocytosis associated with another 
haematological malignancy. Aggressive systemic mastocytosis 
can show a slowly progressive or a rapid clinical course but its 
overall prognosis has not been well defi ned in clinical studies. 
Mast cell leukaemia is rare but has a grave prognosis, with a 
median survival of less than 6 months.   

  Clonal  h ypereosinophilic  s yndromes 

 The term  ‘ hypereosinophilic syndrome ’  (HES) was coined by 
Hardy and Anderson in 1968, who gave it the defi nition still in 
use today. Recently, major progress has been made in elucidat-
ing the molecular pathogenesis of clonal eosinophilia as 
described below. 

  Pathophysiology 

 Eosinophilia can be divided into three categories: reactive, idi-
opathic and clonal (Table  36.11 ). Reactive eosinophilia, which 
is by far the most common, is discussed in Chapter  17 .   

 Idiopathic eosinophilias are those in which the cause is 
obscure. Within this category, HES describes patients with 
an unexplained elevation of peripheral blood eosinophils 
( >    1.5    ×    10 9 /L) for more than 6 months associated with end -
 organ damage (see Chapter  17 ). Many of these are probably 
cases of CEL for which the molecular defect has not been 
identifi ed. 

 Clonal eosinophilias are those in which the eosinophilia is 
part of a clonal haematological malignancy. CEL is defi ned as 
an eosinophil count in excess of 1.5    ×    10 9 /L, with evidence of 
eosinophil clonality or an increased blast count in blood or 
bone marrow. The distinction between this entity and HES is 
blurred as it relies on the availability of a clonal marker. Indeed 
it has been shown recently that 25 – 50% of cases labelled as HES 
in fact have a microdeletion on chromosome 4, which results 
in the fusion of the  FIP1L1  and  PDGFRA  genes and the genera-
tion of a constitutively active tyrosine kinase. Importantly, 
patients carrying this fusion respond well to the tyrosine kinase 
inhibitor imatinib. Some patients with HES who do not carry 
this fusion gene also respond to imatinib, suggesting that in 
such cases other tyrosine kinases may be dysregulated. 

 In addition to CEL, a number of other haematological malig-
nancies may be associated with increased numbers of clonal 
eosinophils, and in many cases this refl ects tyrosine kinase dys-
regulation.  PDGFRA  rearrangements (e.g.  TEL – PDGFRB ) may 
present as chronic myelomonocytic leukaemia or atypical CML. 
The 8p11 myeloproliferative syndrome (EMS) is associated 
with rearrangements in the  FGFR1  gene (e.g.  ZMYM2 – FGFR1 ) 
and leads to a chronic MPN that frequently presents with eosi-
nophilia and associated T - cell lymphoblastic lymphoma. CML, 

Anecdotally, leukotriene antagonists help with abdominal 
cramps and diarrhoea. Peptic ulcer and refl ux disease should be 
treated with proton pump inhibitors. Osteoporosis should be 
treated with bisphosphonates and may be prevented with 
bisphosphonates or calcium and vitamin D supplementation. 
Bone density should be recorded and monitored according to 
the severity of osteoporosis. Radiotherapy can help with severe 
localized pain. 

 For patients in whom adequate symptomatic control cannot 
be achieved and for those with aggressive mastocytosis, inter-
feron alfa, usually given in combination with oral corticoster-
oids, should be considered. Splenectomy may help reduce the 
mast cell burden and associated systemic symptoms. Cladribine 
has been found effective in isolated cases of aggressive systemic 
mastocytosis. 

 Treatment with chemotherapy is usually reserved for cases of 
rapidly progressive aggressive mastocytosis, mast cell leukaemia 
and mast cell sarcoma, but published data are not encouraging. 
Mast cell sarcoma may also respond to local radiotherapy when 
appropriate. Allogeneic bone marrow transplantation should 
also be considered. Treatment of any associated haematological 
disorder should be undertaken as appropriate for that disorder 
and the overall prognosis is usually that of the latter. 

  Future  t reatments 
 Treatments that target the mutant c - Kit tyrosine kinase have 
attracted a lot of interest recently. Imatinib is known to inhibit 
wild - type c - Kit  in vitro  and to be active against juxtamembrane 
mutants of c - Kit found in gastrointestinal stromal tumours. In 
contrast, the drug does not have the same effect on malignant 
mast cells carrying codon 816 mutations, probably because the 
mutant c - Kit does not allow access of imatinib to the site, hence 
conferring resistance to this drug in a similar way to acquired 
imatinib resistance in CML. In keeping with this, there have 
been early reports of its lack of effi cacy in the presence of codon 
816 mutations. A recent report showing that imatinib was effec-
tive in patients with mastocytosis with associated eosinophilia 
but without demonstrable  KIT  mutations awaits confi rmation, 
particularly as these cases may represent variants of chronic 
eosinophilic leukaemia (CEL). Novel tyrosine kinase inhibitors 
that can inhibit the Asp816Val mutant c - Kit  in vitro  are under 
investigation.   

  Prognosis 

 Age and disease category are the most important determinants 
of outcome. The most benign syndrome is paediatric mastocy-
toma, which disappears with time in over 50% of cases. 
Paediatric urticaria pigmentosa also has a good prognosis and 
resolves in about half of the cases. 

 In adult mastocytosis, urticaria pigmentosa is usually associ-
ated with mast cell deposits in the marrow or other tissues, 
making this a systemic syndrome. Indolent systemic mastocy-
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a consequence of the  BCR – ABL1  tyrosine kinase fusion protein, 
may also be associated with clonal eosinophilia. 

 Eosinophilia as part of the malignant clone also occurs in 
patients with AML associated with inversion of chromosome 16 
and the  SMMHC – CBFB  rearrangement. It has been reported 
that rare cases of acute lymphoblastic leukaemia may be associ-
ated with clonal eosinophilia but in this disease the eosinophilia 
is more usually secondary to growth factor release. Growth 
factor release is also believed to underlie the reactive eosi-
nophilia seen in Hodgkin disease and in cases with clonal T cells 
in the peripheral blood. 

  Table 36.11    Causes of eosinophilia. 

   Reactive eosinophilia   

  Infections  

     Parasitic  

     Others (rarely)  

  Vasculitides  

     Polyarteritis nodosa  

     Churg – Strauss syndrome  

  Connective tissue disorders  

     Rheumatoid arthritis  

     Systemic sclerosis  

     Systemic lupus erythematosus  

  Allergic and infl ammatory disorders  

     Asthma  

     Eczema  

     Bullous skin diseases  

     Infl ammatory bowel disease  

  Drug reactions  

     Hypersensitivity  

      l  - Tryptophan  

  Immunodefi ciencies  

     Wiskott – Aldrich syndrome  

     Job syndrome (hyper - IgE)  

  Neoplasia  

     Hodgkin disease  

     Non - Hodgkin lymphoma  

     Peripheral blood T - cell clones  

     Some cases of acute lymphoblastic leukaemia  

     Non - haematological cancers (rare)  

   Clonal eosinophilia   

  Chronic eosinophilic leukaemia  

  Atypical chronic myeloid leukaemia ( PDGFRA  fusions)  

  8p11 Myeloproliferative syndrome ( FGFR1  fusions)  

  Chronic myeloid leukaemia ( BCR – ABL1  fusion)  

  Acute myeloid leukaemia, e.g. carrying inv(16)  

  Acute lymphoblastic leukaemia (occasionally)  

   Idiopathic eosinophilia   

  Hypereosinophilic syndrome  

 Sustained hypereosinophilia can lead to symptomatology 
and end - organ damage regardless of its aetiology, but does not 
always do so. The reasons for this are unclear but may lie in the 
heterogeneity of eosinophilia and genetic differences between 
individuals that affect the propensity of eosinophils and other 
granulocytes to infl ict tissue damage.  

  Clinical  f eatures  ( s ee  a lso Chapter    17   )  

 Much of the tissue damage in eosinophilia is believed to be 
secondary to eosinophil degranulation and release of mediators 
such as eosinophil cationic protein and major basic protein. 
Eosinophil mediators act mainly locally in tissues infi ltrated 
by eosinophils to cause tissue damage. The recent fi nding 
that a raised serum tryptase in a subset of cases with clonal 
eosinophilia hints at a role for other cells (mast cells) in some 
cases. 

 Patients can present with constitutional symptoms such as 
fatigue, muscle aches or fevers. Pruritus, angio - oedema, diar-
rhoea and cough may also be present. Many tissues can be 
involved, but cardiac disease is the major cause of mortality. 
The heart can be affected by endomyocardial fi brosis, pericar-
ditis, myocarditis and intramural thrombus formation. Death 
is usually due to dilated cardiomyopathy. 

 Involvement of the central and peripheral nervous systems 
can result in mononeuritis multiplex, paraparesis, encephalopa-
thy and even dementia. Pulmonary involvement can take the 
form of pulmonary infi ltrates, fi brosis or pleural disease with 
effusions. Gastrointestinal involvement can manifest as diar-
rhoea, gastritis, colitis, hepatitis or Budd – Chiari syndrome. The 
skin can be affected by pruritus, angio - oedema, papules or 
plaques. Rarely, other tissues such as the kidneys and bones can 
be involved.  

  Investigations 

 There are two aims in the investigation of eosinophilia: one is 
to establish its aetiology and the other to look for evidence of 
end - organ damage. As regards the former, given the diverse 
nature of the aetiologies of eosinophilia, a full history including 
family history, drug history and travel history can provide valu-
able clues. Investigations will usually aim to exclude reactive 
causes and will be guided by the clinical picture. 

 Bone marrow aspiration will reveal morphological abnor-
malities associated with haematological malignancies and 
allows cytogenetic analysis. It is also important to look for 
clonal T - cell receptor (TCR) gene rearrangements, the  FIP1L1 –
 PDGFRA  and  BCR – ABL1  fusion genes, as well as rearrange-
ments of the  PDGFRB  and  FGFR1  genes. It has been reported 
that serum tryptase is raised in patients with the  FIP1L1 –
 PDGFRA  fusion. 

 Investigations to assess end - organ damage will depend on the 
clinical presentation. However, echocardiography should be 
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  Prognosis 

 The reported prognoses of CEL and HES are highly variable, 
with estimates of 3 - year survival ranging from 23 to 96%. This 
is likely to refl ect heterogeneity within these two categories of 
patients. In patients with HES, indicators of a poor prognosis 
include lack of response to steroids, a markedly elevated 
eosinophil count, normal IgE levels, splenomegaly, dysplastic 
features and male sex. Many of these adverse prognostic 
indicators may simply be markers of clonal (versus reactive) 
eosinophilia.   

  Chronic  n eutrophilic  l eukaemia 

 Chronic neutrophilia is a very common entity, and is usually 
secondary to chronic infections, chronic infl ammation or 
malignancy. A very small subgroup of patients with chronic 
neutrophilia have chronic neutrophilic leukaemia (CNL), a 
clonal haematological disorder (Figure  36.15 ). Given the 
absence of a specifi c marker for this disease, CNL, like ET, is a 
diagnosis of exclusion (see also Chapter  27 ).   

  Pathophysiology 

 Cases can be subdivided into two main groups:  ‘ true ’  CNL and 
neutrophilic CML. The two groups are only distinguishable by 
the presence in the latter of a rare type of  BCR – ABL1  rearrange-
ment that produces a 230 - kDa fusion protein (p230). In addi-
tion, rare patients with MDS can closely mimic CNL but exhibit 
dysplastic features and there are anecdotal reports of PV evolv-
ing into a disorder indistinguishable from CNL. The literature 
also includes reports of what was thought to be clonal chronic 
neutrophilia in association with plasma cell dyscrasias. However, 
data are accumulating that this type of neutrophilia is non -

performed and repeated annually in patients with sustained 
eosinophilia, particularly as cardiac disease correlates poorly 
with the eosinophil count. If there is strong clinical suspicion 
of cardiac damage, then cardiac magnetic resonance imaging 
(MRI) can be useful, as this is more sensitive in detecting early 
disease (Figure  36.14 ). If there is doubt as to the aetiology of 
cardiac disease, endomyocardial biopsy may demonstrate eosi-
nophil infi ltration. Serial monitoring of pulmonary function 
may be required if there is evidence of lung involvement.    

  Treatment 

 Treatment should be used to halt or reverse organ damage. 
Eosinophilia without evidence of end - organ damage does 
not usually require treatment. When underlying clonal or 
non - clonal disorders are identifi ed they should be treated 
appropriately. 

 Patients with rearrangements of the  PDGFRA  or  PDGFRB  
genes respond well to imatinib, with normalization of eosi-
nophil counts within weeks. A trial of imatinib is also reason-
able in patients with HES who lack a clonal marker, as a 
proportion of these patients also respond. 

 For patients who do not respond to imatinib, prednisolone 
is the initial treatment of choice. Steroids reduce blood eosi-
nophilia and the infl ammation resulting from tissue infi ltra-
tion. Cardiac disease may respond even in the absence of a 
signifi cant reduction in the eosinophil count. Hydroxycarbamide 
and interferon alfa may benefi t patients resistant to steroids. 
Cladribine and ciclosporin were also found to be of use in some 
cases.  

     Figure 36.14     Cardiac MRI scan in a 65 - year - old man with 

hypereosinophilic syndrome showing a rim of subendocardial 

fi brosis (arrow).  

     Figure 36.15     Abundance of mature neutrophils and band forms 

in a blood fi lm from a patient with chronic neutrophilic 

leukaemia.  
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 The optimal treatment of CNL remains unclear. Oral cytore-
ductive agents such as hydroxycarbamide and busulfan can 
control the neutrophil count, as can interferon. The only poten-
tially curative modality is allogeneic bone marrow transplanta-
tion and this option should be considered in younger patients.  

  Neutrophilic  c hronic  m yeloid  l eukaemia 

 This entity is probably even more rare than CNL, with only a 
handful of documented cases in the literature. The reported 
cases followed a more benign course than conventional CML, 
with a lower white cell count, lower proportion of immature 
granulocytes, milder anaemia, less marked splenomegaly and a 
lower propensity to acute transformation. Given recent advances 
in the treatment of  BCR – ABL1  - related diseases, it is important 
to consider and exclude neutrophilic CML during the investiga-
tion of chronic neutrophilia.   

  Transient  a bnormal  m yelopoiesis of 
Down  s yndrome 

 Children born with Down syndrome show a 10 -  to 20 - fold 
increased risk of leukaemia, despite not showing an increased 
incidence of other cancer types. One haematological disorder, 
characteristically found only in neonates with Down syndrome, 
is transient abnormal myelopoiesis (TAM), also known as tran-
sient myeloproliferative disorder or transient leukaemia. 

  Incidence,  c linical  f eatures and  t reatment 

 About 10% of neonates with Down syndrome are thought to 
develop TAM, although this may be underestimated since many 
otherwise healthy babies with trisomy 21 do not routinely have 
blood tests performed. Additional problems with recognition 
arise from the fact that many normal neonates with Down 
syndrome show mild abnormalities of blood counts, including 
polycythaemia and thrombocytopenia. About 25% of neonates 
with TAM are asymptomatic, with the blood fi lm showing 
sometimes signifi cantly elevated numbers of circulating imma-
ture myeloid cells, including basophilic blasts, nucleated red 
cells, megakaryocyte fragments and thrombocytosis or throm-
bocytopenia. In symptomatic babies, the clinical features are 
variable but can include neonatal jaundice, bleeding problems, 
respiratory distress and rarely liver failure. 

 The natural history of TAM is intriguing. In the majority of 
babies, the disorder resolves spontaneously by 3 months of age, 
without the need for treatment. Severely symptomatic infants, 
especially those with respiratory or hepatic dysfunction, can be 
treated very effectively with low - dose cytarabine chemotherapy. 
About 20% of neonates with TAM will subsequently develop 
acute megakaryoblastic leukaemia (AMKL) before the age of 4 

 clonal and probably a result of cytokine release from clonal 
plasma cells. 

 Diagnostic features of CNL are shown in Table  36.12 . 
Neutrophilic CML usually exhibits these features, save for its 
association with the p230  BCR – ABL1  rearrangement.    

  Clinical  f eatures and  t reatment 

 A recent review of the literature identifi ed only 33 cases that 
fulfi lled criteria for CNL. These cases exhibited a male to female 
ratio of 2   :   1 and a median age at diagnosis of 62.5 years (range 
15 – 86 years). The median survival was 30 months, with only 
28% of patients surviving to 5 years. Transformation to AML 
ensued in 21% (7 of 33) and this was invariably lethal. Other 
causes of death included sepsis and haemorrhage. 

 Haemoglobin was normal with platelet counts above 
100    ×    10 9 /L in most cases. The mean leucocyte count at diag-
nosis was 54.3    ×    10 9 /L with mature and band forms in the 
peripheral blood. Vitamin B 12  levels were raised and neutrophil 
alkaline phosphatase levels were not low in most cases. 
Hyperuricaemia and gout were common. The spleen may be 
moderately enlarged. Bone marrow biopsies were markedly 
hypercellular and showed marked granulocytic proliferation, as 
did the bone marrow aspirates. Cytogenetic abnormalities were 
seen in about one - third, with del(20q), del(11q), del(12p), +8, 
+9 and +21 being mentioned in the WHO classifi cation of 
tumours. In a small number of cases, X - chromosome inactiva-
tion patterns were used to demonstrate the clonal nature of 
CNL in patients lacking a cytogenetic marker. 

  Table 36.12    Diagnostic features of chronic neutrophilic 

leukaemia. 

  Peripheral blood leucocytosis  > 25    ×    10 9 /L  

  Segmented neutrophils and bands  > 80% of white blood cells  

  Immature granulocytes    <    10% of white blood cells  

  Myeloblasts    <    1% of white blood cells  

  Hypercellular bone marrow biopsy  

  Neutrophilic granulocytes increased in percentage and number  

  Myeloblasts    <    5% of nucleated marrow cells  

  Normal neutrophil maturation pattern  

  Hepatosplenomegaly  

  No identifi able cause of reactive neutrophilia  

  No evidence of another haematological malignancy  

  No Philadelphia chromosome or  BCR – ABL1  fusion  

  No evidence of another myeloproliferative disorder (i.e. normal 

PCV, platelets    <    600    ×    10 9 /L, no bone marrow fi brosis or other 

features of PMF)  

  No evidence of a myelodysplastic syndrome (i.e. no dysplasia, 

monocytes    <    1    ×    10 9 /L)  

  Source :   modifi ed from Vardiman  et al.  (2001)  with permission. 
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years, although sometimes the leukaemia develops without 
antecedent TAM.  

  Pathophysiology 

 The fact that TAM only occurs in neonates points to it being a 
disorder of fetal haemopoiesis, and this presumably also explains 
why it is self - limiting in most cases. The characteristic associa-
tion between TAM and AMKL indicates that a multistep model 
of mutation is operative in this clinical progression. Firstly, the 
disorder only occurs in trisomy 21, suggesting that there are 
genes on this chromosome that somehow predipose to abnor-
mal fetal haemopoiesis. Several ETS family members and 
 RUNX1  are found on chromosome 21, but the key molecular 
pathways here have not been identifi ed. Secondly, the develop-
ment of TAM is tightly linked with the acquisition of charac-
teristic mutations in the gene for the transcription factor 
GATA - 1, located on the X chromosome. These mutations 
cluster in the fi rst two coding exons of the gene and tend to be 
disruptive (frameshift insertions or deletions, splice - site and 
nonsense mutations). They all have the end result of generating 
a transcript in which protein translation is initiated down-
stream of the usual start site, leading to a GATA - 1 protein 
lacking the fi rst 84 amino acids. This prevents its interaction 
with another transcription factor, FOG1, leading to the charac-
teristic phenotype of TAM. Thirdly, the progression to AMKL 
is probably driven by acquisition of further mutation(s). In 
particular,  JAK3  activating mutations are found in a small per-
centage of patients with AMKL in Down syndrome, although 
the mutations for most cases have not yet been identifi ed.   
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  The major histocompatibility complex 
and human leucocyte antigens 

 In the 1950s three independent scientists, Jean Dausset, Rose 
Payne and Jon van Rood, described the presence of alloantibod-
ies in the sera of individuals exposed to genetically non - identi-
cal tissues such as the fetus in pregnancy and/or blood cells after 
transfusion. These alloantibodies were subsequently shown to 
react against protein antigens, encoded by a genetic region 
called the major histocompatibility complex (MHC). The MHC 
had also been independently identifi ed in animal models of skin 
transplantation and tumour immunology, where genetically 
different strains of mice were shown to reject transplants from 
one another. Genetically identical mice could accept such trans-
plants without rejection. 

 These observations led to theories of self/non - self dis-
crimination, and the elucidation of the genetics of MHC 
genes encoding the protein  ‘ histocompatibility ’  (or transplanta-
tion) antigens. Analysis of the structure and function of 
histocompatibility antigens has led to the establishment of 
routine and successful transplant protocols for both solid organ 
and haemopoietic stem cells between genetically disparate 
individuals. 

 The MHC in humans is located on the short arm of chromo-
some 6 (6p21.3). This region of the genome has been exten-
sively studied and fully sequenced as part of the Human Genome 
Project ( www.sanger.ac.uk/HGP/Chr6/ ). The MHC is an 
extremely gene - dense region of the genome, and it can be 
divided into  ‘ three ’  subregions based on the type of genes 
found. 

 The genes encoding histocompatibility antigens are located 
within the MHC class I and II regions (Figure  37.1 ). These 
genes are called HLA genes (defi ned as human leucocyte anti-
gens, although originally called human locus - A). HLA genes 
found in the class I region differ in structure from those found 
in the class II region and as a result the encoded proteins also 
differ. HLA class I genes encode a polypeptide of about 340 
amino acids. This polypeptide is found as a cell - surface trans-
membrane glycoprotein and is associated with the soluble 
protein  β  2  - microglobulin encoded by a gene on chromosome 
15.   

 There are three classical class I genes: HLA - A, HLA - B and 
HLA - C. Their encoded proteins are expressed on virtually all 
nucleated cells within the body and also on platelets. The 
expression of HLA class I proteins varies for different types of 
tissues. For example, expression is high on lymphocytes but low 
on hepatocytes and tissues comprising the nervous system. In 
addition there are class I genes encoding non - classical class I 
molecules called HLA - E, HLA - F and HLA - G. The tissue distri-
bution of these molecules is more restricted than that of HLA - A, 
 - B and  - C, and this is a refl ection of their differing function. 
These molecules are not considered as transplantation 
antigens. 

 HLA class II molecules are similar in structure to HLA class 
I molecules. They are composed of two MHC - encoded polypep-
tide chains ( α  and  β ). HLA class II molecules, unlike class I, 
have a restricted tissue distribution. They are mainly expressed 
on antigen - presenting cells such as B cells, dendritic cells, mac-
rophages and also activated (but not resting) T cells. There are 
three classical class II molecules: HLA - DR, HLA - DQ and HLA -
 DP. In addition, there are other non - classical class II molecules 
encoded by the HLA - DM and HLA - DO genes. These non - 
classical class II molecules are not transplantation antigens but 
do contribute to the antigen - presenting function of class II 
molecules. 
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 HLA class I molecules are assembled within the endoplasmic 
reticulum (ER). The heavy chain is directed to the ER via a 
leader peptide sequence. Within the lumen of the ER, the 
extracellular domains of the heavy chain associate with  β  2  -
 microglobulin. This association is mediated by ER - resident 
chaperones including calnexin and calreticulum. 

 Association with peptide also occurs within the ER. Peptides 
are derived from the cytoplasmic degradation of molecules that 
takes place in the proteasome, a multicatalytic protein complex. 
Peptides produced by the proteasome are actively transported 
into the ER via a transmembrane peptide pump called TAP 

 The class III region of the MHC does not contain any HLA 
genes. This region contains genes encoding proteins with 
various different functions including proteins involved in the 
immune response such as tumour necrosis factor (TNF) -  α  and 
TNF -  β  and complement components C2, C4 and Bf.  

  Structure of  HLA  proteins 

 The X - ray crystallographic structure of the extracellular 
domains of several HLA class I and II proteins has been resolved. 
The structures are divided into four domains as illustrated in 
Figure  37.2 . The two most membrane - distal domains,  α 1 and 
 α 2 for HLA class I and  α 1 and  β 1 for HLA class II, form a  β  -
 pleated sheet surrounded on both sides by two  α  - helices. In 
both class I and II structures a short peptide is found bound in 
the cleft. Thus both class I and class II proteins can be consid-
ered trimolecular proteins consisting of three subunits: HLA 
heavy chain,  β  2  - microglobulin and peptide form class I mole-
cules, and HLA  α  -  and  β  - chains and peptide form class II 
molecules.    

  Antigen processing and presentation 

 Peptide binding to HLA class I and II proteins plays an impor-
tant role in the function of these molecules. The way in which 
peptides are derived and the binding procedure differs for the 
two classes of molecules and this is refl ected in their different 
function. 
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peptides derived from viral or bacterial proteins, or aberrant 
expression of tumour antigens can initiate, in appropriate con-
ditions, activatory signals mediated by the T - cell receptor and 
coreceptors, resulting in the generation of an immune response 
against the cells expressing the target HLA protein – peptide 
complex. 

 NK cells have a determining role in the immune response 
to tumours and viral infections. NK cells function in innate 
immune responses and also contribute to the development of 
adaptive immune responses. The interactions between HLA 
molecules and NK cell receptors also impact on alloimmune 
responses occurring after transplantation and pregnancy. NK 
cells express a highly diverse repertoire of receptors, including 
killer cell immunoglobulin - like receptors (KIRs), that elicit 
either activatory or inhibitory signals. Some HLA class I mol-
ecules have been identifi ed as ligands recognized by KIRs. Thus 
the interaction between an NK cell and target cell is infl uenced 
by the interaction between HLA on the target cell and KIRs on 
the NK cell. Typically, an interaction between HLA class I mol-
ecule and corresponding KIR will result in a negative signal and 
this will outweigh any additional activatory signals; thus the NK 
cell will not attack the target cell. However, if a cell has lost 
expression of HLA molecules as a result of malignancy or viral 
infection, the absence of the inhibitory signal will result in acti-
vatory signals being dominant and allow NK cell - mediated 
attack on the target cell. Interactions between HLA and KIR 
have been implicated in various medical conditions, including 
infectious disease, autoimmunity, cancer, reproduction and 
transplantation. KIRs are encoded within a multigene complex 
on chromosome 19, the gene organization of which varies 
within different haplotypes. KIR genes are also functionally 
polymorphic, thus making analysis of KIRs as challenging as 
that of HLA, if not more so.  

   HLA  polymorphism 

 The outstanding feature of HLA genes and the proteins encoded 
is the extensive polymorphism exhibited. At each of the genes 
there are multiple possible variants (Table  37.1 ). The variants 
are called alleles. The nucleotide sequence differences between 
HLA alleles at a given locus can be translated into the protein 
sequence and analyses of the polymorphism has demonstrated 
that most variation exists within the peptide - binding domains. 
Experimental data support this by showing that different HLA 
proteins bind peptides with different sequences. Thus one of 
the functions of HLA polymorphism is to allow the presenta-
tion of numerous different peptides to the immune system. 
As there are six antigen - presenting  ‘ classical ’  HLA molecules 
(HLA - A,  - B,  - C,  - DR,  - DQ,  - DP) and most individuals are 
heterozygous for these loci, potentially each individual has 12 
different HLA molecules, each of which can bind thousands of 
different peptides. The existence of a polymorphic polygenic 

(transporter associated with antigen processing). Association 
between HLA class I heavy chain/ β  2  - microglobulin complex 
and peptide is catalysed by another ER - resident chaperone 
called tapasin associated with the thiol oxidoreductase ERp57. 

 Once the class I trimolecular complex is formed, the mole-
cule can leave the ER and complete its journey to the cell surface 
via the Golgi apparatus. The journey of a class II molecule 
differs from that of a class I molecule. Both  α  -  and  β  - chains are 
directed to the ER, where a complex of three  α  β  chains and 
three invariant chains is formed. The invariant chain is also a 
transmembrane protein. Association of HLA class II molecules 
with the invariant chain effectively blocks the peptide - binding 
site on the class II molecule, thus preventing binding of ER -
 resident peptides. Invariant chain cytoplasmic tail sequences 
direct the class II molecule through the Golgi apparatus, but 
unlike class I molecules the class II molecules take a detour to 
endosomal vesicles before arriving at the cell surface. The non -
 classical HLA - DM and HLA - DO molecules are located within 
endosomal vesicles and it is here that the invariant chain is 
cleaved, leaving a peptide, called CLIP, blocking the class II 
peptide binding cleft. Specifi c peptide binding is catalysed by 
HLA - DM, and may also be aided by HLA - DO. The peptides 
that bind to class II molecules are derived from proteins that 
have been processed by the endocytic pathway. These proteins 
can be derived from the internalization of cell surface or extra-
cellular proteins, or from endogenous cytosolic proteins via 
processes of autophagocytosis. Thus the antigen presentation 
pathway for HLA class II molecules differs from that of HLA 
class I molecules by directing the class II molecules to a location 
where they can bind peptides that are in the majority, differ-
ently sourced from those presented by class I molecules. 

 Peptides derived from exogenous sources may also be pre-
sented by HLA class I molecules via cross - presentation path-
ways. The detailed mechanisms involved in these pathways are 
not fully elucidated but such events likely play a signifi cant role 
in ensuring an adequate immune response is elicited by the 
ability to present antigenic peptides from the same source on 
both class I and II molecules.  

   HLA  function 

 Once presented at the cell surface, HLA molecules, together 
with bound peptide, are subject to surveillance by circulating T 
cells and natural killer (NK) cells. Both these cell types possess 
receptors that recognize and interact with HLA molecules. 
Typically, T cells expressing the CD4 molecule recognize HLA 
class II molecules and T cells expressing CD8 recognize HLA 
class I molecules. The specifi city of interaction is determined 
during development of T cells within the thymus, such that 
circulating T cells should not interact with HLA molecules pre-
senting peptides derived from normally expressed self proteins. 
However, the presentation of non - self peptides, for example 
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is still unknown. Other factors must also be involved because 
only 3 – 4% of individuals with HLA - B27 will develop disease. 
HLA type has also been associated with susceptibility to, and 
protection from, infectious diseases. Individuals possessing 
 HLA - B * 53:01 , an allele prevalent within African populations, 
are more likely to be resistant to severe malaria. This association 
is supported by experiments showing that the B53 allotype can 
present a peptide derived from the malaria parasite. With HIV 
infection, the HLA type of the infected individual can infl uence 
the rate of disease progression. HLA - B35 is associated with 
more rapid progression to AIDS, whereas HLA - B27 and HLA -
 B57 are associated with slower disease progression. These asso-
ciations refl ect the function of different HLA molecules in the 
presentation of HIV peptides to CD8 +  T cells in order to evoke 
an immune response against HIV - infected cells. 

 HLA class II molecules are restricted in their tissue distribu-
tion. However, appropriate stimulation can induce the expres-
sion of class II molecules on tissues where they are not normally 
expressed. This aberrant HLA class II expression may contrib-
ute to an autoimmune reaction by providing HLA – peptide 
complexes not encountered during T - cell receptor education in 
the thymus. Among the many associations between HLA class 
II molecules and autoimmune and/or infl ammatory disease is 
that between rheumatoid arthritis and HLA - DR4. This associa-
tion has been linked to the presence of an epitope contributed 
by residues 67, 70, 71 and 74 of the  β  - chain that contributes to 
a pocket (P4) in the peptide - binding site, thus supporting the 
role of peptide binding in the disease. 

 For other associations between HLA and disease, the answer 
has been found. Haemochromatosis has been associated with 
haplotypes possessing  HLA - A * 03 . Genetic mapping has identi-
fi ed the gene,  HFE , responsible for this association. Thus asso-
ciations between HLA and disease may not be directly related 
to the HLA allotype but may be due to the presence of other 
genes that are closely linked or which are hitch - hiking within 
particular HLA haplotypes. 

 Associations between HLA type and hypersensitivity to drugs 
have also been reported, leading to the application of HLA 
typing to patient treatment.  HLA - B * 57:01  typing is used to 
identify HIV - infected patients at risk from life - threatening 
hypersensitivity to the drug abacavir, an inhibitor of HIV - 1 
reverse transcriptase. The mechanism of this interaction is 
thought to involve an interaction between the drug and a 
peptide normally presented by the  HLA - B * 57:01  encoded 
protein, resulting in a highly immunogenic CD8 +  T - cell immune 
response.  

   HLA  nomenclature 

 The naming of HLA specifi cities falls under the remit of the 
WHO Nomenclature Committee for Factors of the HLA System. 
The Committee names HLA genes, alleles and serologically 

antigen - presenting system gives each individual the capacity to 
elicit immune responses against a wide variety of protein anti-
gens. A complete listing of currently defi ned HLA alleles is given 
at  www.ebi.ac.uk/imgt/hla/ .   

 HLA polymorphism also varies within different populations. 
Variation in climate, geography and infectious pathogens are 
factors considered to have infl uenced the evolution of HLA 
polymorphism. It is therefore not surprising to fi nd that HLA 
allele frequencies vary for different ethnic groups. This has an 
impact on unrelated donor transplantation: an HLA - matched 
donor is most likely to be found within a donor pool of the 
same ethnicity as the patient. 

 HLA polymorphism therefore functions as an advantage at 
the level of both a single individual and a population in terms 
of defence against pathogens. The extreme diversity found 
makes it very likely that someone somewhere possesses an HLA 
molecule that can be effective in generating an immune response 
against any infectious agent. However, HLA polymorphism is a 
signifi cant obstacle to fi nding a matched unrelated donor for 
transplantation.  

   HLA  associations with disease 

 Because both HLA class I and class II molecules control the 
positive and negative selection of T - cell receptors in the thymus 
and modulate the activity of NK cells, it is not surprising to fi nd 
many associations between HLA and immune system disorders 
such as autoimmune disease. The fi rst strong association 
described was that of HLA - B27 with ankylosing spondylitis and 
related seronegative spondylarthropathies, where over 95% of 
affected individuals possess an HLA - B * 27 allele. Despite tre-
mendous effort to discover the immunological basis for the 
association between B27 and ankylosing spondylitis, the answer 

  Table 37.1    Number of HLA alleles and serologically defi ned 

antigens by April 2010. 

   HLA gene     No. of alleles     No. of antigens  

  A    1001    24  

  B    1605    50  

  C    690    9  

  DRA    3     –   

  DRB1    785    20  

  DRB3    52    1  

  DRB4    14    1  

  DRB5    19    1  

  DQA1    35     –   

  DQB1    108    7  

  DPA1    28     –   

  DPB1    133     –   
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assigned in the order in which the DNA sequences have been 
determined. Alleles whose numbers differ in the fi rst two fi elds 
must differ in one or more nucleotide substitutions that change 
the amino acid sequence of the encoded protein. The third fi eld 
is used to name alleles that differ only by synonymous nucle-
otide substitutions (also called silent or non - coding). The 
fourth fi eld is used to name alleles that differ in either intron, 
or 3 ′  or 5 ′  regions of the gene. Lastly, an allele may have a suffi x 
indicating aberrant expression; for example N indicates that it 
is a null allele with no protein being expressed, L indicates low 
cell surface expression and S indicates that the molecule is 
expressed only in a soluble form. For example, the  A * 24:02:01:01  
and  A * 24:02:01:02L  alleles differ only by a single nucleotide 
which lies within an intron at a splice site.  A * 24:02:01:01  is 
expressed at normal levels on the cell surface, whereas 
 A * 24:02:01:02L  is expressed at very low levels on the cell surface 
due to the splice mutation. 

 Many new HLA alleles are reported each year (Figure  37.3 ). 
Details of the most recent advances in HLA nomenclature 
can be found in the latest WHO Nomenclature Committee 
for Factors of the HLA System Report or by accessing the 
IMGT/HLA Sequence Database, the offi cial database of the 
Nomenclature Committee ( www.ebi.ac.uk/imgt/hla ).    

   HLA  matching in transplantation 

 The benefi ts of HLA polymorphism in allowing the generation 
of immune responses against a wide range of antigens is 
completely negated when transplantation of organs and 
cells between genetically disparate individuals is considered. 
Typically, an individual will possess T cells capable of reacting 
against a foreign antigen at a frequency of 1 in 10 4  – 10 5 . However, 
if cells from two HLA disparate individuals are mixed, the fre-
quency of responding cells can be as high as 1 – 10%. These 
responding cells are called alloreactive cells. 

defi ned antigenic specifi cities. The names of the antigens, which 
were originally defi ned using either serological or cellular tech-
niques, are a combination of letters which indicate the gene 
encoding the antigen, and numbers assigned in chronological 
order of their description. An example of an individual ’ s HLA 
type determined by cellular and serological methods is A1, A2; 
B7, B13; Cw6, Cw7; Dw1, Dw13; DR1, DR4; DR53; DQ5, DQ8; 
DPw1, DPw4. 

 The numbering of antigens encoded by HLA - A and  - B genes 
is in a single series for historical reasons, as these antigens were 
originally believed to represent the products of a single gene. 
The use of a lower case  ‘ w ’  between the gene name and antigen 
number indicates a provisional specifi city, although in most 
cases these have been removed. The exceptions are Bw4 and 
Bw6, which represent public epitopes rather than distinct anti-
gens, HLA - C antigens (e.g. Cw1), to distinguish them from 
complement factors, and the HLA - D and HLA - DP antigens 
defi ned by cellular techniques. 

 Many HLA antigens have been characterized by serological 
methods into two or more subtypes, which are called  ‘ splits ’ , 
with the parent antigen called  ‘ broad ’ . Thus both A23 and A24 
are splits of the broad antigen A9. It is convention to indicate 
the broad antigen specifi city in parentheses following the des-
ignation of the split,for example A23(9) or A24(9). A full listing 
of all the serologically and cellularly defi ned HLA antigens is 
given in Table  37.2 .   

 Since 1987 the WHO Nomenclature Committee for Factors 
of the HLA System has assigned offi cial names to HLA allele 
sequences. It was recognized that a single antigenic specifi city, 
such as HLA - A2, defi ned by serology could be subdivided still 
further by DNA sequencing. Each allele is given a numerical 
designation that may be up to eight digits in length. The gene 
name is followed by an asterisk ( * ) and then the numerical 
designation. Each allele name consists of at least two, and maxi-
mally four, fi elds. The fi rst fi eld indicates the allele group, which 
often corresponds to the broad serological antigen encoded by 
the allele. The second fi eld is used to list subtypes, numbers 

  Table 37.2    Complete listing of 

recognized serological and cellular 

HLA specifi cities. 

   A     B     C     D     DR     DQ     DP  

  A1    B5    Cw1    Dw1    DR1    DQ1    DPw1  

  A2    B7    Cw2    Dw2    DR103    DQ2    DPw2  

  A203    B703    Cw3    Dw3    DR2    DQ3    DPw3  

  A210    B8    Cw4    Dw4    DR3    DQ4    DPw4  

  A3    B12    Cw5    Dw5    DR4    DQ5(1)    DPw5  

  A9    B13    Cw6    Dw6    DR5    DQ6(1)    DPw6  

  A10    B14    Cw7    Dw7    DR6    DQ7(3)      

  A11    B15    Cw8    Dw8    DR7    DQ8(3)      

  A19    B16    Cw9(w3)    Dw9    DR8    DQ9(3)      

  A23(9)    B17    Cw10(w3)    Dw10    DR9          

  A24(9)    B18        Dw11(w7)    DR10          

  A2403    B21        Dw12    DR11(5)          

  A25(10)    B22        Dw13    DR12(5)          
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   A     B     C     D     DR     DQ     DP  

  A26(10)    B27        Dw14    DR13(6)          

  A28    B2708        Dw15    DR14(6)          

  A29(19)    B35        Dw16    DR1403          

  A30(19)    B37        Dw17(w7)    DR1404          

  A31(19)    B38(16)        Dw18(w6)    DR15(2)          

  A32(19)    B39(16)        Dw19(w6)    DR16(2)          

  A33(19)    B3901        Dw20    DR17(3)          

  A34(10)    B3902        Dw21    DR18(3)          

  A36    B40        Dw22    DR51          

  A43    B4005        Dw23    DR52          

  A66(10)    B41        Dw24    DR53          

  A68(28)    B42        Dw25              

  A69(28)    B44(12)        Dw26              

  A74(19)    B45(12)                      

  A80    B46                      

      B47                      

      B48                      

      B49(21)                      

      B50(21)                      

      B51(5)                      

      B5102                      

      B5103                      

      B52(5)                      

      B53                      

      B54(22)                      

      B55(22)                      

      B56(22)                      

      B57(17)                      

      B58(17)                      

      B59                      

      B60(40)                      

      B61(40)                      

      B62(15)                      

      B63(15)                      

      B64(14)                      

      B65(14)                      

      B67                      

      B70                      

      B71(70)                      

      B72(70)                      

      B73                      

      B75(15)                      

      B76(15)                      

      B77(15)                      

      B78                      

      B81                      

      B82                      

      Bw4                      

      Bw6                      

Table 37.2 Continued
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these patients it is advisable to seek HLA - matched platelet 
donors. 

 Alloreactions occurring after haemopoietic stem cell trans-
plantation (SCT) can result in failure of the cells to engraft or 
graft - versus - host disease (GVHD), in which donor cells mediate 
attack on various tissues within the host ’ s body. The risks of 
graft rejection and GVHD are signifi cantly reduced if the donor 
cells are histocompatible with the patient. The perfect donor is 
an identical twin. However, this will only be the case for very 
few patients. The chances of fi nding an HLA - matched sibling 
donor for a patient is theoretically one in four (25%). Therefore, 
again, the majority of patients will not be able to fi nd a suitable 
donor within their family. 

 Another source of HLA - matched donors are the various vol-
unteer donor registries that exist throughout the world. The 
fi rst volunteer donor register, the Anthony Nolan Trust, was 
established in London in 1974 at a time when unrelated donor 
transplants were viewed as experimental. Since this time, the 
outcome of unrelated donor transplantation has vastly improved 
and the use of unrelated volunteer donors is now accepted 
practice. There are now over 60 volunteer donor registers 
throughout the world. In addition, the successful use of cord 
blood - derived stem cells for transplantation has driven the 
establishment of cord blood banks in many countries. An 
advantage of using cord blood cells in clinical transplantation 
is that a reduced degree of HLA matching is acceptable. Thus 
patients who fail to fi nd a matched unrelated donor may receive 
mismatched cord blood stem cells. There are a number of 
factors that may negate the use of cord blood stem cells, such 
as the number of nucleated cells to be infused, particularly for 

 Alloreactions are responsible for the inability to transplant 
organs and cells between genetically different individuals. To 
overcome alloreactivity, it is necessary to defi ne the HLA type 
of donor and recipient and to select an HLA - matched donor 
wherever possible. In solid organ transplantation, HLA match-
ing is encouraged for kidney transplants, where outcome data 
support a benefi cial role of HLA matching. However, immuno-
suppressive therapy is extremely effective in renal transplanta-
tion and this allows for imperfect matching to be performed 
and optimum usage of all available organs. Nevertheless, it is 
critical to avoid transplantation of mismatched donor kidneys 
possessing HLA types against which the patient has raised 
alloantibodies as a result of a previous mismatched transplant, 
pregnancy or blood transfusion. The presence of such alloanti-
bodies can lead to hyperacute rejection, but immunodepletion 
protocols may be used to remove such donor - specifi c anti-
bodies. HLA matching for other solid organs such as liver and 
heart and lung is not usually performed. The liver is an immu-
noprivileged site that tolerates HLA mismatches, whereas heart 
and lung transplants are usually performed on patients for 
whom no other chance of life is possible, thereby disallowing 
selection of HLA - matched donors. Alloreactions mediated fol-
lowing solid organ transplantation are usually only directed at 
the transplanted organ and with effective post - transplant 
immune monitoring can be managed with appropriate 
immunosuppression. 

 Patients receiving blood products, for example random 
pooled platelets, can produce antibodies against the HLA mol-
ecules present on transfused platelets. The presence of HLA -
 specifi c antibodies can lead to platelet refractoriness, and for 
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  Histocompatibility testing procedures 

 Detection of HLA polymorphisms can be performed by either 
targeting the DNA sequence of the HLA gene or by analysis of 
the expressed protein. 

  Serology 

 Serology describes the use of antibodies to detect epitopes on 
target antigens. HLA polymorphism results in the presence of 
different antigenic epitopes on the protein molecule. Antibodies 
used to defi ne these antigenic epitopes are usually obtained 
from multiparous women, and can also be created using mono-
clonal antibody technology. The latter has the advantage of 
being available in unlimited supply. Serology involves the incu-
bation of peripheral blood mononuclear cells (PBMCs), or 
separated T and B cells for distinguishing HLA class I from 
class II, with serum containing antibodies of known anti - 
HLA specifi city. If the PBMCs express the appropriate HLA 
molecules, then binding between the antibodies in the serum 
and the PBMCs will occur. This binding will result in lysis of 
the PBMCs after the addition of complement components. The 
cells can be stained in order to detect which cells are alive (no 
reaction) and which cells are dead (positive reaction). The 
pattern of positive and negative reactions is then interpreted to 
give an HLA type. 

 In order to obtain a full HLA type, panels of antisera have to 
be screened to cover the range of recognized HLA specifi cities. 
Despite the number of serological reagents that have been ana-
lysed, there are many HLA class I and II polymorphisms which 
remain undetected by serology (see Table  37.1 ). Many of these 
polymorphisms are not present on the surface of the HLA mol-
ecules but are found within the peptide - binding site, and could 
alter the peptide - binding specifi city of the HLA molecule and 
hence the antigen presentation function of the molecule. Thus 
serological typing does not detect all the functional polymor-
phisms of HLA molecules.  

   DNA  - based methods 

 The introduction of the polymerase chain reaction (PCR) for 
analysis of DNA has led to the establishment of rigorous DNA -
 based methodologies that can be applied for genetic diagnostics. 
DNA - based methods are now used routinely for histocompat-
ibility typing. 

 The most frequent HLA class I antigen in white populations 
and the fi rst HLA antigen to be defi ned, HLA - A2, encompasses 
three serological variants. Sequencing analyses have shown that 
at least 199 alleles encode the HLA - A2 specifi city. Of these 199 
alleles, 155 differ by substitutions that are predicted to infl uence 
the antigen presentation function of the HLA - A2 molecule, and 
10 alleles ( A * 02:15N ,  A * 02:32N ,  A * 02:43N ,  A * 02:53N ,  A * 02:82N , 

adult patients, as these may be insuffi cient to enable engraft-
ment, and the inability to obtain donor cells for future donor 
lymphocyte infusion. However, the use of double cord units in 
adults can overcome the problem of cell numbers and it is 
certain that cord blood will be an important player in widening 
the application of haemopoietic SCT. 

 There are over 13 million potential volunteer adult donors 
and cord blood units registered for use in haemopoietic SCT 
worldwide. Unrelated adult and cord blood donations take 
place as a result of the successful international networking of 
the worldwide adult donor registries and cord blood banks, 
under the auspices of the World Marrow Donor Association. In 
2007, 42% of haemopoietic stem cell donations were sourced 
in a country different to that of the patient. Details on both 
volunteer donor and cord blood registries can be found on 
 www.bmdw.org . 

   HLA  matching required for haemopoietic 
stem cell transplantation 

 The importance of HLA matching in haemopoietic SCT is well 
accepted. However, the degree of resolution required at each 
locus for an optimum match is not fully understood. Data 
obtained from large multicentre registry studies support the 
importance of optimum matching, which consists of allele - level 
matching for HLA - A, HLA - B, HLA - C and HLA - DRB1. The 
role of HLA - DQB1 is still not defi ned. Mismatching for HLA -
 DQB1 does not appear detrimental in studies published by the 
National Marrow Donor Program; however, an HLA - DQB1 
mismatch with another HLA mismatch (HLA - A,  - B or  - C) was 
more detrimental than a single HLA - A,  - B or  - C mismatch. 
Furthermore, a hierarchy of benefi cial mismatching has not 
been proven in terms of antigen - level mismatching over allele -
 level mismatching. Any type of mismatch can have a negative 
effect on transplant outcome. Because HLA - B and HLA - C are 
in linkage disequilibrium (i.e. matching for HLA - B increases 
the chance that HLA - C will also be matched), it is more diffi cult 
to mismatch for one and not the other. Similarly, HLA - DRB1 
and  - DQB1 genes are in linkage disequilibrium. HLA - A is the 
most telomeric of the HLA genes and in less linkage disequilib-
rium with other HLA class I genes; therefore, when selecting an 
HLA - mismatched donor, HLA - A is usually the easiest locus to 
mismatch. Therefore most mismatching targets HLA - DQB1 
and then HLA - A. However there are no data to support HLA - A 
mismatching as being clinically more acceptable than mis-
matching for other single loci. The role of HLA - DPB1 is emerg-
ing in analysis of large patient and donor cohorts, including the 
International Histocompatibility Workshop studies. In these 
studies, HLA - DPB1 mismatching is associated with reduced 
disease relapse, together with an increase in acute GVHD. The 
association between HLA - DPB1 and disease relapse suggests 
that HLA - DP molecules may mediate a functional role in a 
graft - versus - leukaemia response.   
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 PCR - SSP typing (Figure  37.4 ) utilizes multiple PCR primer 
pairs all tested independently on the same sample DNA. The 
primer pairs are designed such that the 3 ′  end defi nes the spe-
cifi city of the primer with the target sequence. To obtain a full 
HLA type requires numerous primer pairs which have been 
designed to operate under identical PCR amplifi cation condi-
tions. If the target sequence for a primer pair is present in the 
sample DNA, a PCR product will be produced, whereas if the 
target sequence is not present there will be no PCR product. 
The presence and absence of PCR products can be visualized 
after agarose gel electrophoresis. Because of the extensive HLA 
polymorphism, specialized software is usually required to inter-
pret results. PCR - SSP can be used to perform a full HLA type 
or to target a particular group of HLA alleles to obtain a high -
 resolution type (e.g. subtype A * 02).   

 The resolution of the typing results obtained by PCR - SSO 
and PCR - SSP methods can vary depending on the number of 
probes or primer mixes utilized, with an increasing number 
required for higher resolution. As SSO methods utilize less PCR 
steps, this method is more useful for high - throughput HLA 
genotyping, for example as required by laboratories with large 
sample numbers, including unrelated haemopoietic donor reg-
istry laboratories. SSP methods are more suitable for smaller 
volumes and are reserved for quick turnaround typing or for 
achieving higher resolution on particular samples. 

 Regardless of the number of typing reagents used with PCR -
 SSP and PCR - SSO methods, the end result is the presence or 
absence of a reaction between a probe or primer of a known 
sequence and the target HLA sequence. Thus the data generated 
can be directly related to the DNA sequence of the HLA alleles 
possessed by an individual.  

  Direct sequencing 
 The generation of a database of known nucleotide sequences of 
HLA alleles has had a tremendous impact on the transfer of 

 A * 02:83N ,  A * 02:88N ,  A * 02:94N ,  A * 92:13N  and  A * 92:25N ) 
contain mutations which prevent expression of the HLA - A2 
antigen. 

 For HLA class I molecules the polymorphism is mostly local-
ized within the  α 1 and  α 2 domains, which are encoded by exons 
2 and 3 respectively of the class I gene. For HLA class II, the  α 1 
domain of the  β  - chain, encoded by exon 2, is most polymorphic 
for DRB1, whereas for DQ and DP, the polymorphism extends 
to both the  α 1 and  β 1 domains. Thus DNA methods for HLA 
class I typing focus predominantly on exons 2 and 3, whereas 
for HLA class II exon 2 is targeted. 

  Sequence - specifi c oligonucleotide and sequence -
 specifi c primer methods 
 The most widely used DNA - based methods for HLA typing are 
PCR sequence - specifi c primers (PCR - SSP) and PCR sequence -
 specifi c oligonucleotides (PCR - SSO). These methods use DNA 
primers (SSP) or DNA probes (SSO) that react with polymor-
phic sequence motifs present within the nucleotide sequence of 
HLA alleles. The presence of a positive reaction indicates that 
the polymorphism defi ned by the primer or probe is present in 
the DNA sample, whereas a negative reaction defi nes the 
absence of that particular sequence polymorphism. 

 For PCR - SSO typing, the target DNA molecule is amplifi ed 
by locus - specifi c PCR (e.g. all HLA - A alleles are amplifi ed in 
one PCR) or by group - specifi c PCR (e.g. all DRB1 * 04 alleles are 
amplifi ed in one PCR). The PCR product is immobilized 
directly onto a solid - phase matrix containing pre - immobilized 
HLA - specifi c oligonucleotide probes, for example nylon mem-
brane or Luminex xMAP microspheres. Interaction between 
the immobilized probes and HLA PCR product is measured as 
positive, whereas no binding between probe and PCR product 
is measured as negative. Most methods utilize specifi c software 
to measure positive and negative reactions and to assign the 
interpreted HLA type. 

Control amplification products

Specific amplification
products

Molecular
weight
ladder

     Figure 37.4     Example of PCR - SSP test. Photograph of an 

ethidium bromide - stained agarose gel containing electrophoresed 

PCR products. In this example, 24 PCR primer mixes have been 

utilized to determine HLA -  DRB1 * 11  subtype. Each lane on the 

gel contains the product from amplifi cation of a non -

 polymorphic region of the genome. The presence of this product 

indicates successful amplifi cation. A second band is observed in 

lanes 1, 3, 6 and 9, where specifi c amplifi cation of a polymorphic 

region from an HLA gene is achieved. If no second band is 

present, then the individual being tested does not possess the 

complementary HLA polymorphism. The pattern of positive and 

negative reactions (presence and absence of second bands) is 

interpreted to give the HLA type.  (Courtesy of Franco Tavarozzi, 

The Anthony Nolan Trust.)   
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methodologies from serology to DNA - based techniques. 
Improvements in automated instrumentation for DNA 
sequencing has also made this methodology an affordable alter-
native for HLA typing. The sequencing techniques utilized 
for HLA typing involve PCR amplifi cation and direct sequenc-
ing of the PCR product. The strategies developed have focused 
on the amplifi cation of DNA fragments containing the poly-
morphic exons, which for the majority of class I alleles extends 
to a fragment containing exons 2 and 3 at a minimum. The 
overall size of an HLA class I gene is about 3.2   kb and therefore 
it is feasible to target all exons (and introns) within the gene 
to defi ne the polymorphisms present; this additional informa-
tion greatly increases the resolving power of sequencing 
methods. 

 HLA class II genes are much larger than HLA class I genes 
and the amount of sequence information available for exons 
outside exon 2 is limited. HLA class II sequencing methods 
minimally target exon 2, with additional data sought from exon 
3 to resolve some exon 3 known polymorphisms. HLA - DQB1 
also benefi ts from analysis of both exon 2 and exon 3. 

 As most loci are heterozygous, assignment of HLA type is 
dependent on the use of software capable of assigning hetero-
zygous positions. In addition an up - to - date database of all 
known HLA sequences is required (Figure  37.5 ).   

 The advantages of DNA - based methods over serology are 
numerous and include the ease with which typing reagents 
(primers, probes) can be synthesized and the interpretation of 
the data as directly relating to nucleotide sequence, whereas the 
data obtained with polyclonal antisera requires extensive 
knowledge of cross - reactivities of sera with different HLA anti-
gens. In addition, the storage of material is simplifi ed for DNA 
typing, as live cells are not required.  

  Ambiguities 
 DNA typing methods can generate ambiguous results when 
both alleles in a heterozygous combination are analysed 
together. Therefore it can be diffi cult to determine whether 
a sequence motif is in the  cis  or  trans  orientation compared 
with a different motif. This problem is overcome by performing 
allele - specifi c amplifi cations on samples with ambiguities 
prior to analysis, usually by SSO or sequencing. Alternatively, 
sequencing primers can be designed to target particular 
polymorphisms, allowing separation of the two alleles in a 
heterozygous sample. Fewer ambiguities are obtained using 
PCR - SSP as the PCR primers used link  cis  polymorphisms.   

  Cellular assays 

 Cellular methods for assessing potential alloreactivity between 
patient and donor can also be utilized for the selection of the 
most appropriate stem cell donor. The mixed lymphocyte 
culture (MLC) assay has been used since the 1960s. MLC meas-

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCRSCAGKACGCCTACGACGGCAAGGATTACATCGCCCTGAAMGAGGA

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCRSCAGKACGCCTACGACGGCAAGGATTACATCGCCCTGAAMGAGGA

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCRSCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAAMGAGGA

GENERIC_A_Ain3_2009-03-30_F04 Rev
A: 254 C: 854 G: 443 T: 300

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAAAGAGGA

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAAAGAGGA

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAAAGAGGA

Group A_A_Aint2_2009-04-07_G09
A: 305 C: 944 G: 473 T: 454

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCGGCAGGACGCCTACGACGGCAAGGATTACATCGCCCTGAACGAGGA

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCGGCAGGACGCCTACGACGGCAAGGATTACATCGCCCTGAACGAGGA

GGCTGCGACGTGGGGTCGGACGGGCGCTTCCTCCGCGGGTACCGGCAGGACGCCTACGACGGCAAGGATTACATCGCCCTGAACGAGGA

Group B_A_Aint2_2009-04-07_A09
A: 186 C: 488 G: 246 T: 261

(a)

a/g c/g g/t

(b)

ca t

(c)

g g g

     Figure 37.5     HLA sequencing electropherogram. The 

electropherograms are from ASSIGN software analysis of 

sequencing performed on an HLA - A PCR product containing 

exons 2, 3 and 4. (a) Heterozygous loci. The sequence is read 

from left to right. For this short stretch of nucleotides (12 from 

822 analysed for HLA - A), eight different results are possible for 

the heterozygous nucleotides: ACG, ACT, AGG, AGT, GCG, 

GCT, GGG and GGT. Overall analysis of all 822 nucleotides gives 

an ambiguous result of  A * 03:01 ,   * 24:02  or  A * 03:07 ,   * 24:56  or 

 A * 03:08 ,   * 24:07  or  A * 03:15 ,   * 24:53  or  A * 03:17 ,   * 24:21 . (b, c) 

Separated loci. By sequencing the two HLA - A alleles after 

separation using allele - specifi c PCR primers, the heterozygous 

ambiguities are resolved. The result for (b) gives ACT and for 

(c) gives GGG. The fi nal result for this ambiguity, after analysis 

of all 822 nucleotides sequenced, is  HLA - A * 03:01 ,   * 24:02 . 

 (Courtesy of Shem Wallis - Jones, The Anthony Nolan Trust.)   
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on the outcome of SCT. Recent studies have described the sig-
nifi cant correlation between transplant outcome in patients suf-
fering from acute leukaemias and three SNPs in the  CARD15  
(caspase recruitment domain 15) gene, now called  NOD2  
(nucleotide - binding oligomerization domain 2). These may be 
defi ned by a variety of techniques that are able to target single 
mutations within a gene. 

 There is therefore a choice of techniques that may be used 
for optimum donor selection for patients requiring SCT. Each 
methodology has its advantages and disadvantages. It is now 
accepted practice that DNA - based typing should be performed 
on all related and unrelated donors and patients. Serology and 
cellular assays may be used to complement the outcome of DNA 
typing. A major challenge for the future of histocompatibility 
typing for SCT will be to acquire a greater understanding of 
what types of mismatches are acceptable in that they do not 
result in adverse alloreactions, and also to know which mis-
matches are detrimental. It is likely that more sensitive and 
reproducible cellular assays may play a role in determining 
these mismatches. The use of ELISPOT assay and real - time PCR 
methods for detecting low numbers of cytokine - producing cells 
may in the future become additional tools for the histocompat-
ibility laboratory, especially for the selection of best mismatched 
donors when no optimum matched donor is available.   
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ures the reactivity of donor T cells against alloantigens expressed 
by patient cells, i.e. graft versus host direction. By mixing both 
donor and patient cells together, any alloreactions that occur 
will cause the responding donor cells to proliferate and incor-
porate  3 H - thymidine, which can be measured. The patient cells 
are prevented from proliferating by being gamma - irradiated 
prior to the mixing of cells. However, since the introduction of 
DNA - based methods for HLA class II typing, the MLC reaction 
is infrequently used. Indeed studies have indicated that positive 
MLC reactions in the absence of detectable HLA class II mis-
matches are not predictors of the development of GVHD after 
bone marrow transplantation. 

 More sensitive cellular assays have been developed to measure 
HLA disparity. The cytotoxic T - lymphocyte precursor (CTLp) 
assay uses limiting dilution analysis to measure the frequency 
of donor CTLs responding to predominantly HLA class I mis-
matches on patient cells. High frequencies of CTLp have been 
shown to be strongly associated with HLA class I mismatches, 
which may have escaped detection by the low to medium level 
of resolution of conventional typings that were widely used for 
class I matching prior to the use of allele - level DNA typing. 
Similarly, the helper T - lymphocyte precursor (HTLp) assay 
measures the HTL response of the donor to HLA class II mis-
matches, with HLA - DR mismatches associated with high HTLp 
frequencies with no apparent contribution from HLA class I 
mismatches. Both CTLp and HTLp assays can be combined in 
a single limiting dilution analysis, thus minimizing the use of 
often valuable material. 

 The drawback of cellular assays is that they take up to 2 weeks 
to perform, and they require viable cells from both donor and 
patient. With more widespread use of high - resolution HLA 
typing techniques, the number of laboratories performing cel-
lular assays has decreased signifi cantly.  

  Other genetic polymorphisms 

 HLA polymorphisms clearly play an important role in deter-
mining the outcome of haemopoietic SCT. There are also other 
genetic polymorphisms that have been demonstrated to infl u-
ence outcome. Minor histocompatibility antigens (mHA) are 
alloantigens that are also capable of initiating an immune 
response when their genes are mismatched for patient and 
donor, despite the presence of HLA matching. Minor histocom-
patibility antigens are peptides derived from normal self pro-
teins that possess polymorphisms. A donor and patient may 
share HLA type, but differ in the polymorphism found in the 
mHA gene. Several human mHA have been defi ned, for example 
HA1, HA2, HA3. The genes encoding several of these mHA 
have been described and this has allowed the development of 
typing procedures for these genes using techniques such as 
PCR - SSP. 

 Single - nucleotide polymorphisms (SNPs) in other genes, 
particularly cytokines, have also been shown to have an impact 
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  Introduction 

 Haemopoietic stem cell transplantation (SCT) represents an 
important and increasingly utilized curative therapy in haema-
tological malignancies and has an emerging role in the manage-
ment of patients with haemoglobinopathies and bone marrow 
failure. Improvements in supportive care and treatment of 
post - transplant complications, a greater availability of alterna-
tive donors and advances in tissue typing have simultaneously 
improved transplant outcome and patient eligibility. The reali-
zation that an immunologically mediated graft - versus - leukae-
mia (GVL) effect makes a major contribution to the curative 
effect of an allograft has underpinned the concept that alloge-
neic transplantation can be used as a platform for antitumour 
immunotherapy. These advances have coincided with the 
advent of reduced - intensity conditioning (RIC) regimens, 
which have substantially reduced the morbidity and mortality 
of allografting and resulted in a marked increase in the number 
of stem cell transplants, particularly allografts, performed over 
this period in Europe and worldwide (Figure  38.1 ).    

  Immunological  b asis of  s tem  c ell 
 t ransplantation 

 The major complications of allogeneic SCT are caused by the 
immunological responses triggered by the infusion of donor 
haemopoietic progenitors and lymphocytes into an immuno-
suppressed host. These can take the form of either a host - 
versus - graft (HVG) or a donor - derived graft - versus - host 
(GVH) response. Clinically, the HVG response can result in 
graft rejection, while a GVH response may manifest itself as 
either graft - versus - host disease (GVHD) or a GVL reaction. It 
is now possible to blunt the HVG reaction by optimizing the 
immunosuppressive properties of the conditioning regimen 
and consequently graft rejection is rare in most clinical settings. 
In contrast, GVHD and disease relapse remain the major com-
plications of allogeneic transplantation and novel approaches 
that permit the induction of GVL without inducing host injury 
are required. Conversely, autologous SCT is a relatively unre-
markable immunological event in which these allogeneic 
responses are absent. 

  Antigens and  c ellular  e ffectors 

 The antigens against which HVG and GVH responses are 
directed include the products of highly polymorphic genes lying 
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is higher since the adult T - cell repertoire contains a very high 
frequency of cells ( ∼ 5%) with the potential to react or cross -
 react with mismatched HLA molecules. Although single HLA 
mismatches can be reasonably well tolerated clinically, greater 
degrees of mismatch are associated with increased rates of graft 
rejection or GVHD. There is a great deal of interest relating to 
the possibility of  ‘ permissive ’  HLA mismatches that do not 
result in a worse transplant outcome. For example, it has been 
proposed recently that mismatches at HLA - DPB1 (a locus not 
usually considered in matching with unrelated donors) may 
actually be associated with an improved outcome because of a 
lower risk of disease relapse. The degree of HLA mismatch that 
can be tolerated is greater in patients transplanted using umbili-
cal cord blood (UCB), possibly as a result of the cotransfer of 
naive donor T cells with less potential for cross - reactivity 
against HLA antigens. 

 More extensive HLA disparity, following for example haploi-
dentical transplantation, is only feasible under conditions in 
which the patient receives highly immunosuppressive condi-
tioning and high doses of haemopoietic progenitor cells (to 
offset the risk of graft rejection) and where T cells are almost 
completely depleted from the graft (to prevent prohibitive rates 
of GVHD). In this setting, certain HLA class I mismatches may 
play an important role in activating donor natural killer (NK) 
cells. NK cells express inhibitory killer immunoglobulin - like 
receptors (inhibitory KIRs) that recognize certain classes of 
 ‘ self  ’  HLA class I molecules. Upon KIR interaction with a 
cognate class I ligand, NK functions are inhibited. Conversely, 
NK - mediated lysis will be triggered if the appropriate inhibitory 
KIR ligand (an HLA - C or HLA - B molecule) is not presented on 
the target cell (so - called  ‘ missing self recognition ’ ). While this 
is not suffi cient to induce GVHD, it may result in killing of 
tumour cells in certain cancers such as acute myeloid leukaemia 
(AML).  

within the major human leucocyte antigen (HLA) complex on 
chromosome 6 and minor histocompatibility antigens (minor 
H antigens) encoded by a number of disparate genes lying 
outside the HLA system. These antigens and the methods 
employed to identify them have been reviewed in Chapter  37 . 

 In very general terms, the degree of difference or  ‘ incompat-
ibility ’  between the donor and recipient will defi ne the risk of 
graft rejection and/or GVHD. Thus, in situations where the 
donor is genetically identical to the recipient (syngeneic trans-
plantation), graft rejection or signifi cant GVHD is not observed. 
For patients undergoing allogeneic transplantation using an 
HLA - identical sibling, the relevant antigens are minor H anti-
gens, which are polymorphic proteins recognized by T cells as 
processed peptides in the context of a  ‘ self  ’  HLA molecule. To 
date, just over 20 such antigens have been identifi ed and include 
antigens that are ubiquitously expressed on host tissue (e.g. HY 
antigens encoded by genes on the Y chromosome) or which 
have restricted tissue distribution (e.g. HA - 1 or HA - 2, which 
are only expressed by the haemopoietic system). Female donors, 
specifi cally multiparous individuals who have had male infants, 
may have been primed against HY antigens and as a conse-
quence have circulating T cells that recognize male patient cells 
expressing these proteins. This is likely to underlie the increased 
risk of GVHD in male recipients of female grafts. 

 Where a patient has no HLA - identical sibling donor, an alter-
native donor may be considered. In this case, the transplant 
centre will generally seek a donor who is matched with the 
recipient at each of the HLA - A,  - B,  - C,  - DRB1 and  - DQB1 loci 
(the so - called  ‘ 10/10 match ’ ). Even with a complete 10/10 
match, the risk of GVHD is higher than for an HLA - identical 
sibling, presumably because the number of polymorphic minor 
H antigen differences is likely to be greater. In the situation 
where the donor and recipient are mismatched for one or more 
class I or II HLA antigens, the risk of transplant complications 
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     Figure 38.1     Numbers of (a) allogeneic 

and (b) autologous stem cell 

transplants performed within Europe. 

 (From Ljungman  et al .  2010  with 

permission.)   
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This may be consequent upon previous damage to the thymus 
as a result of acute GVHD and leads to a situation in which 
autoreactive T cells can enter the periphery and lead to tissue 
injury. This may help to explain why individuals with chronic 
GVHD develop some clinical features normally associated with 
autoimmunity (e.g. immune cytopenias). In contrast to acute 
GVHD, where CD8 cells are regarded as the most relevant effec-
tors, CD4 cells are thought to be more important for the devel-
opment of chronic GVHD. CD4 cells might provide helper 
functions for B cells leading to the production of antibodies 
against alloantigens or autoantigens or enhance macrophage 
generation of transforming growth factor (TGF) -  β  that leads to 
increased collagen deposition by fi broblasts.  

  Graft -  v ersus -  l eukaemia  e ffect 

 The importance of an immunologically mediated GVL effect in 
contributing to the curative effect of allogeneic SCT is sup-
ported by the observations that T - cell depletion (TCD) increases 
the risk of relapse and that patients who develop GVHD have 
a lower risk of disease relapse. Conclusive evidence was pro-
vided by the demonstration that infusion of donor lymphocytes 
can produce durable remissions in patients who have relapsed 
after allogeneic SCT. It has subsequently been shown that donor 
lymphocyte infusion (DLI) is a remarkably effective salvage 
therapy in chronic myeloid leukaemia (CML), with more than 
80% of patients achieving a sustained molecular remission. 
Durable responses can also be achieved in patients transplanted 
for indolent lymphoma and Hodgkin lymphoma, with responses 
being observed less commonly in patients with aggressive lym-
phoma, myeloma or acute leukaemias. As would be predicted, 
DLI can be complicated by the development of GVHD, although 
the risk of this life - threatening complication is reduced if the 
lymphocytes are infused following a signifi cant delay ( > 12 
months) after transplantation or by using an escalating dose 
schedule rather than a single  ‘ bulk ’  infusion. For the most part, 
the antigens recognized in a GVL reaction overlap with those 
recognized during GVHD. Clinical separation of GVL and 
GVHD may refl ect increased sensitivity of normal or malignant 
haemopoietic tissue to an emerging GVH reaction compared 
with epithelial cells. Selective expression of antigenic targets of 
a GVH reaction on haemopoietic tissues (e.g. the minor H 
antigen HA - 1, proteinase 3 or WT1) or leukaemic blasts (e.g. 
the product of the  BCR – ABL1  fusion gene) may also underlie 
the development of a GVL reaction in the absence of GVHD. 
This concept forms the basis of novel strategies to deliver a GVL 
effect without a concomitant risk of GVHD, such as peptide 
vaccination or gene transfer of T - cell receptors (TCRs) specifi c 
for leukaemic antigens.  

  Immune  r econstitution 

 Allogeneic SCT is followed by a prolonged period of cellular 
and humoral immunodefi ciency while donor - derived immune 

  Acute  g raft -  v ersus -  h ost  d isease 

 GVHD is a complex immunological disorder in which donor T 
cells with specifi city for recipient antigens not expressed in the 
donor initiate tissue damage. The recipient, as a result of immu-
nosuppression or immunodefi ciency, is incapable of rejecting 
the T cells mediating the alloreactive response. Conditioning -
 induced tissue injury leads to the release of proinfl ammatory 
cytokines and altered chemokine or adhesion molecule expres-
sion. These changes impact on the developing GVH response 
leading to cytokine dysregulation and enhanced traffi cking of 
cellular effectors to the organs targeted in GVHD. 

 Induction of GVHD (Figure  38.2 ) requires the interaction of 
donor T cells with host antigen - presenting cells (APCs), most 
probably dendritic cells within secondary lymphoid organs such 
as lymph nodes and gut - associated lymphoid tissue. Host APCs 
are activated by proinfl ammatory cytokines, such as tumour 
necrosis factor (TNF) -  α  or interleukin (IL) - 1 β , which are 
released following tissue damage induced by the conditioning 
regimen. Activated APCs upregulate surface expression of HLA 
molecules and costimulatory (e.g. B - 7 family) molecules and 
demonstrate increased secretion of infl ammatory mediators 
(e.g. cytokines and infl ammatory chemokines). Donor CD4 and 
CD8 T cells with anti - host specifi city, activated on interaction 
with host APCs, proliferate and develop effector functions 
that lead to the secretion of effector cytokines (e.g. TNF -  α , 
interferon -  γ , IL - 2, IL - 17) or the induction of perforin/granzyme 
B pathways required for cellular cytotoxicity.  ‘ Imprinting ’  of 
tissue - specifi c homing molecules (integrins or chemokine 
receptors) by APCs within certain locations (e.g. gut - draining 
lymph nodes) permits traffi cking of alloreactive T cells from 
secondary lymphoid tissue to infl amed peripheral tissues. At 
these sites, T cells aid recruitment of other cellular effectors 
such as neutrophils, eosinophils, macrophages and NK cells, 
which together cause the epithelial injury resulting in the 
clinical manifestations of GVHD in gut, skin and liver. 
Importantly, GVHD at its initiation is an antigen - specifi c adap-
tive immune response but as the immune response develops it 
becomes less specifi c so that cells lacking the relevant antigens 
are targeted in the ensuing response. It follows that efforts 
designed to prevent or treat GVHD are likely to be more suc-
cessful prior to, or at the point of induction of, the alloreactive 
response.    

  Chronic  g raft -  v ersus -  h ost  d isease 

 Chronic GVHD is a disorder associated with continuing host 
injury and profound immunodefi ciency. The pathogenesis of 
this disorder is less well defi ned, partly as a result of the lack of 
preclinical models that fully recapitulate its onset and clinical 
features. However, it is clear that at least a component of the 
infl ammatory process observed results from impairment of 
negative selection of auto - aggressive T cells within the thymus. 
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frequency of haemopoietic stem and progenitor cells is also 
present in UCB. The cell surface glycoprotein CD34 is expressed 
on haemopoietic progenitors and HSCs and is currently widely 
used as a stem cell marker in clinical transplantation. However, 
it is important to remember that xenograft studies have dem-
onstrated that HSCs reside within a CD34 + CD38  −   subpopula-
tion and that many of the cells within the CD34  +   population 
lack the properties of a long - term reconstituting stem cell. 

 Murine transplant studies have established that in a syn-
geneic setting, where there is no HVG reaction, transplantation 
of very small numbers of HSCs can result in durable engraft-
ment of lethally irradiated recipients. In contrast, host immu-
nosuppression is required to blunt an HVG reaction capable of 
rejecting the transplanted stem cell inoculum when there is 
donor – host HLA disparity, whether the donor is an HLA -
 identical sibling or an alternative donor.  

  Clinical  f actors  d etermining  s tem  c ell 
 e ngraftment 

 The sole determinant of durable engraftment after an autolo-
gous or syngeneic transplant is stem cell number and graft 
failure is exceedingly rare providing at least 2    ×    10 6  CD34  +   cells 
per kilogram are transplanted. Clinically durable engraftment 
in allograft recipients is determined by the degree of HLA dis-
parity, the number of transplanted T cells and the size of the 
stem cell inoculum (Table  38.1 ). The immunosuppressive 
properties of the conditioning regimen play a critical role in 
blunting the HVG response and incorporation of total body 
irradiation (TBI) or drugs such as cyclophosphamide or 
fl udarabine are highly effective in facilitating HSC engraftment. 
Historically, high rates of graft failure were observed when TCD 
was introduced as a form of GVHD prophylaxis in the late 
1980s. However, the recognition that donor T cells play a criti-
cal role in facilitating engraftment led to redesign of condition-
ing regimens in patients receiving T - cell - depleted grafts so that 
their immunosuppressive properties were optimized. The wide-
spread availability of PBSCs from sibling or unrelated donors 
(see below) allows transplantation of fi ve to ten times more 
CD34 - positive cells than if harvested bone marrow were used. 
Consequently, the use of PBSCs has played an important role 
in optimizing engraftment in settings such as TCD or trans-

recovery occurs. Reconstitution of an immune response after 
transplantation can be evaluated in the clinic by monitoring the 
absolute numbers of T (CD4, CD8), B and NK cell numbers. 
NK cell numbers recover most rapidly while other subsets 
(especially CD4 cells and B cells) recover more slowly. In 
patients who have received a T - cell - depleted graft, T - cell recov-
ery is substantially delayed. Analysis of thymic function after 
transplantation can be evaluated by measuring the episomal 
DNA excision circles of the TCR  δ  locus deleted during recom-
bination of the TCR in functional  α  β  T cells (known as TREC, 
for T - cell receptor excision DNA circles). TREC levels are low 
for the fi rst 6 months following transplantation and recover 
thereafter. As a consequence, the T - cell repertoire is limited and 
mostly dependent on expansion of donor memory T cells. 
Thymic function is reduced in adults and may be further com-
promised by the effects of chemoradiotherapy and GVHD. 
Signifi cant HLA mismatching between donor and recipient 
may also lead to  ‘ holes ’  within the T - cell repertoire due to per-
turbations in thymic selection. These defects refl ect a failure of 
donor - derived thymic emigrants to interact with peptides pre-
sented in the context of  ‘ foreign ’  host HLA molecules. 

 Quantitative B - cell defi ciency is present in virtually all 
patients in the fi rst months after transplantation and may 
persist for a number of years post transplantation as a conse-
quence of reductions in the number of marrow B - cell precur-
sors, particularly in patients with chronic GVHD. This defect 
in B - cell production has multifactorial causes, including damage 
to the bone marrow stroma, the deleterious effect of infl amma-
tory cytokines and the lympholytic effects of glucocorticoid 
therapy. 

 The source of stem cells also infl uences the kinetics of 
immune reconstitution. Thus, peripheral blood stem cell 
(PBSC) grafts, which contain higher numbers of haemopoietic 
progenitors and mature T cells, are associated with more rapid 
immune reconstitution than bone marrow grafts. Cord blood 
transplantation may be affected by poor immune reconstitution 
in adults since the number of haemopoietic progenitors is often 
limited and the transferred T cells are naive. Thus, patients are 
at heightened risk of reactivation of cytomegalovirus (CMV) or 
Epstein – Barr virus (EBV).   

  Stem  c ell  e ngraftment 

  Biology of  s tem  c ell  e ngraftment 

 The establishment of durable donor haemopoiesis after SCT 
depends on the engraftment of long - term reconstituting 
haemopoietic stem cells (HSCs) (see Chapter  1 ). These cells, 
defi ned by their capacity for self - renewal as well as their ability 
to differentiate into all haemopoietic lineages, are normally resi-
dent in the bone marrow at low frequency but can be mobilized 
into the peripheral blood by cytokines or chemotherapy. A high 

  Table 38.1    Factors determining stem cell engraftment. 

   Autologous transplantation   

  Stem cell dose  

   Allogeneic transplantation   

  Intensity of host immunosuppression delivered by the 

conditioning regimen  

  Numbers of donor T cells in the stem cell inoculum  

  Degree of genetic disparity between donor and host  
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administration of G - CSF alone, albeit at somewhat higher 
doses, can be equally effective and is substantially less toxic. As 
a result many units now utilize four daily subcutaneous injec-
tions of G - CSF, with stem cell harvesting on days 5 and 6. The 
minimum target cell dose of 2    ×    10 6  CD34  +   cells per kilogram 
can be harvested from more than 90% of patients using either 
G - CSF alone or G - CSF in combination with salvage chemo-
therapy or cyclophosphamide. In patients who fail to mobilize 
the target number of CD34  +   cells, a number of possibilities exist. 
A second mobilization procedure can be performed using 
higher doses of G - CSF or, where appropriate, an additional 
chemotherapeutic drug such as cyclophosphamide or etopo-
side. Alternatively, the CXCR4 antagonist plerixafor can be used 
in conjunction with G - CSF. In the small minority of eligible 
patients who fail to mobilize adequate numbers of PBSCs 
using this approach, allogeneic transplantation should be 
considered. 

 G - CSF - mobilized PBSCs are increasingly used as a stem cell 
source in allogeneic SCT. The apparent safety of G - CSF doses 
in the range routinely used for autologous stem cell mobiliza-
tion (10 – 15    µ g/kg for 4 – 6 days) has resulted in all major unre-
lated donor panels offering this as an alternative to bone marrow 
harvest. However, it is important that all donors are counselled 
about the attendant side - effects in the form of myalgia, bone 
pain and headache. Other reactions are less common, and there 
are rare reports of splenic rupture. Consequently, donors 
should be advised to report immediately any pain in the left 
upper quadrant or shoulder tip. Although the effects of G - CSF 
on the fetus are not known, all female donors of childbearing 
age should have a negative pregnancy test prior to its adminis-
tration. Donors also need to be aware of the 2 – 3% chance that 
an additional bone marrow harvest will be required if G - CSF 
fails to mobilize suffi cient PBSC.  

  Choice of  s tem  c ell  s ource and  d ose 

  Autologous  t ransplantation 
 The use of PBSCs as a stem cell source is associated with more 
rapid engraftment than would be observed with harvested bone 
marrow and this, coupled with their ease of procurement, has 
secured their role as the standard stem cell source in autologous 
transplants. The generally accepted minimum number of hae-
mopoietic progenitors required for engraftment after autolo-
gous SCT is 2    ×    10 6  CD34  +   cells per kilogram. While increasing 
the number of CD34  +   cells transplanted hastens neutrophil and 
platelet engraftment, there is little evidence that transplantation 
of more than 5    ×    10 6  CD34  +   cells per kilogram is benefi cial and 
there remain concerns that higher stem cell doses may be asso-
ciated with an increased risk of tumour contamination. In 
patients with myeloma, many centres aim to harvest a minimum 
of 4    ×    10 6  CD34 - positive cells per kilogram in order that suf-
fi cient cells are available so that a tandem transplant, or second 
autograft at the time of relapse, is possible.  

plantation of a mismatched donor where a signifi cant risk of 
graft failure rate would be expected were bone marrow to be 
used as the stem cell source. Incorporating these principles into 
clinical practice has markedly reduced the risk of graft failure 
such that it occurs in fewer than 1% of patients undergoing an 
HLA - identical sibling allograft and fewer than 5% of those 
transplanted from an unrelated donor. For a long time graft 
failure was a major complication of cord blood transplantation 
(CBT), particularly in adult recipients, and this likely refl ected 
the low stem cell dose. The recent demonstration that the 
simultaneous transplantation of two cord blood units delivers 
durable rates of engraftment in the region of 95% has dramati-
cally improved outcome of UCB transplants in adults.     

  Stem  c ell  m obilization 

  Biology of  s tem  c ell  t raffi cking 

 In steady - state haemopoiesis only very small numbers of hae-
mopoietic stem and progenitor cells are present in the periph-
eral blood. The localization of haemopoietic stem and progenitor 
cells within the bone marrow cavity is mediated through the 
binding of a range of adhesion molecules, including CXCR4 
and VLA4, with their cognate ligands on bone marrow stroma. 
Recent studies have demonstrated that administration of hae-
mopoietic growth factors such as granulocyte colony - stimulat-
ing factor (G - CSF) disrupts the adhesion of progenitors to the 
bone marrow stroma resulting in their mobilization into the 
peripheral blood in large numbers. This has had a dramatic 
impact on transplant practice, resulting in peripheral blood 
replacing bone marrow as the commonest source of haemopoi-
etic progenitors in both autologous and, more recently, alloge-
neic transplants. Antagonists to CXCR4 have now been shown 
to have the potential to signifi cantly augment G - CSF - mediated 
stem cell mobilization and this promises to increase further 
the effectiveness of cytokine - mediated stem cell mobilization. 
Adhesive interactions between haemopoietic progenitors and 
the bone marrow stroma also play a critical role in the homing 
of transplanted HSCs and stem cell engraftment can be aug-
mented in animal models by manipulation of the levels of adhe-
sion molecule expression on haemopoietic progenitors and 
bone marrow stroma. As yet these observations have not been 
translated into clinical practice.  

  Stem  c ell  m obilization in  c linical  p ractice 

 In patients undergoing autologous SCT, G - CSF administered 
alone or after myelosuppressive chemotherapy represents the 
commonest method of stem cell mobilization. Until recently 
G - CSF was only administered in conjunction with myelosup-
pressive doses of salvage chemotherapy or cyclophosphamide. 
While this represents a highly effective method of stem cell 
mobilization in the majority of patients, it is now clear that 
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dose in the region of 4    ×    10 6  CD34 - positive cells per kilogram. 
In patients transplanted from an HLA - identical sibling using a 
T - replete myeloablative regimen, there is some evidence that 
the incidence of chronic GVHD is increased if the stem cell dose 
exceeds 8    ×    10 6  CD34 - positive cells per kilogram. In this setting 
it may therefore be reasonable to have a target dose of 4 – 8    ×    10 6  
CD34 - positive cells per kilogram. However, there is no evi-
dence, as yet, that there should be an upper limit on cell dose 
in patients transplanted using an RIC regimen or from an unre-
lated donor.  

  Cord  b lood  t ransplantation 
 UCB contains a high proportion of haemopoietic progenitors 
and HSCs and is an increasingly important stem cell source in 
paediatric and adult transplantation. Importantly, HLA dispar-
ity appears better tolerated in recipients of UCB and as a 
consequence the incidence of severe GVHD is lower with mis-
matched UCB than would be expected using a comparably 
mismatched unrelated donor. This has important implications 
in terms of donor identifi cation in patients with uncommon 
HLA types for whom a suitably matched unrelated donor 
cannot be readily identifi ed. A major factor limiting the uptake 
of CBT has been delayed or failed engraftment, which has been 
a common problem particularly in adult recipients. The two 
most important factors determining the likelihood of neu-
trophil and platelet engraftment after CBT are nucleated cell 
dose and HLA disparity. More recently, it has been shown that 
transplantation of two cord blood units, harvested from two 
separate donors, increases the speed of engraftment and is asso-
ciated with a decreased risk of primary graft failure. This obser-
vation has substantially increased the number of CBT procedures 
performed in adults and encouraging results have been reported 
in patients with high - risk leukaemia using both myeloablative 
and, more recently, RIC regimens. Selection of cord blood units 
remains a complex area and consideration must be given to 
both stem cell dose and HLA disparity in identifi cation of suit-
able unit(s) (Figure  38.3 ). Immune reconstitution is markedly 
delayed after CBT and viral infections, particularly CMV and 
adenovirus, coupled with fungal infections result in a substan-
tial TRM. For all these reasons it is recommended that cord 
blood unit selection and transplantation should be performed 
by physicians with experience in this fi eld.     

  Stem  c ell  m anipulation and  e xpansion 

 Immunophenotypic characterization of haemopoietic stem and 
progenitor cells has permitted the development of strategies by 
which PBSC grafts can be manipulated  ex vivo . By conjugating 
antibodies that recognize CD34 with magnetic beads it is pos-
sible to achieve highly effi cient enrichment of CD34  +   cells from 
a PBSC or bone marrow harvest. This technology also allows, 
as a consequence of passive depletion of CD34  −   cells, effective 
depletion of donor T cells in allogeneic stem cell harvests and 

  Sibling and  u nrelated  d onor  t ransplantation 
 PBSCs are the most frequently used stem cell source for patients 
undergoing a sibling allograft and are increasingly used in unre-
lated donor transplant recipients. While PBSCs are established 
as the preferred stem cell source in reduced - intensity allografts, 
for the reasons discussed above, the relative merits of PBSCs 
and bone marrow in patients transplanted using a myeloabla-
tive regimen remains a matter of debate. Thus while transplan-
tation of PBSCs results in earlier neutrophil and platelet 
engraftment, which may reduce transplant - related mortality 
(TRM), particularly in patients with advanced leukaemia, there 
are emerging registry data that demonstrate an increased inci-
dence of chronic GVHD compared with patients transplanted 
with bone marrow. This is likely to be consequent on the fi ve -  to 
tenfold greater dose of T cells in a PBSC harvest compared with 
bone marrow (Table  38.2 ). As yet it remains unclear whether 
the increased risk of chronic GVHD associated with the use of 
PBSC results in a reduction in relapse rate. Thus while PBSCs 
are routinely used as a stem cell source in patients being allo-
grafted for advanced leukaemia, where TRM is a major cause 
of treatment failure, bone marrow is still preferred in diseases 
such as aplastic anaemia where chronic GVHD is an important 
cause of treatment failure. Long - term follow - up studies com-
paring the outcome of patients transplanted using bone marrow 
and PBSCs will clearly be important in order to defi ne the 
optimal stem cell source in standard - risk leukaemias. In paedi-
atric transplantation, bone marrow remains the preferred stem 
cell source and the use of PBSCs is less common.   

 Cell dose is an important factor determining outcome after 
both matched sibling and unrelated donor transplants and this 
effect is noted in recipients of both bone marrow and PBSCs. 
This effect is primarily mediated through a reduction in TRM 
consequent on accelerated immune reconstitution in recipients 
of a higher stem cell dose. The lowest acceptable stem cell dose 
to secure engraftment in an allogeneic setting is considered to 
be 2    ×    10 6  CD34 - positive cells per kilogram (2    ×    10 8  mononu-
clear cells per kilogram if bone marrow is being used), although 
in practice the majority of patients transplanted using in excess 
of 1    ×    10 6  CD34 - positive cells per kilogram will engraft. Since 
outcome is improved with higher doses, most centres aim for a 

  Table 38.2    Comparison of the cellular composition of a typical 

bone marrow harvest compared with  G  -  CSF  - mobilized in a 

peripheral blood stem cell (PBSC) (after two aphereses). 

        CD34 cells 

( × 10 6 )  

   CD34 cells 

( × 10 6 /kg)  

   CD3 cells 

( × 10 6 )  

   CD3 cells 

( × 10 6 /kg)  

  PBSCs    240    3.4    11   519    156  

  Bone 

marrow  

  105    1.5    1400    20  

 Data courtesy of Ginny Turner. 
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response, the sole purpose of the conditioning regimen is 
disease eradication. The most common conditioning regimens 
used in autologous transplantation utilize alkylating agents 
alone or in combination and other chemotherapeutic drugs. 

 In the setting of allogeneic SCT the conditioning regimen has 
conventionally served two purposes: immunosuppression 
designed to abrogate an HVG reaction thereby preventing graft 
rejection, and myeloablation in order to achieve tumour eradi-
cation. A number of refi nements have been made over the past 
three decades to the design and delivery of myeloablative con-
ditioning regimens. However, they are still associated with sig-
nifi cant toxicity which precludes their use in patients older than 
50 – 55 years (45 – 50 years for recipients of unrelated donor 
transplants). The recent demonstration that durable donor 
engraftment can be reliably achieved using a non - myeloablative 
preparative regimen, coupled with increased awareness of the 
potency of the GVL reaction, has led to the development of a 
range of reduced intensity regimens. These protocols are associ-
ated with a substantially reduced TRM, allowing allogeneic 
transplantation to be safely performed in patients in whom it 
would previously have been contraindicated on the grounds of 
age or comorbidity. However, experience with RIC regimens is 
still relatively limited and longer follow - up and, where possible, 
randomized trials are required before their role in the manage-
ment of older patients with haematological malignancies can be 
defi ned with precision. The encouraging results to date in older 
patients suggest that there may potentially be a role for their use 
in younger patients in preference to myeloablative regimens 
because of their reduced early mortality and possible longer -
 term benefi ts such as preserved fertility. 

  Conditioning  r egimens in  a utologous  SCT  

 Conditioning regimens in autologous SCT are designed with 
dose intensifi cation in mind and are limited mainly by consid-
erations of extramedullary toxicity. High - dose melphalan 
(200   mg/m 2 ) is the standard conditioning regimen in myeloma 
autografts. BEAM (carmustine, etoposide, cytarabine, melpha-
lan) is widely used in patients with lymphoma. Autologous 
transplants are rarely indicated in the management of AML and 
acute lymphoblastic leukaemia (ALL) but both busulfan/
cyclophosphamide and cyclophosphamide/TBI are effective 
preparative regimens in these diseases. A number of other drug 
combinations incorporating melphalan, busulfan and thiotepa 
are used in solid tumours. The major extramedullary toxicities 
of these regimens are mucositis and gastrointestinal toxicity. 
Disappointingly, there are few prospective randomized data on 
which to base the choice of conditioning regimen in autologous 
SCT. In myeloma a randomized comparison between a TBI -
 containing regimen and high - dose melphalan alone demon-
strated that no benefi t was associated with the use of TBI. 
However, there are no large randomized studies of preparative 
regimens in lymphoma.  

can be used to provide an effective form of GVHD prophylaxis. 
The importance of cell dose in determining engraftment and 
outcome after SCT has led to studies aimed at expanding either 
the stem cell or progenitor population prior to transplantation. 
In the autologous setting this strategy has not been widely 
adopted, if only because collection of adequate numbers of cells 
to ensure rapid engraftment can now be reliably achieved in the 
great majority of patients. There is, however, signifi cantly more 
interest in allografting, particularly in CBT, where engraftment 
can be delayed because of suboptimal stem cell or progenitor 
numbers.   

  Conditioning  r egimens:  b asic  p rinciples 

 The combination of drugs and radiotherapy administered prior 
to stem cell infusion is termed the conditioning or preparative 
regimen. In autologous SCT, where there is no alloreactive 
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6 - hourly over a period of 4 days. In this formulation, VOD and 
pulmonary and central nervous system (CNS) toxicity represent 
major complications. The pharmacokinetics of oral busulfan 
are highly variable because it undergoes fi rst - pass metabolism 
in the liver and there is therefore substantial interpatient vari-
ability in plasma drug levels using a standard dosing schedule. 
Because the incidence of VOD is closely correlated with higher 
plasma busulfan levels and patients with low busulfan levels 
also have an increased risk of relapse, oral pre parations of 
busulfan are far from ideal. Two approaches have been used to 
overcome this problem. A number of groups use frequent (6 -
 hourly) measurement of plasma busulfan levels during the fi rst 
24 hours of administration of an oral preparation followed by 
dose adjustment over the following 3 days in order to achieve 
a therapeutic busulfan level. Using such a targeted approach 
the Seattle group have achieved excellent results using busulfan/
cyclophosphamide with a very low risk of VOD and reduced 
relapse rates compared with those achieved using oral busulfan. 
Alternatively, a recently developed intravenous formulation 
of busulfan delivers therapeutic drug levels predictably and 
is associated with markedly reduced toxicity. It should be 
remembered that with both preparations prophylactic pheny-
toin or clonazepam should be used to prevent seizures, a com-
plication associated with the administration of high doses of 
busulfan.  

  Alternative  m yeloablative  c onditioning  r egimens 
 Fludarabine augments alkylator - induced cell killing  in vitro  and 
regimens combining fl udarabine with intravenous busulfan 
appear to be active and well tolerated. Of note, the incidence of 
VOD using this combination appears to be low and further 
studies of this regimen are indicated. In patients undergoing a 
sibling allograft for ALL, etoposide is often substituted for 
cyclophosphamide and a TBI/etoposide regimen has been 
shown in some studies to be associated with improved outcome. 

 In non - malignant disorders, such as aplastic anaemia, cyclo-
phosphamide alone can be used as a conditioning regimen and 
is suffi ciently immunosuppressive to permit engraftment of 
allogeneic stem cells provided an adequate stem cell inoculum 
is transplanted. Addition of fl udarabine is increasingly used in 
conjunction with cyclophosphamide in patients with sickle cell 
disease and thalassaemia.   

  Comparison of  m yeloablative  c onditioning 
 r egimens 

  Sibling  a llografts 
 There are two central questions in the design of myeloablative 
conditioning regimens: is there any survival benefi t to be gained 
from intensifying the conditioning regimen and are cyclophos-
phamide/TBI and busulfan/cyclophosphamide equally effective 
preparative regimens? 

 Prospective randomized trials in patients undergoing a 
sibling allograft for AML have failed to show any improvement 

  Myeloablative  c onditioning  r egimens in 
 a llogeneic  SCT  

 The two commonest myeloablative conditioning regimens used 
in allogeneic SCT employ combinations of cyclophosphamide 
and either TBI or busulfan. 

   TBI / c yclophosphamide 
 Cyclophosphamide is an alkylating agent that, when adminis-
tered in the doses routinely used in myeloablative conditioning 
regimens (120 – 200   mg/kg), has both immunosuppressive and 
antileukaemic properties. It is a prodrug that must be metabo-
lized by the cytochrome P450 system in the liver to produce 
metabolically active derivatives, principally phosphoramide 
mustard, which exert their cytotoxic activity through the pro-
duction of interstrand DNA links. The two major complications 
of cyclophosphamide at the doses employed in allogeneic trans-
plantation are haemorrhagic cystitis and cardiac toxicity. 
Haemorrhagic cystitis results from the toxic effects of a cyclo-
phosphamide metabolite, acrolein, on the uroepithelium and 
can be reduced by use of sodium 2 - mercaptoethanesulfonate 
(MESNA), while cardiac toxicity is very rare at doses of cyclo-
phosphamide below 150   mg/kg. 

 TBI has dual immunosuppressive and antileukaemic proper-
ties when administered in myeloablative doses (typically 12 –
 14.4   Gy). Radiobiological principles predict that the toxicity of 
TBI can be reduced by either decreasing the overall dose of 
radiation or, as is now common, by giving it in fractionated 
form over a number of days (e.g 14.4   Gy divided into eight frac-
tions over 4 days). The degree of immunosuppression produced 
by TBI - containing regimens is related to the total dose of irra-
diation delivered. The use of higher TBI doses is therefore an 
effective method of optimizing engraftment in myeloablative 
allografts where there is use of TCD or an alternative donor and 
consequently an increased risk of graft failure. Haematological 
malignancies are highly radiosensitive and the risk of disease 
relapse is reduced if a higher dose of TBI is used, although this 
benefi t is blunted by increased transplant toxicity (see below). 
Early complications associated with the use of TBI include 
nausea, vomiting, diarrhoea and parotitis which can usually be 
managed symptomatically. Increased doses of TBI are also asso-
ciated with pneumonitis and veno - occlusive disease (VOD) of 
the liver, both of which may be life - threatening. Long - term 
complications include cataract formation, hypothyroidism, 
infertility and, in children, growth retardation.  

  Busulfan/ c yclophosphamide 
 Busulfan/cyclophosphamide is a myeloablative preparative 
regimen that has the practical advantage of not requiring the 
presence of irradiation facilities on site. Busulfan is an alkylating 
agent with potent activity against leukaemic progenitors and is 
a core component of both allogeneic and autologous transplant 
regimens. Historically, busulfan has only been available as an 
oral preparation, used at a dose of 14 – 16   mg/kg delivered 
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the addition of fl udarabine to a cyclophosphamide/TBI regimen, 
providing an adequate stem cell inoculum is used. ATG was 
initially used as additional GVHD prophylaxis in myeloablative 
CBT but is less commonly used now because of delayed immune 
reconstitution and an increased risk of post - transplant lympho-
proliferative disorders.   

  Strategies for  GVHD   p rophylaxis in 
 m yeloablative  r egimens 

 Post - transplant immunosuppression using various combina-
tions of ciclosporin, methotrexate, prednisolone and mycophe-
nolate mofetil represent the commonest forms of GVHD 
prophylaxis in patients after a myeloablative sibling or unre-
lated donor transplant. Randomized trials from the Seattle 
group established the use of intravenous ciclosporin (2.5 – 5   mg/
kg daily) and short - course methotrexate (administered on days 
2, 4, 8 and 12 post transplant) as the most effective form of 
GVHD prophylaxis in patients transplanted undergoing a 
T - replete allograft using either an HLA - identical sibling or vol-
unteer unrelated donor. 

 Rates of chronic extensive GVHD are in the region of 30% 
and 66% for recipients of T - replete sibling and unrelated donor 
transplants despite the use of ciclosporin/methotrexate GVHD 
prophylaxis. TCD is an additional, and highly effective method 
of reducing the risk of both acute and chronic GVHD. TCD can 
be achieved either by manipulating the stem cell inoculum  ex 
vivo  or by the  in vivo  administration of T - cell - depleting anti-
bodies such as ATG or alemtuzumab (a humanized monoclonal 
antibody that recognizes CD52). Although a highly effective 
method of GVHD prophylaxis, TCD is associated with an 
increased risk of relapse and graft failure and delays immune 
reconstitution, increasing the risk of post - transplant infections 
such as CMV. There have been no randomized studies demon-
strating a survival benefi t for TCD. Clearly, the form of GVHD 
prophylaxis used for any particular patient should be selected 
with their individual risk of both GVHD and relapse in mind. 
Thus it may be desirable to avoid the use of TCD in patients 
with advanced leukaemia in whom the risk of relapse is high. 
In contrast, patients with a low risk of disease recurrence may 
benefi t from more intensive GVHD prophylaxis. However, 
there remains no consensus concerning the use of TCD in allo-
geneic transplantation. Many UK and European groups, while 
performing T - replete sibling allografts, would choose to use  in 
vivo  TCD in unrelated donor transplant recipients. Compromise 
strategies in which TCD is used at the same time as further 
intensifying the conditioning regimen are of interest.  

  Reduced -  i ntensity  c onditioning  r egimens in 
 m alignant and  n on -  m alignant  d isease 

 As recently as 10 years ago it was believed that a myeloablative 
conditioning regimen was essential if durable engraftment of 
donor stem cells was to be achieved. A decade ’ s experience has 

in survival using an increased dose of TBI. Studies performed 
in the past two decades have shown that while increasing the 
TBI dose reduces the risk of leukaemic relapse, this benefi t is 
offset by a concomitant increase in TRM. Similarly, there is no 
evidence that addition of busulfan to a cyclophosphamide/TBI 
regimen has any impact on disease - free survival. 

 The decision to use cyclophosphamide/TBI or busulfan/
cyclophosphamide as a conditioning regimen in sibling allo-
grafts has been studied in a number of randomized studies, all 
of which used oral busulfan without plasma level targeting. 
Given the substantial toxicity associated with the use of oral 
busulfan, the results of these studies need to be interpreted with 
caution since they may well underestimate the potential benefi t 
of a busulfan/cyclophosphamide regimen utilizing targeted or 
intravenous busulfan. However, it is of interest that both regi-
mens appeared equally effective for patients undergoing a 
sibling allograft for CML in fi rst chronic phase, while there 
appeared to be some benefi t attached to the use of a TBI - based 
regimen in patients with advanced leukemia. The advent of 
new delivery strategies for busulfan makes it important to re -
 examine the optimal myeloablative preparative regimen in 
patients with AML and myelodysplastic syndrome (MDS) and 
such studies are underway. As noted above, preliminary results 
with a combination of fl udarabine and intravenous busulfan are 
also promising.  

  Unrelated  d onor  t ransplants 
 The optimal conditioning regimen in patients undergoing an 
unrelated donor transplant has not been determined and there 
are few randomized trials in this setting. The greater degree of 
HLA disparity associated with the use of an unrelated donor 
results in a higher risk of graft failure than that observed using 
an HLA - identical sibling. For this reason many groups elect to 
use a cyclophosphamide/TBI - based regimen, with its greater 
immunosuppressive properties, although it should be noted 
that equivalent results have been reported in a number of large 
series using a busulfan/cyclophosphamide regimen. The other 
important factor determining the choice of conditioning 
regimen in unrelated donor transplant is whether TCD is 
employed. Regimens utilizing rigorous  ex vivo  TCD are associ-
ated with a higher risk of graft failure and the use of  in vivo  
approaches, using antithymocyte globulin (ATG) or alemtuzu-
mab, is preferred if TCD is to be used. In all patients receiving 
a TCD unrelated donor transplant, it is important to ensure that 
the conditioning regimen is suffi ciently immunosuppressive if 
primary graft failure is to be avoided.  

  Cord  b lood  t ransplants 
 The increased HLA disparity and high rates of primary graft 
failure in CBT makes it critical to optimize the immunosup-
pressive properties of the preparative regimen. In adults 
undergoing transplantation using a myeloablative regimen, 
engraftment rates in the region of 90 – 95% can be achieved by 
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busulfan or cyclophosphamide. All groups reported a signifi -
cant risk of severe acute and extensive chronic GVHD using 
ciclosporin with or without methotrexate as the sole form of 
GVHD prophylaxis. There are currently no data comparing the 
outcome of different RIC regimens. Given the signifi cant risk 
of GVHD associated with the use of both regimens, a major area 
of research has focused on defi ning the optimal form of GVHD 
prophylaxis.   

  Strategies for  GVHD   p rophylaxis in 
 RIC   r egimens 

 Currently, two contrasting approaches are used for GVHD 
prophylaxis in patients undergoing an RIC allograft. The fi rst 
uses combinations of ciclosporin, methotrexate and mycophe-
nolate mofetil as the sole form of GVHD prophylaxis and is 
used in patients transplanted using a T - replete stem cell inocu-
lum. The alternative approach uses ciclosporin alone and is 
most common in patients transplanted using either ATG or 
alemtuzumab as  in vivo  TCD. Supporters of a T - depleted 
approach argue that the incidence of acute, and particularly 
chronic, GVHD is otherwise unacceptably high, particularly in 
older patients transplanted using an unrelated donor. It can also 
be argued that this strategy generates an effective platform for 
the subsequent delivery of DLI with less GVHD - related toxicity. 
They point to the effectiveness of ATG and alemtuzumab in 
reducing the risk of GVHD while at the same time securing high 
rates of durable donor engraftment. Those favouring a T - replete 
strategy highlight potential abrogation of a GVL effect by TCD. 
They also cite the delay in immune reconstitution associated 
with the use of TCD and consequent increased risk of viral, 
particularly CMV, infection. As with many debates in trans-
plantation there are no randomized data to support either 
approach. Substantial numbers of patients achieve durable 
remissions with both T - replete and TCD regimens. While there 
may be an increased risk of disease relapse with a T - cell - depleted 
regimen, much would appear to depend on the intensity of 
TCD and the form of post - transplant immunosuppression 
employed.   

  Clinical  m anagement of  p atients 
 u ndergoing  s tem  c ell  t ransplantation 

 The use of PBSCs coupled with improved supportive care has 
decreased the 100 - day TRM of autologous transplantation to 
1 – 3% in most centres. The morbidity and mortality of alloge-
neic SCT has also continued to fall over the last two decades but 
the 100 - day TRM remains in the region of 10 – 20% depending 
on patient age, donor type, disease status and stem cell source. 
This progress refl ects advances in supportive care and, in 
patients undergoing an unrelated donor transplant, more accu-
rate tissue typing. Despite this organ toxicity, acute GVHD and 

confi rmed that reduced - intensity regimens that incorporate 
either fl udarabine or low - dose (200   cGy) TBI as a core immu-
nosuppressive component consistently result in long - term 
donor stem cell engraftment with a remarkable reduction in 
toxicity, particularly in older patients or patients with signifi -
cant comorbidities. At the same time there is now convincing 
evidence that such regimens provide a platform for a potentially 
curative GVL effect. As a result, numerous Phase II trials have 
demonstrated long - term disease - free survival after RIC allo-
grafts in patients whose outcome with conventional chemo-
therapy would be extremely poor. Currently the most important 
unresolved questions are, fi rstly, whether low - dose TBI/fl udara-
bine or fl udarabine in combination with an alkylating agent 
represents the optimal conditioning regimen and, secondly, 
whether a T - replete stem cell inoculum or some form of TCD 
should be used. Although there is no universally accepted defi -
nition of what constitutes an RIC regimen, the European Group 
for Blood and Marrow Transplantation (EBMT) defi nition of a 
regimen incorporating fl udarabine with low - dose TBI (4   Gy or 
less) or other immunosuppressive or chemotherapeutic drug 
such as cyclophosphamide or melphalan is generally accepted.  

  Choice of  RIC   r egimen 

  Low -  d ose (200   cGy)  TBI  -  b ased  r egimens 
 Pioneering work in a canine model by Storb ’ s group demon-
strated that durable engraftment could be achieved with a 
non - myeloablative conditioning regimen that used immuno-
suppressive doses of TBI (200 – 450   cGy) in conjunction with 
post - transplant immunosuppression in the form of ciclosporin 
and mycophenolate mofetil. In the late 1990s the Seattle group 
confi rmed these results in patients with high - risk haematologi-
cal malignancies and noted a substantial reduction in transplant 
toxicity compared with a myeloablative regimen. Early results 
from this group demonstrated a small but signifi cant risk of 
graft failure with this regimen and fl udarabine is now routinely 
incorporated into low - dose (200   cGy) TBI regimens. 
Accumulating data in the last decade confi rms that this regimen 
now reliably achieves high rates of engraftment and full donor 
chimerism and is associated with a substantially reduced TRM 
compared with myeloablative preparative regimens. Its main 
drawback is a signifi cant risk of acute and chronic GVHD. 
Recent data demonstrate that up to 66% of patients experience 
chronic extensive GVHD, the management of which is often 
very challenging, particularly in elderly and more frail patients.  

  Non -  TBI  -  b ased  r egimens 
 At the same time as low - dose TBI regimens were being devel-
oped in Seattle, groups at the M.D. Anderson Cancer Center, 
Bethesda and Jerusalem demonstrated that durable engraft-
ment of sibling and unrelated donor stem cells could be achieved 
with a similar reduction in transplant toxicity using a combina-
tion of fl udarabine and an alkylating agent such as melphalan, 
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cantly compromise a patient ’ s quality of life, are also increas-
ingly recognized and have led to the introduction of specifi c 
late - effects clinics where multidisciplinary input from trans-
plant physicians, endocrinologists, gynaecologists, ophthalmol-
ogists and psychologists can be provided.   

  Practicalities of  s tem  c ell  i nfusion and  b lood 
 p roduct  s upport 

 Stem cell products are infused in the same way as other blood 
products except for the fact that online blood fi lters should not 
be used. Stem cell products must not be irradiated. They may 
either be infused once collected or, in the case of cryopreserved 
products, be infused immediately after being unfrozen, at the 
patient ’ s bedside. The most common side - effect of the cryop-
reservative (dimethyl sulphoxide, DMSO) is nausea but since it 
is excreted by the lungs, a garlic - like odour is also observed for 
2 – 3 days after stem cell infusion. Damage to red blood cells 
releases free haemoglobin, which can precipitate acute renal 
failure, and thus patients should be adequately hydrated prior 
to stem cell infusion and for the following hours. In all patients 
urine output must be monitored closely. 

 Patients will require red cell and platelet support during the 
immediate post - transplant period. In allograft recipients, par-
ticularly cord blood transplants and patients receiving myelo-
toxic drugs such as ganciclovir, platelet transfusion may be 
required for a number of months after transplantation. All cel-
lular blood products should be irradiated (25   Gy) prior to 
administration in order to prevent transfusion - related GVHD 
(see Chapter  26 ). This should be commenced 6 weeks prior to 
transplant and is continued for 6 months after an autologous 
transplant or indefi nitely for allogeneic transplants. In patients 
undergoing allogeneic SCT where there is a major ABO incom-
patibility between donor and recipient (e.g. a group O recipient 
receiving group A bone marrow), the graft must be depleted 
of red cells prior to administration unless PBSCs are being 
transplanted in which case red blood cells are usually effectively 
depleted during leucapheresis. The subsequent choice of blood 
group for platelets or red cells depends on the precise nature of 
the ABO incompatibility, the time from SCT and the results of 
blood grouping. Delayed erythroid engraftment or haemolysis 
caused by continuing synthesis of isohaemagglutinins by host 
lymphocytes may occur several weeks after stem cell infusion 
and is associated with the presence of a positive direct anti-
globulin test and anti - donor red cell antibodies in serum or red 
cell eluates.  

  Complications of  a llogeneic  SCT  

  Early  c omplications ( d ays 0 – 90) 

  Graft  f ailure 
 Primary graft failure is defi ned as failure to achieve a neutrophil 
count above 0.5    ×    10 9 /L within 28 days of stem cell infusion and 

infections consequent on delayed immune reconstitution still 
represent major causes of morbidity and mortality in the fi rst 
few months after allogeneic transplantation (Figure  38.4 ). In 
addition, chronic GVHD remains an increasing burden for 
patients and transplant services alike with the increasing use of 
mismatched unrelated and cord blood donors. The long - term 
complications of allogeneic transplantation, which can signifi -
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Infection 17%

IPn 3%

Other 16%

HLA-identical sibling

GVHD 13%
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     Figure 38.4     Causes of death after stem cell transplantation 

2001 – 2006.  (Courtesy of the International Bone Marrow 

Transplant Registry.)   
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with adult bone marrow transplantation with similar degrees of 
HLA disparity. 

 Skin GVHD typically presents as a maculopapular rash 
involving the face, neck, palms and soles but may extend to 
involve the whole body (Figure  38.5 ). In the worst cases it 
progresses to erythroderma, with bullae formation and painful 
blistering. Histology shows apoptosis at the base of dermal 
crypts, dyskeratosis, and evidence of lymphocytes in a perivas-

in the great majority of cases is caused by failure of the condi-
tioning regimen to blunt an HVG reaction. It is rare unless there 
is marked donor – host HLA disparity, such as the use of a mis-
matched unrelated or family donor, or  in vitro  TCD has been 
deployed. Primary graft failure should be suspected in patients 
who fail to demonstrate any evidence of neutrophil engraftment 
by day +21 and should be investigated urgently with a bone 
marrow aspirate and trephine (which must be processed 
urgently), chimerism studies and virology to exclude parvovirus 
B19 or human herpesvirus (HHV) - 6 infection. Patients with no 
morphological evidence of engraftment and an absence of 
donor chimerism require urgent intervention in the form of a 
second transplant, from the same donor if available. Such 
patients require further conditioning, and fl udarabine with or 
without low - dose TBI provides potent immunosuppression in 
this setting. If there is no evidence of engraftment but peripheral 
blood lymphocytes type as donor, then an infusion of CD34 -
 positive selected PBSCs may be employed without prior condi-
tioning therapy. Alternatively, cryopreserved autologous stem 
cells, if available, can be infused. The mortality of primary graft 
failure is in excess of 50% and it is therefore important to con-
sider performing an autologous harvest in patients, such as 
unrelated donor recipients, where there is a signifi cant risk of 
graft failure. 

 Secondary graft failure is defi ned as the occurrence of sus-
tained neutropenia and thrombocytopenia after donor engraft-
ment. It is rare after sibling allografts and occurs predominantly 
in recipients of mismatched or unrelated donor transplants. 
The aetiology of secondary graft failure is often complex but 
causes that need to be considered include late graft rejection, 
drugs (co - trimoxazole and ganciclovir), viral infection (CMV, 
HHV - 6 and parvovirus B19), disease relapse and rarely hyper-
splenism. Secondary graft failure is associated with signifi cant 
mortality related to fungal infections and must be investigated 
urgently with a bone marrow aspirate and trephine and urgent 
chimerism studies. In patients with a hypocellular marrow and 
evidence of donor T - cell engraftment, a second infusion of 
donor stem cells is required.  

  Acute  g raft -  v ersus -  h ost  d isease 
 Acute pattern GVHD usually occurs within the fi rst 3 months 
post transplant, at or near the time of engraftment, and is char-
acterized by the presence of rash, diarrhoea or abnormal liver 
function tests. Depending on the type of protocol employed, 
between 20% and 70% of patients will develop this disorder. 
Acute pattern GVHD occurring after 3 months, with no fea-
tures of chronic GVHD, is also increasingly recognized in 
patients receiving RIC transplants, often folllowing withdrawal 
of immunosuppression. Risk factors for the development of 
acute GVHD include increased recipient age, unrelated or 
HLA - mismatched donor transplantation and the use of a female 
donor. Children have a lower risk of acute GVHD and recipi-
ents of CBT may have a lower incidence of GVHD compared 

(a)

(b)

     Figure 38.5     Acute skin GVHD: (a) acute cutaneous GVHD; 

(b) chronic oral GVHD.  
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toms. Approximately 70% of patients will improve signifi cantly 
with oral or intravenous corticosteroid therapy, but a number 
will either fail to respond or relapse when immunosuppression 
is tapered. Failure to respond to 7 days of intravenous corticos-
teroid therapy defi nes steroid - resistant acute GVHD and these 
patients require the use of second - line therapies. Unfortunately, 
individuals with steroid - refractory acute GVHD have a poor 
prognosis, with a non - relapse mortality in excess of 70% sec-
ondary to persistent GVHD or as a result of infectious compli-
cations. Currently, robust evidence supporting effi cacy of 
second - line treatments is lacking. Some patients with acute 
pattern GVHD affecting skin may respond to phototherapy. 
Patients with predominant gut involvement may respond to 
oral non - absorbable steroids or the monoclonal antibody inf-
liximab. In other patients, treatment with other monoclonal 
antibodies such as daclizumab or pentostatin may be of benefi t. 
More recently, encouraging results have been reported with the 
use of donor or third - party mesenchymal stromal cells, with a 
response rate of 60 – 70%. Application of this approach will 
require evaluation in prospective randomized studies. Patients 
with acute severe GVHD often require intensive supportive 
measures including replacement of gastrointestinal losses, 
parenteral nutrition, pain control and infectious prophylaxis.    

  Infectious  c omplications 
 Bacterial, fungal, protozoal and viral infections are a major 
cause of morbidity and mortality after allogeneic transplanta-
tion. Host factors include neutropenia, post - transplant immu-
nosuppression and acute or chronic GVHD requiring steroid 
therapy. Numerous additional factors contribute to delayed 

cular distribution or adjacent to dyskeratotic keratinocytes. 
Gastrointestinal involvement presents with nausea, vomiting, 
secretory diarrhoea and/or abdominal pain. In more advanced 
disease, severe abdominal pain and distension in associated 
with voluminous, occasionally bloody, diarrhoea may occur. 
Gastric, antral and rectal biopsies have a high diagnostic 
yield, with diagnostic features including the presence of apop-
totic cells in the base of crypts and a lymphocytic infi ltrate. A 
well - defi ned manifestation of upper gut GVHD is the develop-
ment of anorexia and nausea, both of which usually resolve 
rapidly if treated with low - dose methylprednisolone (1   mg/kg). 
A rising bilirubin and raised alkaline phosphatase are the initial 
features of liver GVHD, which typically develops later than skin 
or gut GVHD. Liver histology is diagnostic and demonstrates a 
portal tract lymphocytic infi ltration, pericholangitis and bile 
duct loss.   

 Accurate and early diagnosis of acute GVHD is essential for 
effective management of this potentially life - threatening disor-
der. Where possible diagnostic biopsies should be taken to both 
confi rm the presence of GVHD and assist in the exclusion of 
other aetiologies. It is also important to stage GVHD accurately 
and the criteria devised by Glucksberg (and recently updated by 
the International Bone Marrow Transplant Registry) are widely 
used (Table  38.3 ). This staging system is a reliable indicator of 
prognosis and guides the intensity of treatment required. Grade 
2 – 4 acute GVHD should be treated with high - dose methylpred-
nisolone (typically 2   mg/kg daily), which is tapered according 
to response. In the setting of limited skin GVHD and upper gut 
GVHD, topical or oral steroids (1   mg/kg) coupled with optimi-
zation of ciclosporin levels may be suffi cient to control symp-

  Table 38.3    Glucksberg staging of acute  GVHD : (a) clinical staging; (b) clinical grading. 

    (a)   

   Stage     Skin     Liver bilirubin     Gut  

  +    Maculopapular rash  < 25% body surface    34 – 51    µ mol/L    Diarrhoea 500 – 1000   mL/day or persistent nausea  

  ++    Maculopapular rash 25 – 50% body surface    51 – 102    µ mol/L    Diarrhoea 1000 – 1500   mL/day  

  +++    Generalized erythroderma    102 – 255    µ mol/L    Diarrhoea  > 1500   mL/day  

  ++++    Desquamation and bullae     > 255    µ mol/L    Pain    ±    ileus  

    (b)   

   Overall grade     Skin     Liver     Gut     Functional impairment  

  0 (none)    0    0    0    0  

  I (mild)    + to ++    0    0    0  

  II (moderate)    + to +++    +    +    +  

  III (severe)    ++ to +++    ++ to +++    ++ to +++    ++  

  IV (life - threatening)    + to ++++    ++ to ++++    ++ to ++++    +++  

  Source :   from Blume KG, Forman SJ, Appelbaum FR, eds (2004)  Thomas ’  Hemopoietic Stem Cell Transplantation , 3rd edn. Blackwell 

Science, Oxford, with permission. 
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  Herpesvirus  i nfection:  CMV ,  HSV  and  v aricella  z oster 
 Human CMV is a ubiquitous herpesvirus present in up to 60% 
of the general population, which reactivates after allogeneic 
SCT giving rise to either asymptomatic infection or, less com-
monly, end - organ damage (CMV disease) and death. Patients 
at the highest risk of CMV reactivation are seropositive recipi-
ents, especially those who receive TCD or unrelated donor 
grafts, and patients who develop GVHD requiring steroid 
therapy. CMV reactivation occurs in 40 – 80% of at - risk patients 
and until recently a substantial number of such patients devel-
oped CMV disease. CMV disease most commonly manifests as 
pneumonitis but can rarely cause gastrointestinal ulceration, 
hepatitis and retinitis. Until recently CMV was the commonest 
cause of infectious death after allogeneic transplantation. It is 
now possible to detect low levels of CMV infection after trans-
plantation, using either polymerase chain reaction (PCR) - based 
detection of CMV or detection of pp65 antigen in peripheral 
blood leucocytes (CMV antigenaemia). The introduction of 
these sensitive diagnostic techniques coupled with the develop-
ment of effective antiviral drugs has markedly reduced the 
incidence of CMV disease. Primary infection of seronegative 
patients may occur as a result of the infusion of stem cell or 
blood products from a CMV - positive donor but is rare. For this 
reason seronegative transplant recipients should receive CMV -
 negative or leucodepleted blood products to limit the possibility 
of primary infection. 

 All patients at risk of CMV infection (all CMV - seropositive 
patients and any patient with a seropositive donor) should 
undergo weekly PCR or CMV antigenaemia testing from 
engraftment until 100 days after transplantation. Patients with 
CMV reactivation should be treated promptly with ganciclovir 
(5 – 10   mg/kg daily adjusted according to renal function), a nucl-
eoside analogue that inhibits viral thymidine kinase. The major 
side - effect of ganciclovir is myelosuppression, which is espe-
cially problematic in patients transplanted using an unrelated 
or cord blood donor. Randomized studies have confi rmed that 
this pre - emptive treatment strategy reduces the risk of CMV 
disease and death after sibling allogeneic transplantation. The 
use of prophylactic ganciclovir, which is administered regard-
less of whether there is evidence of CMV infection, does not 
improve outcome and is associated with signifi cant bacterial 
and fungal infections consequent on high rates of myelotoxic-
ity. For this reason a pre - emptive approach to prevention of 
CMV disease is generally preferred. Foscarnet, a DNA polymer-
ase inhibitor, has less myelotoxicity than ganciclovir and is 
effective as part of a pre - emptive approach, although it is associ-
ated with signifi cant nephrotoxicity. 

 The incidence of CMV pneumonitis after allogeneic trans-
plantation has substantially reduced since the advent of effective 
screening and pre - emptive treatment strategies. It occurs in 
patients with evidence of CMV reactivation within the fi rst 100 
days after transplantation and typically presents with dyspnoea, 
hypoxaemia and pulmonary infi ltrates. Ganciclovir and foscar-

immune reconstitution after an allograft and include thymic 
atrophy in adults, the use of TCD and a suboptimal stem cell 
inoculum. Infectious complications are a particular challenge 
after CBT. The temporal pattern of infectious complications 
after allogeneic SCT is shown in Figure  38.6 .   

 Considerable progress has been made in the development of 
strategies to reduce the risk of infection after allogeneic SCT. 
All patients should be nursed in single rooms, preferably 
with laminar airfl ow or high - effi ciency particulate air fi ltration. 
Evidence supports the use of triazole antifungals, such as fl uco-
nazole 400   mg daily, as an effective means of reducing  Candida  
infection. Aciclovir (200 – 400   mg four times daily) is usually 
administered to prevent herpes simplex virus (HSV) reactiva-
tion. Quinolone antibiotics (e.g. ciprofl oxacin 500   mg twice 
daily) are used by some units to reduce the risk of severe Gram -
 negative infections, although the evidence supporting this 
measure is inconclusive and practice should be guided by advice 
from local microbiologists concerning the prevalence and sen-
sitivity of drug - resistant organisms. Patients should receive co -
 trimoxazole (480   mg twice daily three times per week) at the 
time of neutrophil engraftment (neutrophils  > 1.0    ×    10 9 /L) 
to prevent  Pneumocystis jirovecii  infection. If allergic to co - 
trimoxazole, nebulized pentamidine (300   mg monthly) can be 
substituted, although it should be remembered that this pro-
vides incomplete protection from  Pneumocystis  pneumonia and 
for this reason some units prefer to use dapsone. 

 Allogeneic transplants, particularly recipients of TBI -
 containing regimens, continue to be at long - term risk from 
infections caused by encapsulated bacteria such as  Streptococcus 
pneumoniae  and  Haemophilus infl uenzae  and require lifelong 
prophylaxis with penicillin (250   mg twice daily) or erythromy-
cin (250   mg twice daily) if allergic to penicillin. Antibody titres 
to diseases for which childhood vaccination is performed 
decline after SCT. Revaccination is therefore recommended, 
particularly in allograft recipients, and most centres commence 
such a programme 12 months after transplantation. 
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     Figure 38.6     Temporal pattern of infectious complications after 

allogeneic stem cell transplantation.  
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systemic antifungals, usually liposomal amphotericin. All ind-
welling catheters must be removed. Emergence of fl uconazole -
 resistant  Candida  species such as  Candida kruseii  or  Candida 
glabrata  is of concern and sensitivity data must be requested in 
any patient with  Candida  infection. 

  Aspergillus  infections usually present prior to or shortly after 
engraftment. The most common manifestation is as invasive 
pulmonary aspergillosis (IPA), which typically presents with 
an antibiotic - resistant fever, a signifi cantly raised C - reactive 
protein, and abnormal chest radiography or high - resolution 
CT, often in the absence of respiratory symptoms. Rarely 
invasive  Aspergillus  infections can present with cerebral or 
hepatic disease. Accurate diagnosis of  Aspergillus  infections 
remains problematic since spores are only rarely cultured from 
lavage fl uid or infected tissues and the sensitivity and specifi city 
of other currently available diagnostic techniques is low. 
Contradictory results have been obtained using galactomannan 
detection assays and the initially encouraging results with PCR 
technology have not been confi rmed by all groups. Operationally, 
the most helpful test in deciding whether IPA is a clinical pos-
sibility is high - resolution CT of the chest, which should be 
obtained in all patients with a neutropenic fever that has per-
sisted for more than 72 hours. While the characteristic radio-
graphic features of peripheral nodular shadows, with or without 
evidence of cavitation or a  ‘ halo ’  sign, may take weeks to 
develop, the presence of any signifi cant pulmonary infi ltrate 
substantially increases the likelihood of  Aspergillus  infection 
and is an indication for the consideration of treatment doses of 
liposomal amphotericin or voriconazole. Importantly, the likli-
hood of IPA in a patient with a normal chest on high - resolution 
CT is low. Improved antifungal drugs now make it possible to 
contemplate allogeneic transplantation in patients with a previ-
ous proven or suspected invasive fungal infection. Risk factors 
for recrudescence of fungal disease in this setting include a short 
period ( < 6 weeks) of antifungal treatment prior to transplant, 
the use of bone marrow or cord blood cells as opposed to 
PBSCs, occurrence of grade 2 or greater acute GVHD, and CMV 
reactivation.   

  Organ  t oxicity 
  Gastrointestinal  t oxicity 
 Mucositis is frequently observed in patients transplanted using 
a myeloablative conditioning regimen but is less common in 
patients transplanted using an RIC regimen. Symptoms of oral 
pain and pain on swallowing typically develop in the fi rst few 
days after stem cell infusion and peak approximately 8 days post 
transplant. The severity of mucositis is closely correlated with 
the intensity of the conditioning regimen, the use of higher 
doses of fractionated TBI and the inclusion of methotrexate as 
a component of the GVHD prophylaxis regimen. Patients with 
severe mucositis should receive adequate (often opiate) analge-
sia and be monitored for evidence of airway obstruction. In 
patients who develop symptoms of severe oesophagitis, the pos-

net are often ineffective in patients with established CMV pneu-
monitis. However, recent studies have demonstrated signifi cant 
activity of cidofovir, which is considered in some units as fi rst -
 line treatment in all patients with CMV pneumonitis. Cidofovir 
is nephrotoxic but can usually be safely administered if atten-
tion is paid to adequate hydration and other nephrotoxic drugs, 
particularly foscarnet, are discontinued. The role of high - titre 
CMV immunoglobulin in the treatment of CMV pneumonitis 
remains unclear, although it is still widely used, if available. The 
effective treatment of CMV infection delays the development of 
an immune response to CMV and as a result late (beyond 100 
days post - transplant) CMV reactivation and disease is increas-
ingly observed. Risk factors for late CMV infection include pre-
vious CMV reactivation, lymphopenia and the presence of 
active GVHD. 

 Other members of the herpesvirus family have the potential 
to cause signifi cant morbidity after allogeneic SCT. The inci-
dence of HSV, which used to be very common in the fi rst 30 
days after SCT, has been sharply reduced by the use of prophy-
lactic aciclovir. Reactivation of varicella zoster virus (VZV) 
occurs in up to 50% of at - risk patients after allogeneic SCT and 
typically presents as shingles with severe pain and a dermatomal 
vesicular eruption. Less commonly, VZV reactivation presents 
with atypical pain (headache or undiagnosed abdominal pain) 
in the absence of a rash. Prompt treatment of VZV infections 
with high - dose intravenous aciclovir is indicated after alloge-
neic SCT to prevent dissemination but also to reduce the sever-
ity of post - herpetic neuralgia. HHV - 6 is also increasingly being 
reported in association with a syndrome variously associated 
with delayed engraftment, encephalitis and hepatitis.  

  Fungal  i nfections 
 Fungal infections remain a major complication after SCT, 
refl ecting the absence of accurate diagnostic tests and the inad-
equacy of current therapies. A high index of clinical suspicion 
is therefore required in transplant patients, particularly allo-
grafts, and most units administer systemic antifungal therapy 
early in the management of neutropenic fever. Risk factors for 
the development of fungal infection include prolonged neutro-
penia after SCT, the use of high - dose corticosteroids for treat-
ment of GVHD and a history of prior fungal infection. 

 Effective strategies exist for the prophylaxis and treatment of 
infection with yeasts ( Candida  spp.) but are lacking for infec-
tion with moulds such as  Aspergillus  spp.  Candida  infections 
typical manifest as oral thrush and less commonly as oesopha-
geal candidiasis. Hepatosplenic candidiasis is seen occasionally, 
presenting with high spiking fevers at the time of engraftment 
in association with abnormal liver function tests. Ultrasound or 
computed tomography (CT) of the liver and spleen will confi rm 
the diagnosis. Prophylactic use of fl uconazole (400   mg daily) 
has proved effective in reducing the incidence of both superfi -
cial and invasive candidiasis. Patients who develop either hepat-
osplenic candidiasis or candidaemia should be treated with 
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Hepatic Doppler studies demonstrating evidence of reversal of 
portal fl ow support the diagnosis. Defi nitive diagnosis requires 
transjugular venous liver biopsy, which has signifi cant morbid-
ity in the early post - transplant period and is therefore often 
avoided. It is important to exclude other causes of hyperbi-
lirubinaemia, particularly ciclosporin toxicity (which can 
present with a very similar clinical picture), haemolysis (typi-
cally consequent on donor – recipient ABO mismatch or trans-
plantation - associated microangiopathic haemolytic anaemia) 
and the hepatitis of sepsis (cholangitis lenta). Management is 
supportive, consisting of careful fl uid balance, the judicious use 
of diuretics and, where necessary, haemofi ltration. There is now 
convincing evidence that defi brotide can effectively treat severe 
VOD. Because of the clinical similarities between VOD and 
ciclosporin toxicity, it is wise to discontinue ciclosporin for at 
least 48 hours in any patient in whom a diagnosis of VOD is 
suspected.    

  Renal  t oxicity 
 The importance of the daily monitoring of weight, fl uid balance 
and renal function in the effective management of patients after 
SCT cannot be overestimated. Impairment of renal function is 
frequently observed after allogeneic SCT unless careful atten-
tion is paid to fl uid balance and the nephrotoxic potential 
of drugs commonly used during SCT, especially ciclosporin, 
amphotericin, aminoglycosides and loop diuretics. Ciclosporin -
 related renal toxicity is usually easily reversible by temporary 
omission and dose reduction. Occasionally, ciclosporin toxicity 
manifests itself as a microangiopathic haemolytic anaemia with 
features of thrombotic thrombocytopenic purpura/haemolytic –
 uraemic syndrome. Withdrawal of the drug is mandatory. 
There is no convincing evidence that plasmapheresis is benefi -
cial. Introduction of an alternative immunosuppressant (e.g. 
mycophenolate mofetil) should be considered. Late renal toxic-
ity is observed in patients on long - term ciclosporin and patients 
who have undergone a TBI - based allograft.  

  Pulmonary  i nfections and  n on -  i nfectious  c omplications 
 A range of pulmonary infections occurs after allogeneic SCT. 
In the fi rst month after transplantation bacterial and fungal 
pneumonias are common. CMV, respiratory syncytial virus, 
infl uenza and parainfl uenza are important causes of pneumo-
nitis and typically occur in the fi rst 90 days after transplanta-
tion.  Pneumocystis  pneumonia and  Toxoplasma  infection are 
still seen occasionally in the fi rst few months after transplanta-
tion in patients who do not receive, or who are not compliant 
with, co - trimoxazole prophylaxis. 

 Non - infectious pulmonary complications occurring after 
allogeneic transplantation can be reversible but demand prompt 
diagnosis if treatment is to be effective. Pulmonary oedema 
consequent on either increased capillary hydrostatic pressure 
caused by fl uid overload or increased capillary permeability due 
to irradiation or sepsis is frequently seen in the post - transplant 

sibility of superadded infection with  Candida albicans  or HSV 
must be considered, the latter typically being associated with 
intractable vomiting. 

 Diarrhoea and/or abdominal pain are common manifesta-
tions of conditioning toxicity. Alternative causes of diarrhoea 
in the fi rst 4 weeks after transplantation include enteritis due to 
 Clostridium diffi cile , rotavirus or CMV, acute GVHD and pan-
creatitis. VZV reactivation can occasionally present with severe 
abdominal pain, often in association with markedly deranged 
liver function tests sometimes days in advance of, or even in the 
absence of, the development of classic vesicles.  

  Liver  t oxicity 
 Abnormalities in liver function tests are commonly observed 
after allogeneic SCT and causes include VOD, drugs, infectious 
complications, cholelithiasis, acute GVHD and transfusional 
iron overload (Table  38.4 ). VOD is a clinical syndrome charac-
terized by a triad of hyperbilirubinaemia (bilirubin  > 34    µ mol/L), 
weight gain ( > 5% over baseline), and painful hepatomegaly. It 
is associated with evidence of damage to sinusoidal endothelial 
cells and hepatocytes and subsequent damage to the central 
veins in zone 3 of the hepatic acinus. In severe cases hepatic 
venular occlusion and widespread zonal disruption may lead to 
portal hypertension, hepatorenal syndrome, multiorgan failure 
and death. Risk factors for the development of VOD include the 
use of conditioning regimens containing busulfan or higher 
doses of TBI, pretransplant abnormalities of liver function tests, 
previous abdominal irradiation and recent exposure to the anti -
 CD33 antibody gemtuzumab ozogamicin (Mylotarg). A diag-
nosis of VOD is most commonly made on clinical criteria. 

  Table 38.4    Causes of abnormal liver function tests after 

allogeneic  SCT . 

   Precipitant     Clinical presentation  

  Veno - occlusive 

disease  

  Hyperbilirubinaemia associated with weight 

gain, ascites and painful hepatomegaly  

  Drugs    Ciclosporin (hyperbilirubinaemia), azole 

antifungals (raised AST)  

  Haemolysis    Fall in Hb associated with unconjugated 

hyperbilirubinaemia and positive 

Coombs test  

  Biliary 

obstruction  

  Dilated biliary tree associated with 

gallbladder  ‘ sludge ’  or cholelithiasis  

  Infection    Viral hepatitis, fungal infection 

(disseminated aspergillosis or 

candidiasis), cholangitis lenta 

(progressive development of obstructive 

picture occurring days after an episode 

of sepsis)  
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will require ITU admission at some stage during their 
treatment. 

 Analysis of outcome in patients admitted to ITU has identi-
fi ed factors determining survival at varying stages after trans-
plantation, allowing rational decisions about the likelihood of 
benefi t of sustained intensive care in patients with multiorgan 
failure. Further sophistication in defi ning who will benefi t from 
admission to ITU has been provided by the application of 
scoring systems. These include the Acute Physiology and 
Chronic Health Evaluation (APACHE) II and III mortality pre-
diction models and Simplifi ed Acute Physiology Score (SAPS) 
prognostic systems. Application of these scores prior to admis-
sion to ITU and, where appropriate, after a 72 - hour period on 
ITU is helpful in identifying patients who will benefi t from 
institution or continuation of intensive support. A number of 
studies have indicated that the development of progressive 
organ failure or the presence of multiorgan failure 72 hours 
after admission to ITU predicts an extremely poor outcome. 
The careful integration of these data into discussion with rela-
tives and, where possible, patients can spare many the indignity 
of prolonged and futile intervention.   

  Late  c omplications 
 As the results of allogeneic SCT have improved, its long - term 
complications have come to be better recognized. Chronic 
GVHD, secondary malignancies, and growth and fertility dis-
orders represent an increasingly important cause of morbidity 
in patients who have been cured of their underlying disease. 

  Chronic  GVHD  
 Chronic GVHD refers to a complex syndrome occurring more 
than 3 months following allogeneic transplantation and is its 
commonest long - term complication. There is increasing recog-
nition that its onset can be variable and that patients may 
present features of both acute and chronic GVHD (often 
referred to as overlap syndrome). Registry data show that 
chronic GVHD occurs in approximately one - third of patients 
undergoing T - replete transplants from HLA - identical siblings, 
rising to two - thirds of patients receiving T - replete grafts from 
unrelated donors. Risk factors for the development of chronic 
GVHD include increased recipient age, the use of PBSCs as 
opposed to bone marrow as stem cell source, transplantation 
from an unrelated or HLA - mismatched donor, the use of a 
T - replete stem cell inoculum and the presence of prior acute 
GVHD. Chronic GVHD may develop directly from acute 
GVHD (progressive), after the resolution of an episode of 
acute GVHD, or  de novo  in patients with no history of chronic 
GVHD. The clinical manifestations are characterized by fea-
tures of both immunodefi ciency and  ‘ autoimmunity ’  (Figure 
 38.7 ). Previous grading systems for chronic GVHD have classi-
fi ed its severity as limited or extensive (Table  38.5 ), although 
the utility of this staging system has been questioned. Patients 
with progressive - type onset, extensive skin involvement, throm-

period. Idiopathic pneumonia syndrome, defi ned as diffuse 
lung injury occurring after SCT for which no infectious or non -
 infectious aetiology can be identifi ed, typically occurs 30 – 50 
days after transplantation. The classic presentation includes 
dyspnoea, non - productive cough, hypoxaemia and non - lobar 
infi ltrates on chest radiography and can progress rapidly to 
acute respiratory distress syndrome. Treatment is supportive 
but frequently unsatisfactory, and steroids have little effect on 
outcome. Diffuse alveolar haemorrhage is seen predominantly 
in patients undergoing autologous SCT but can also be seen in 
allogeneic recipients. This complication usually occurs within 
the fi rst 2 – 3 weeks of transplantation and presents with dysp-
noea, non - productive cough and hypoxaemia. Radiographic 
changes include interstitial or alveolar shadowing. Defi nitive 
diagnosis requires bronchoscopy, which shows fresh blood on 
repeated lavage. Early recognition of this disorder is essential 
since early intervention with high - dose steroids may signifi -
cantly improve survival.  

  Post -  t ransplant  l ymphoproliferative  d isease 
 Post - transplant lymphoproliferative disease (PTLD) includes a 
spectrum of EBV - driven B - cell hyperproliferative states that 
range from polyclonal benign proliferations to life - threatening 
neoplastic disease. Most cases of PTLD involve EBV - seropositive 
donors and present with lymphadenopathy and fever. In con-
trast to the PTLDs that develop following solid organ transplan-
tation, the majority of cases after SCT are of donor origin and 
arise as a result of inadequate T - cell control of proliferation of 
EBV - infected B cells. Risk factors for the development of PTLD 
include TCD, particularly the use of ATG, and increased HLA 
disparity. Recent reports suggest that the use of alemtuzumab 
for TCD may now also be associated with an increased risk of 
PTLD. Weekly PCR quantitation of EBV viraemia is indicated 
in patients undergoing allogeneic transplantation that incorpo-
rates ATG or alemtuzumab and in all CBT procedures. Patients 
with a rising EBV load may be managed by a reduction in 
immunosuppression or treated with pre - emptive anti - CD20 
monoclonal antibody (rituximab), although the triggers for 
intervention have not been precisely defi ned. In patients with a 
documented PTLD, early treatment with rituximab and, where 
possible, cessation of immunosuppressive therapy are the key 
to treatment. DLI using EBV - specifi c cytotoxic T lymphocytes 
has also been used with effect.   

  Intensive  c are  s upport 
 The likelihood of developing organ failure requiring admission 
to the intensive therapy unit (ITU) after SCT varies widely 
according to stem cell source (autologous vs. allogeneic), the 
intensity of the conditioning regimen and the presence of 
pretransplant comorbidities. While recent studies suggest a 
reduction in the proportion of transplant recipients requiring 
ITU admission, it remains the case that at least 10% of allo-
grafted patients, and in some institutions signifi cantly more, 
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bocytopenia or bronchiolitis obliterans have a particularly poor 
prognosis. A new scoring system based on the number of organs 
involved and the severity within each affected organ is likely to 
be adopted, particularly in trials of novel therapies.     

 Current treatment options are unsatisfactory and in the fi rst 
instance involve immunosuppression with ciclosporin or pred-
nisolone prior to the institution of a gradual reduction in 
responding patients. In patients, who fail to respond or who 
show steroid dependency, second - line therapies including 
extracorporeal photopheresis, sirolimus and rituximab can be 
effective. Extracorporeal photopheresis is particularly benefi cial 
in patients with sclerodermatous involvement and appears to 
be less effective in patients with visceral disease. Rituximab has 
been employed successfully in some patients, with responses 
observed particularly in patients with musculoskeletal involve-
ment. Other treatments suggested include non - absorbable 
steroids for those with gut involvement, tacrolimus (FK506), 
thalidomide and imatinib. Defi nitive prospective randomized 
data supporting any of these strategies are lacking.  

  Secondary  m alignancies 
 The incidence of solid tumours in recipients of allogeneic SCT 
is increased compared with control populations and includes a 
higher rate of skin or buccal cavity squamous cell carcinoma 
and melanoma. In the largest study to date, the cumulative 
incidence of all solid tumours was 2.2% at 10 years and 6.7% 
at 15 years, although the latter fi gure may represent an overes-
timate. Risk factors for the development of secondary malig-
nancies include the use of TBI in the conditioning regimen and 
the presence of chronic GVHD.  

  Growth,  p uberty and  f ertility 
 Retarded growth is seen predominantly in children who receive 
transplants at a younger age ( < 10 years) and in those who have 
received irradiation, particularly cranial irradiation. Growth 
retardation is multifactorial and although growth hormone 
levels may be diminished as a consequence of hypothalamic or 
pituitary irradiation, this does not entirely account for the 
observed reduction in height. Gonadal failure (both testicular 
and ovarian) is a common consequence of myeloablative con-
ditioning regimens, particularly those which contain TBI or 
busulfan. While prepubertal females receiving cyclophospha-
mide alone (as for transplantation in severe aplastic anaemia) 
have a high probability of experiencing a normal puberty, most 
receiving other preparative regimens will fail to regain normal 
ovarian function and will require sex hormone replacement 
therapy for the induction of puberty. Thereafter sex hormone 
replacement is indicated to maintain the menstrual cycle and 
normal bone turnover/mineralization, but the optimal duration 
of therapy and the potential long - term risks of hormone 
replacement therapy in this setting are unknown. Although 
about 10% of women who receive TBI - containing regimens 
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     Figure 38.7     Clinical manifestations of chronic GVHD  

  Table 38.5    Classifi cation of chronic  GVHD . 

   Limited chronic GvHD   

   Either or both   

  Localized skin involvement  

  Hepatic dysfunction as a result of chronic GVHD  

   Extensive chronic GvHD   

   Either   

  Generalized skin involvement  

   or   

  Localized skin involvement and/or hepatic dysfunction as a result 

of chronic GVHD  

   plus   

  Liver histology showing chronic aggressive hepatitis bridging 

necrosis or cirrhosis  

   or   

  Involvement of eye (Schirmer test with  < 5   mm wetting)  

   or   

  Involvement of minor salivary glands or oral mucosa 

demonstrated on labial biopsy  

   or   

  Involvement of any other target organ  

  Source :   from Blume KG, Forman SJ, Appelbaum FR, eds (2004) 

 Thomas ’  Hemopoietic Stem Cell Transplantation , 3rd edn. 

Blackwell Science, Oxford, with permission. 
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  Patient  f actors  d etermining  o utcome 
 a fter  a llogeneic  s tem  c ell  t ransplantation 

 The major causes of treatment failure after allogeneic transplan-
tation are organ toxicity, infectious complications, GVHD and 
disease relapse (see Figure  38.4 ). TRM after allografting is deter-
mined by specifi c patient and donor characteristics and these 
can be used to calculate transplant risk, providing useful infor-
mation in assessing whether an individual patient is likely to 
benefi t from allogeneic transplantation (Table  38.7 ). The advent 
of RIC regimens and alternative stem cell sources has increased 
the importance of developing a robust estimate of TRM. Recent 
studies in patients allografted using an RIC regimen have 
allowed the development of a comorbidity scoring system that 
assists in prediction of TRM and overall survival. These impor-
tant studies require validation in specifi c RIC regimens, particu-
larly those incorporating alternative donors or TCD, but offer 
the prospect of developing a more rational basis of selecting 
candidates for allogeneic transplantation.    

  Indications for  t ransplantation 

 SCT is now an essential constituent of the treatment strategy 
for many haematological malignancies. In the case of autolo-
gous transplantation current practice has been informed by the 
results of randomized controlled trials comparing the outcome 
of transplanted patients with those who have received standard 
chemotherapy. However, methodological challenges have made 
it much more challenging to perform randomized trials in the 
setting of allogeneic transplantation. Obstacles not only include 
randomization biases introduced because of the fi xed percep-
tions of either physicians or patients but also the very real 
problem that the allograft arm may include a smaller propor-
tion of patients with high - risk disease given the propensity of 
such patients to relapse before they reach transplantation. The 
only effective approach that allows these biases to be removed 
is the use of a  ‘ donor versus no - donor ’  analysis, which exploits 

may have some recovery of gonadal function, the overall inci-
dence of pregnancy is very low. The advent of RIC raises the 
prospect that some women may remain fertile after transplanta-
tion and in this case prior therapies and age will be additional 
factors determining fertility. In males, cryopreservation of 
sperm should be performed at diagnosis since chemotherapy 
and transplantation both result in a high rate of male 
infertility.    

  Complications of  a utologous  SCT  

 The morbidity and mortality of autologous SCT is much lower 
than that observed in allogeneic transplantation. The major 
toxicities relate to immediate or delayed organ failure caused by 
the conditioning regimen or complications consequent on neu-
tropenia or thrombocytopenia (Table  38.6 ). The major infec-
tious complications are bacterial and fungal and occur in the 
main in the fi rst 28 days after transplantation. Late complica-
tions are rare but include pulmonary fi brosis in patients who 
have received busulfan and carmustine and gonadal failure in 
recipients of TBI or busulfan - containing regimens. Female 
recipients of BEAM chemotherapy may recover some gonadal 
function. The development of myelodysplasia is a well - 
recognized late complication, particularly in patients trans-
planted using a TBI - based regimen. In general, treatment - related 
MDS or AML occurs within 12 months of transplantation and 
is most frequently associated with abnormalities of chromo-
some 5 or 7 or a complex karyotype. It appears that prior 
chemotherapy is the most important factor in the development 
of MDS or AML since the leukaemia - associated cytogenetic 
abnormality can be detected in the infused stem cell 
inoculum.     

  Table 38.6    Immediate complications of autologous  SCT . 

   Organ     Complications  

  Lung    Diffuse alveolar haemorrhage, interstitial 

pneumonitis especially in recipients of 

bleomycin/carmustine -  and TBI - containing 

regimens  

  Gastrointestinal    Mucositis, nausea, diarrhoea  

  Hepatic    Asymptomatic elevation of bilirubin or AST, 

veno - occlusive disease (especially recipients 

of busulfan - containing regimens)  

  Renal    Prerenal acute renal failure, renal toxicity 

(nephrotoxic antibiotics), interstitial 

nephritis  

  Cardiac    Arrhythmias, cardiac failure 

(cyclophosphamide)  

  Table 38.7    Impact of pretransplant patient and donor 

characteristics on outcome after allogeneic  SCT . 

  Patient age  

  Donor match (sibling vs. unrelated donor)  

  Donor sex (female; male is associated with worse outcome)  

  Disease stage  

  Time from diagnosis to transplant (applies to patients with CML 

in fi rst CP)  

  Patient CMV serostatus (if undergoing volunteer unrelated 

donor transplant)  
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hood of locating a suitable matched donor is signifi cantly lower. 
Two potential donor options now exist for adults lacking a suit-
able sibling donor in the form of either an unrelated or cord 
blood donor. 

 Thanks to the rapid expansion of unrelated donor registries, 
approximately 12 million unrelated donors are now registered 
worldwide. As a result it is possible to identify a suitable donor 
in up to 70 – 80% of Caucasians, although this fi gure is much 
lower in other ethnic groups. Preferably the donor should be 
matched for HLA A, B, C; DRB1, and DQB 1 (10/10). Initial 
results with unrelated donor transplantation were associated 
with a high TRM and an increased incidence of severe GVHD. 
In the last decade there has been a marked improvement in 
outcome of unrelated donor SCT because of the availability of 
molecular typing at class I and II loci of the HLA complex. It is 
now clear that the presence of multiple disparities at class I or 
II loci are associated with a worse transplant outcome (see 
Chapter  37 ). As yet we lack suffi cient information to allow us 
to identify whether specifi c allelic mismatches are of particular 
clinical signifi cance. Although the recent growth in the size of 
unrelated donor registries internationally has increased the 
availability of volunteer unrelated donors, their unrepresenta-
tive ethnic composition limits the availability of donors for 
ethnic minorities. Consequently, the timely identifi cation of a 
suitable alternative donor remains a challenge for a signifi cant 

the availability of an HLA - identical sibling donor as a form of 
biological randomization. However, such an approach is hard 
to apply in rarer diseases and diffi cult to apply to recipients of 
alternative donor transplants. Consequently, many of the rec-
ommendations concerning the role of allogeneic transplanta-
tion in specifi c diseases will continue to be based on registry 
data or institutional Phase II studies. 

 In order to provide a robust framework for SCT, the EBMT 
publishes a regularly updated summary of indications for trans-
plantation (Table  38.8 ), allowing a consistent approach to be 
adopted. This categorizes specifi c diseases according to whether 
autologous or allogeneic SCT is accepted as standard therapy, 
is a promising treatment modality requiring further evaluation, 
or is not indicated.    

  Factors  d etermining the  c hoice of 
an  a llogeneic  s tem  c ell  d onor: 
the  d onor  a lgorithm 

 An HLA - identical sibling donor can be identifi ed in fewer than 
one - third of patients eligible for an allogeneic transplant. In 
older patients, where potential sibling matches may have 
medical conditions precluding stem cell donation, the likeli-

  Table 38.8    Indications for  SCT . 

        Autologous SCT     Allogeneic SCT  

   Sibling transplant     VUD transplant  

  AML fi rst CR              

     Good - risk cytogenetics    NR    NR    NR  

     Standard - risk cytogenetics    R    R    NR  

     Poor - risk cytogenetics    R    R    R  

  AML second CR    R    R    R  

  ALL (normal cytogenetics) fi rst CR    D    R    NR  

  ALL t(9;22) fi rst CR    R    R    R  

  ALL second CR    R    R    R  

  CML fi rst CP    NR    R (after trial of imatinib)    R (after trial of imatinib)  

  MDS    NR    R    R  

  Myeloma    R    R    D  

  Hodgkin disease fi rst CR    NR    NR    NR  

  Hodgkin disease relapsed    R    R    D  

  NHL DLBCL fi rst CR    D    D    D  

  NHL DLBCL relapse    R    R    D  

  NHL follicular    D    R    D  

  Aplastic anaemia    NR    R    D  

  Haemoglobinopathies    NR    R    D  

   ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; CML, chronic myeloid leukaemia; CR, complete remission; 

D, developmental; DLBCL, diffuse large B - cell lymphoma; MDS, myelodysplastic syndrome; NHL, non - Hodgkin lymphoma; NR, not 

recommended; R, recommended; VUD, volunteer unrelated donor.   
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the antileukaemic activity of a myeloablative allograft can be 
augmented. In routine clinical practice the options for manipu-
lating a GVL effect are limited and are restricted to modifying 
the intensity of post - transplant immunosuppression, for 
example through the institution of a rapid ciclosporin taper in 
patients at a high risk of disease relapse. While the prophylactic 
use of DLI in patients deemed at high risk of relapse is an attrac-
tive option, such an approach is diffi cult to effect in practice 
because many patients will relapse early while still on immuno-
suppression and before DLI can be administered. In those 
patients in whom a course of prophylactic DLI can be com-
menced before disease relapse, the risk of severe GVHD associ-
ated with its use in the fi rst 12 months after transplantation 
represents a signifi cant problem. 

 In patients transplanted using an RIC regimen, there is 
limited room for increasing the intensity of the conditioning 
regimen without increasing transplant toxicity. Maximizing a 
GVL effect can be achieved by limiting post - transplant immu-
nosuppression. There remains considerable debate as to whether 
the presence of mixed T - cell chimerism after an RIC allograft 
is associated with an increased risk of disease relapse. On the 
basis that it is an indicator of bidirectional tolerance and there-
fore permissive for disease relapse, a number of units adminis-
ter prophylactic DLI in patients who have been transplanted 
using an RIC regimen in whom mixed T - cell chimerism persists 
after the withdrawal of post - transplant immunosuppression. 
Defi nitive data concerning the effectiveness of this approach in 
improving outcome are not yet available. 

 The management of patients who relapse after allogeneic 
transplantation is complex and in many patients should prob-
ably be palliative. This particularly applies to patients trans-
planted for acute leukaemia who relapse within the fi rst 12 – 18 
months post transplant or patients with a history of severe acute 
or chronic extensive GVHD. However, there is now a signifi cant 
population of patients in whom DLI or a second transplant 
should be considered. Two factors determine the use of DLI in 
clinical practice. Firstly, the ability of DLI to deliver durable 
remissions is highly dependent on the underlying haematologi-
cal malignancy. Thus up to 80% of patients who have relapsed 
after an allograft for CML will achieve a durable molecular 
remission with DLI in contrast to patients transplanted for 
acute leukaemia or myeloma where response rates are much 
lower. Prior cytoreduction appears to increase the likelihood of 
patients with relapsed acute leukaemia achieving a durable 
response to DLI. The major complications of DLI are myelo-
suppression and GVHD. Myelosuppression is most commonly 
observed in patients with overt haematological relapse and may 
require treatment with G - CSF and occasionally transfusion of 
donor CD34 - positive selected PBSCs. In early studies DLI was 
administered as a single bulk infusion and was associated with 
a signifi cant risk of severe GVHD. However, the recognition 
that use of an escalating schedule of administration substan-
tially reduces the risk of severe GVHD without compromising 

number of patients, particularly those with high - risk acute 
leukaemia who require urgent transplantation. 

 UCB has long been known to be a rich source of haemo-
poietic progenitors and recent results have demonstrated that 
high rates of durable engraftment can be achieved in adults, 
comparable to those achieved in children, providing the cell 
dose is optimized. Importantly, it appears that greater degrees 
of HLA mismatch can be tolerated using UCB than with a vol-
unteer unrelated donor. As a result it is possible to transplant a 
cord blood unit mismatched at two or fewer HLA - A,  - B or 
 - DRB1 antigens as long as an adequate cell dose is available. 
This, coupled with the speed of procurement of UCB units, has 
resulted in the emergence of cord blood as an increasingly 
important alternative stem cell source in both adults and chil-
dren. Although initial results using UCB in adults were com-
promised by delayed engraftment and a high rate of primary 
graft failure, these problems have largely been overcome by 
ensuring the use of a high total nucleated cell dose or two cord 
blood units. As a result UCB is increasingly recognized as an 
important stem cell source in adults with high - risk leukaemia 
lacking a suitable unrelated donor, providing strict matching 
and cell dose requirements are adhered to, although its precise 
role needs to be defi ned in prospective clinical trials. 

 Until recently, haploidentical transplants were associated 
with unacceptable rates of graft failure and GVHD because of 
the presence of HLA disparity at all major HLA antigens. 
However, the ability to maximize the stem cell dose, using 
G - CSF - mobilized progenitors, coupled with the development 
of effi cient methods of TCD, has signifi cantly improved 
outcome and it is now an important treatment option in chil-
dren lacking an unrelated donor. In adults many allograft 
centres now prefer UCB as a stem cell source in adults without 
an unrelated donor but a number of European centres now also 
report encouraging results in adults using haploidentical 
donors.  

  Management of  d isease  r elapse 

 Disease relapse remains a major cause of treatment failure after 
allogeneic transplantation and is caused by either resistance of 
tumour cells to the conditioning regimen or failure of the donor 
immune system to eradicate residual malignant haemopoiesis. 
Possible mechanisms for tumour cells evading a GVL effect 
include downregulation of HLA class I or II expression or 
absence of costimulatory molecules on leukaemic blasts or loca-
tion of residual cells in privileged sites such as the CNS or testes. 
While it is possible to reduce the risk of disease relapse after a 
myeloablative allograft by increasing the intensity of the pre-
parative regimen, this approach does not translate into improved 
overall survival because of the increased TRM associated with 
a more intense conditioning regimen. Consequently, optimiza-
tion of the GVL effect represents the only mechanism by which 
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nist plerixafor, may overcome cytoadhesion - mediated drug 
resistance and increase the activity of drugs such as melphalan. 
Although contamination of PBSC grafts by malignant cells can 
undoubtedly contribute to disease relapse after an autologous 
transplant, there is no evidence that purging of stem cell collec-
tions reduces relapse risk.  

  Allogeneic  SCT  

 The major advances in allogeneic transplantation in the past 
decade have been the introduction of RIC regimens and the 
increased availability of alternative donors. As a result alloge-
neic transplantation is increasingly employed as a treatment 
option in patients with haematological malignancies. However, 
the challenges of allografting remain substantially unchanged: 
GVHD, infection and disease relapse. Since all three, to a 
greater or lesser extent, are consequent on a failure to regulate 
or harness the donor immune response appropriately, 
advances in their management are rarely made alone but are 
interlinked. 

 The development of novel strategies to prevent GVHD are 
dependent on whether they are to be employed in the context 
of TCD or not. In patients transplanted using a T - replete stem 
cell inoculum, drugs such as mycophenolate mofetil and 
sirolimus are being actively considered as alternatives for 
GVHD prophylaxis. In the setting of TCD, where the risk of 
GVHD is low, the emphasis is on minimizing the impairment 
in immune reconstitution and increased infectious complica-
tions caused by depletion of donor T cells. One promising 
approach by which this might be achieved is through the use of 
 ‘ add backs ’  of antigen - specifi c T cells recognizing common 
post - transplant viral pathogens such as CMV, EBV or adenovi-
rus. Such cells can be generated either by coculturing donor 
lymphocytes with APCs primed with candidate antigens fol-
lowed by expansion or by early selection on the basis of 
interferon -  γ  secretion (a technique termed  ‘ IFN -  γ  capture ’ ). 
Alternatively, antigen - specifi c cells might be selected directly 
from peripheral blood using immunomagnetic techniques 
based on labelling of antigen - specifi c cells using HLA class 
I – peptide multimers. In situations where a donor has no rele-
vant immunity (e.g. where a CMV - seropositive patient is trans-
planted from a seronegative donor), gene transfer of a TCR 
specifi c for the relevant viral antigen is under investigation. In 
order to improve coverage against multiple pathogens, infusion 
of donor lymphocytes from which alloreactive T cells have been 
depleted may hasten immune reconstitution without incurring 
the risk of GVHD normally associated with DLI. Such an 
 ‘ allodepletion ’  strategy can be achieved by either directly remov-
ing donor CD8 cells from the infusion, given that CD8 cells are 
postulated to be the major effectors of GVHD, or alloreactive 
T cells can be depleted from the graft by incubating cells  ex vivo  
with recipient APCs. Activated T cells capable of mediating 

its effi cacy has markedly reduced the toxicity of DLI. The expla-
nation why early DLI is associated with such a high risk of severe 
GVHD is unclear but may relate to more rapid expansion of 
donor alloreactive T cells in the profoundly lymphopenic envi-
ronment present in the fi rst few months after transplantation. 
An alternative approach in patients who relapse late and in 
whom there was no evidence of either acute or chronic GVHD 
is a second allograft using an RIC regimen. Although associated 
with an increased TRM, a number of studies now show a sig-
nifi cant chance of long - term disease - free survival after a second 
allograft in a signifi cant proportion of such patients. 

 Relapse after autologous SCT is caused by either resistance 
of the underlying haematological malignancy to the myeloabla-
tive conditioning regimen or infusion of contaminating tumour 
cells at the time of transplantation. Patients with myeloma in 
whom the duration of response to the fi rst transplant was 
greater than 18 months may benefi t from a second autograft, 
although whether this is superior to the outcome of treatment 
with one of the newer agents such as bortezomib or lenalido-
mide is unknown. Allogeneic transplantation using an RIC 
regimen is an important treatment option in patients with 
Hodgkin disease or non - Hodgkin lymphoma who have relapsed 
after an autologous transplant.  

  Future  d evelopments in  s tem  c ell 
 t ransplantation 

  Autologous  SCT  

 Relapse remains the commonest cause of treatment failure in 
patients after autografting. It is likely that the most important 
cause of disease recurrence after an autologous transplant is 
caused by tumour chemoresistance or radioresistance. Most of 
the drugs contained in preparative regimens are already admin-
istered at close to the limit of extramedullary toxicity and there 
is therefore little room for further dose escalation. Consequently, 
efforts to reduce relapse rate will depend on either altering the 
mode of delivery of currently used agents or the development 
of new forms of chemotherapy or radiotherapy. The recent 
advent of an intravenous preparation of busulfan is an example 
of how improved drug delivery can improve the pharmacoki-
netic profi le of an antitumour agent, thereby reducing toxicity 
and increasing activity. Many haematological malignancies are 
highly radiosensitive and there is interest in the possibility of 
increasing the effective dose of irradiation delivered to the 
marrow without increasing organ toxicity using radiolabelled 
immunoconjugates. Early - phase clinical studies using  α  ( 131 I) 
or  β  ( 90 Y) emitters conjugated to haematopoietic antigens, such 
as CD45 or CD66, demonstrate that such an approach is feasible 
and Phase II studies in myeloma and lymphoma are ongoing. 
Alternatively, drugs that disrupt tumour cell binding to the 
bone marrow microenvironment, such as the CXCR4 antago-
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GVHD can be identifi ed by their expression of CD25 or other 
activation markers and removed using magnetic selection tech-
niques or an immunotoxin. Preclinical models have suggested 
that transfer of memory phenotype T cells may also permit 
more rapid immune recovery without inducing GVHD, 
although whether such cells are truly representative of human 
memory T cells remains to be determined. There is also sub-
stantial interest in the feasibility of transferring naturally occur-
ring or  ex vivo  expanded CD4 + FoxP3 +  or IL - 10 - producing 
regulatory T cells as a means of preventing conventional T cells 
from inducing GVHD. The best approach for isolating and 
expanding these regulatory populations remains unknown, but 
the results from ongoing trials are keenly awaited. 

 From fi rst principles, reducing the risk of relapse can be 
achieved by increasing the intensity of the conditioning regimen 
(ideally without increasing transplant toxicity), administering 
antileukaemic therapies in the post - transplant period or by 
optimizing the GVL effect. Incorporating radioimmunotherapy 
(e.g. with antibodies directed at antigens specifi c for haemopoi-
etic cells or malignant cells) into the preparative regimen shows 
promise in the setting of allogeneic as well as autologous SCT 
and may prove of value in patients with advanced leukaemia, 
where relapse is the most important cause of treatment failure. 
Alternatively, patients judged to be at high risk of relapse may 
benefi t from administration of adjunctive therapies after trans-
plantation (e.g. tyrosine kinase inhibitors or demethylating 
agents), reducing the residual disease burden while a GVL 
response is established. Prophylactic DLI might be adminis-
tered in high - risk patients following TCD transplantations with 
the aim of boosting a GVL response. Given the high rate of 
GVHD associated with this approach, particularly if an unre-
lated donor has been used, there has been interest in the use of 
CD8 depletion or allodepleted DLI. Alternatively, the use of 
donor T cells that have been expanded selectively to recognize 
tumour - associated antigens or lineage - resticted minor H anti-
gens (e.g. by expanding donor cells in the presence of peptide 
mixes) may prove effective. Early clinical studies examining the 
use of lymphocytes generated against minor H antigens or leu-
kaemia - specifi c antigens such as WT1 and proteinase 3 are cur-
rently ongoing. Gene transfer of TCRs specifi c for such antigens 
is also of promise. If successful such an approach, coupled with 
a TCD transplant, may offer the prospect of disassociating 
GVHD from GVL.   
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  Introduction 

 Haemostasis is one of a number of protective processes that 
have evolved in order to maintain a stable physiology. It has 
many features in common with (and to some extent interacts 
with) other defence mechanisms in the body, such as the 
immune system and the infl ammatory response. These links 
are most clearly seen in ancient species such as the horseshoe 
crab ( Limulus polyphemus ), where a primitive  ‘ coagulation ’  
pathway is initiated by entry of endotoxin into the haemol-
ymph. Vestiges of this process still exist in humans and may 
give rise to serious clinical consequences. For example, dissemi-
nated intravascular coagulation (DIC) can be initiated by 
Gram - negative septicaemia. However, consequent upon the 
development of a high - pressure blood circulatory system, extra 
components have evolved and have resulted in a complex, 
highly integrated process in all vertebrates (Figure  39.1 ). Indeed, 
analysis of the haemostatic network in bony fi sh suggests that 
the network in its entirety evolved over 430 million years ago, 
prior to the divergence of bony fi sh from tetrapods.   

 The high blood pressure generated on the arterial side of the 
vertebrate circulation requires a powerful, almost instantaneous 

but strictly localized procoagulant response in order to mini-
mize blood loss from sites of vascular injury without compro-
mising blood fl ow generally. Systemic anticoagulant and 
clot - dissolving components have also evolved to prevent exten-
sion of the procoagulant response beyond the vicinity of vascu-
lar injury resulting in unwanted thrombus formation in the 
slow, sometimes intermittent, blood fl ow in the veins. The 
resultant haemostatic system is thus a complex mosaic of acti-
vating or inhibitory feedback or feed - forward pathways that 
integrates its fi ve major components (blood vessels, blood 
platelets, coagulation factors, coagulation inhibitors and fi bri-
nolytic elements). Furthermore, links between haemostasis and 
other elements of the body ’ s overall defence response, such as 
the complement and kinin - generating processes and infl amma-
tion, must also be considered. 

 This chapter reviews current concepts of haemostasis in 
humans and is aimed at providing a background for the 
understanding of the haemostatic disorders described in 
succeeding chapters. Attempting to understand these complex 
events is a considerable task, even to the expert; for the relative 
newcomer to the subject, it may fi rst be useful to present an 
overview of events that follow damage to a blood vessel 
and which lead to effective haemostasis and subsequent restora-
tion of vessel patency. Following this introduction, each of 
fi ve main areas will be examined in relative isolation, while 
at the same time acknowledging points of interaction and 
overlap.  
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     Figure 39.1     The haemostasis network. The network includes 

elements of coagulation initiation via TF – FVIIa interaction, 

amplifi cation via the tenase (FVIIIa – FIXa) and prothrombinase 

(FVa – FXa) complexes, feedback inhibition through specifi c 

inhibitors, and clot dissolution by fi brinolysis. Module 

organization of proteins is indicated (see Figure  39.8 ) and all 

abbreviations are given in the text. Protein names are coloured as 

follows: functionally active proteins, red; inactivated or inhibited 

proteins, blue; precursors and fi brinogen - derived components, 

black. Lines and arrows are coloured as follows: dashed red lines, 

positive procoagulant feedback loops; dashed blue lines, negative 

feedback and inhibitory loops; solid black lines, interactions or 

processes. Cream boxes indicate assembly of macromolecular 

complexes on a cellular phospholipid surface. The process of 

blood coagulation is initiated by the exposure of cells expressing 

TF to fl owing blood. Thrombin generation is propagated by a 

series of positive feedback loops, leading to fi brin deposition. 

This process is controlled by a series of negative feedback steps: 

the initiation complex is inhibited by the formation of the 

quaternary complex TF – FVIIa – FXa – TFPI and the active 

proteases FIXa, FXa and thrombin are inactivated by the serpin 

AT. In addition, thrombin initiates a negative feedback pathway 

by activating PC, leading to the inhibition of FVa and FVIIIa. 

The generation of fi brin leads to activation of the fi brinolytic 

pathway through binding of tPA, which leads to plasminogen 

activation and fi brin degradation. This pathway is also subject to 

inhibition through the binding of the serpins PAI - 1 and 

 α  2  - antiplasmin ( α  2 AP) to tPA and plasmin respectively. All these 

processes, plus platelet activation, occur simultaneously or with 

short lag times. (From McVey JH, Tuddenham EGD (2007) 

Genomics of haemostasis.  In:  Genomics and Clinical Medicine  (D 

Kumar, ed.). Oxford University Press, Oxford with permission.)   
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limited. Furthermore, thrombin generation is not a simple 
exponential cascade as was originally envisaged by Davie and 
Ratnoff when the  ‘ waterfall ’  hypothesis was described in the 
1950s. Rather, it is a complex network of interactions with posi-
tive and negative feedback loops. Thus the effects of varying the 
concentration of any component in such a system are not intui-
tively obvious. Figure  39.2  presents a version of the earlier 
cascade concept for intrinsic and extrinsic pathways of thrombin 
generation.   

 Although a tremendous improvement over previous 
ideas, obvious defi ciencies of such a scheme include the 
following. 
   •      No explanation for the variation in clinical phenotype result-
ing from defi ciencies of the components of the intrinsic 
pathway. While defi ciencies of factor (F)VIII and FIX can cause 
severe bleeding, FXI defi ciency is generally a much milder 
disorder and defi ciencies of FXII, prekallikrein and high - 
molecular - weight kininogen (HMWK) are not associated with 
any clearly defi ned phenotype.  

  Overview of  h aemostasis 

 In the most simplistic terms, blood coagulation occurs when 
the enzyme thrombin is generated and proteolyses soluble 
plasma fi brinogen, forming the insoluble fi brin polymer, or 
clot; this provides the physical consolidation of vessel wound 
repair following injury.  ‘ Haemostasis ’  refers more widely to the 
process whereby blood coagulation is initiated and terminated 
in a tightly regulated fashion, together with the removal (or 
fi brinolysis) of the clot as part of vascular remodelling; as such, 
haemostasis describes the global process by which vessel integ-
rity and patency are maintained over the whole organism, for 
its lifetime. 

 Although it is pedagogically convenient to present the sub-
systems of haemostasis as if they operate independently, the 
whole haemostatic mechanism is integrated  in vivo  so that 
thrombin generation is localized, limited and followed by fi bri-
nolysis and tissue remodelling, which are also localized and 
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     Figure 39.2     The coagulation cascade. The traditional concept of 

blood coagulation with separate intrinsic (red) and extrinsic 

(blue) pathways converging on the common pathway (green) 

with the generation of FXa. The activated partial thromboplastin 

time (APTT) is initiated by the addition of a contact activator 

(e.g. kaolin or silica) and tests for defi ciencies in the intrinsic 

pathway. The prothrombin time (PT) is initiated by addition of 

thromboplastin and phospholipids and tests for defi ciencies in 

the intrinsic pathway. The thrombin time (TT) is initiated by 

addition of thrombin and tests for an inhibitor of thrombin 

(most commonly heparin) or a problem with fi brin cleavage. 

HMWK, high - molecular - weight kininogen; PL, phospholipid.  
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  Amplifi cation of the  i nitial  s timulus 

 An updated concept of TF - initiated thrombin generation, 
including the important feedback reactions of thrombin, is 
shown in Figure  39.3 . As stated above, it is now clear from 
various  in vitro  and  in vivo  experiments that the physiological 
initiator of blood coagulation is exposure of the circulating 
zymogen FVII to membrane - bound TF. Activation of FVII to 
the protease FVIIa and formation of a very high affi nity complex 
of TF with FVIIa results in the activation of FIX and FX by the 
TF – FVIIa complex. In the absence of its activated cofactor FVa, 
FXa generates only trace amounts of thrombin from pro-
thrombin. Although insuffi cient to initiate signifi cant fi brin 
polymerization, thrombin formed in this initiation stage of 
coagulation is able to back - activate FV, FVIII and FXI by limited 
proteolysis. In the amplifi cation phase of coagulation, FXIa 
activates FIXa which forms a complex with FVIIIa. This is the 
tenase complex (FVIIIa – FIXa) that activates suffi cient FXa to 
form a complex with FVa, the prothrombinase complex (FVa –
 FXa). This results in the explosive generation of thrombin that 
ultimately leads to generation of a fi brin clot.   

 A key feature of these processes is the assembly of multimo-
lecular complexes on a phospholipid surface provided  in vivo  
by cell membranes. For procoagulant complexes such as tenase 
and prothrombinase, this surface is provided by activated plate-
lets. Each of these complexes consist of a cofactor (TF, FVa, 
FVIIIa), an enzyme (FVIIa, FIXa, FXa) and a substrate that is a 
zymogen (FIX, FX and prothrombin) of a serine protease. The 
product of one reaction becomes the enzyme in the next 
complex. The cofactors FV and FVIII are themselves activated 
by limited proteolytic digestion.  

  Feedback  i nhibition of the  p rocoagulant 
 r esponse 

 The process of amplifi cation occurs independently of the TF –
 FVIIa complex, which is rapidly inactivated by tissue factor 
pathway inhibitor (TFPI), released from thrombin - activated 
platelets or found on the surface of endothelial cells, by the 
formation of a quaternary inhibited complex (Figure  39.4 ). This 
explains the requirement for further activation of FX via FIXa –
 FVIIIa, and back - activation of FXI by thrombin, to permit 
further activation of FIX. Figure  39.4  also indicates the role of 
one of the other important inhibitors of the network, anti-
thrombin (AT), which damps down thrombin generation by 
forming inactive complexes with FIX, FX, FXI and thrombin. 
The rate of inhibition by AT is substantially increased by 
binding a variety of polysulphated mucopolysaccharides known 
as glycosaminoglycans (GAGs) on the surface of endothelial 
cells.   

 Thrombin also proteolytically activates an anticoagulant 
pathway, the protein C (PC) pathway (Figure  39.4 ). 
Thrombomodulin (TM), an endothelial cell surface receptor, 

   •      No explanation for the variation in the rate of thrombin gen-
eration observed experimentally.  
   •      Implies that clot formation can occur as a result of two inde-
pendent pathways. In fact it is clear that the interaction between 
FVII and tissue factor (TF) is the initiator of all coagulation 
processes, both in normal haemostasis and pathological situa-
tions such as thrombosis.  
   •      No recognition of the complex role of platelets in clot forma-
tion (see Chapter  40 ).    
 Despite these faults the waterfall hypothesis remains a valuable 
tool for understanding the common coagulations tests that are 
used in clinical practice today. 

  Tissue  f actor  i nitiates  b lood  c oagulation 

 A major development over the past 10 years has been the reali-
zation that exposure of blood to cells expressing TF on their 
surface is both necessary and suffi cient to initiate blood coagu-
lation  in vivo . The contact system (intrinsic pathway; see Figure 
 39.2 ) therefore does not appear to have a physiological role 
in haemostasis. Table  39.1  presents some other putative roles 
for the contact factors in body defence. TF is constitutively 
expressed at biological boundaries such as skin, organ surfaces, 
vascular adventitia and epithelial – mesenchymal surfaces, where 
it functions as a  ‘ haemostatic envelope ’ . This ensures that fol-
lowing disruption of vascular integrity blood is immediately 
exposed to cells expressing TF, leading to the initiation of blood 
coagulation. The primary control of haemostasis is therefore 
the anatomical segregation of cells expressing functional TF 
from other components of the coagulation network present in 
blood.    

  Table 39.1    Role of contact factors in integrating body defence 

mechanisms. 

   Pathway involved     Function     Comment  

  Coagulation    Prevention of blood 

loss  

  Not essential for 

normal 

haemostasis  

  Fibrinolysis    Maintenance of vessel 

patency  

  May be important  

  Complement    Contribution to 

immune response  

  Not essential  

  Kinin generation    Pain, capillary 

permeability, 

cardiovascular 

effects  

  May be important 

 in vivo   

  Renin – angiotensin 

system  

  Blood pressure 

control  

  No demonstrated 

role  in vivo   

  Chemotaxis    Phagocytosis, 

bactericidal activity  

  May be important 

 in vivo   
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effi ciently proteolysed. The preferred substrate of the thrombin –
 TM complex is PC, a zymogen that is proteolysed to activated 
PC (APC). The activation of PC can be augmented by another 
cellular receptor, endothelial cell protein C receptor (EPCR), 

plays a pivotal role in the activation of this anticoagulant 
pathway. TM binds thrombin and, by an allosteric mechanism, 
alters its substrate specifi city. The procoagulant substrates of 
thrombin, including FV, FVIII and fi brinogen, are no longer 
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Following vascular damage blood coagulation is initiated by 

exposure of FVII to cells expressing the integral membrane 

protein TF. Activation of FVII to the protease FVIIa results in the 

activation of FIX and FX by the TF – FVIIa complex. In the 

absence of its activated cofactor FVa, FXa generates only trace 

amounts of thrombin. Although insuffi cient to initiate signifi cant 

fi brin polymerization, trace amounts of thrombin formed in this 

initiation stage of coagulation are able to back - activate FV and 

FVIII by limited proteolysis. In the amplifi cation phase of 

coagulation, FVIIIa forms a complex with FIXa, activating 

suffi cient FXa that (in complex with FVa) leads to the explosive 

generation of thrombin, ultimately leading to generation of a 

fi brin clot. The tenase (FVIIIa – FIXa) and prothrombinase 

(FVa – FXa) complexes assemble on phospholipid surfaces. 

Colours and symbols as in Figure  39.1 .  
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plasminogen activator (tPA), leading to the increased activation 
of plasminogen (PLG). This results in the formation of plasmin 
at the site of the fi brin clot, which breaks down fi brin into 
soluble fi brin degradation products. The fi brinolytic system is 
also subject to inhibition through the action of inhibitors of tPA 
and plasmin, namely plasminogen activator inhibitor (PAI) - 1 
and  α  2  - antiplasmin respectively.     

  Blood  v essels 

  Blood  v essel  s tructure 

 The basic structure of blood vessels comprises three layers 
(Figure  39.6 a): the intima, the media and the adventitia. It is 

which provides a direct endothelial cell binding site for PC and 
thus increases the apparent affi nity of the thrombin – TM 
complex for PC; however, not all endothelial cells coexpress TM 
and EPCR. In complex with its cofactor, protein S (PS), APC 
rapidly inactivates the procoagulant cofactors FVa and FVIIIa 
by specifi c proteolysis, forming a negative feedback loop. The 
PC pathway is most active in the microvasculature, where the 
relative concentration of EPCR is highest.  

  Fibrinolysis 

 The fi nal step in the regulation of fi brin deposition is the pre-
vention and/or rapid removal of insoluble fi brin by the fi brino-
lytic system (Figure  39.5 ) described more fully later in the 
chapter. Briefl y, once suffi cient fi brin is generated it binds tissue 
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the components of these layers and the size of these layers 
themselves that differentiate arteries from veins, and indeed 
arteries or veins of different sizes. The intima is the innermost 
layer and the surface is covered with a single layer of endothelial 
cells (the endothelium), which rest on a basement membrane 
of subendothelial microfi brils composed of collagen fi bres and 
some elastin. The media or middle layer contains mainly circu-
larly arranged smooth muscle cells and collagen fi bres, and is 
divided from the outer adventitia by the external elastic lamina. 
Contraction and relaxation of smooth muscle cells regulates 
intravascular pressure and the rate of blood fl ow. The elastin 
allows vessels to stretch and recoil, maintaining vascular tone. 
The adventitia or outermost layer is composed of collagen fi bres 
and fi broblasts that protect the blood vessel and anchor it to 
surrounding structures.    

  The  e ndothelium 

 The endothelium functions in a multitude of physiological 
processes including intracellular transport, the regulation of 
vasomotor tone and maintenance of blood fl ow. Endothelial 
cells possess surface receptors for a variety of physiological sub-
stances, for example thrombin and angiotensin II, which may 
infl uence vascular tone directly or indirectly through various 
haemostasis - related events. Once activated, endothelial cells 
express at their surface, and in some cases release into the 
plasma, a variety of intracellular adhesion molecules, for 
example vascular cell adhesion molecule (VCAM), E - selectin, 
P - selectin and von Willebrand factor (VWF), which modulate 
leucocyte and platelet adhesion, infl ammation, phagocytosis 
and vascular permeability. 

 However, the endothelium should not be regarded as a 
simple homogeneous cell type. It would appear that endothelial 
cell phenotypes are differentially regulated. At any given point 
in time, structural and functional phenotypes may vary between 
segments of the vascular tree, and at any given location the 
endothelial phenotypes may change from one moment to the 
next. Endothelial cell heterogeneity occurs between different 
organs, within the vasculature of a given organ, and even 
between neighbouring endothelial cells of a single vessel.  

  The  p latelet –  v essel  w all  i nteraction 

 Healthy unperturbed endothelial cells exert a powerful inhi-
bitory infl uence on haemostasis by virtue of the factors they 
release or express on their surface (see Figure  39.6 a). Two of 
these, prostaglandin (PG)I 2  (or prostacyclin) and nitric oxide 
(NO), also known as endothelium - derived relaxing factor, 
have powerful vasodilator activity, acting on smooth muscle 
cells in the vessel wall (basal - directed secretion) and hence 
modulating blood fl ow. Both substances inhibit aggregation of 
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 In addition to PGI 2  and NO, endothelial cells also express an 
ecto - ADPase (CD39) on their cell surface, which rapidly metab-
olizes ATP and ADP released from activated platelets to AMP, 
thereby drastically reducing or abolishing platelet recruitment 
and aggregation in response to thrombin. 

 The 21 - amino - acid peptide endothelin (ET) - 1 is the pre-
dominant isoform of the endothelin peptide family, which 
includes ET - 2, ET - 3 and ET - 4. It exerts various biological 
effects, including vasoconstriction and the stimulation of cell 
proliferation in tissues both within and outside the cardiovas-
cular system. In the endothelium, ET - 1 is predominantly 
released abluminally towards the vascular smooth muscle, 
where it acts as a potent vasoconstrictor and mitogen for 
smooth muscle cells. In addition, ET - 1 stimulates the produc-
tion of cytokines and growth factors. Furthermore, it stimulates 
neutrophil adhesion and platelet aggregation and is chemotac-
tic for macrophages. 

 Thrombospondin (TSP) - 1 is an abundant constituent of the 
 α  - granules of platelets and Weibel – Palade bodies of endothelial 
cells. TSP - 1 was fi rst identifi ed as a thrombin - sensitive protein 
that was released in response to activation of platelets by 
thrombin. Upon release from platelets, TSP - 1 binds to the 
platelet surface in a Ca 2+  - dependent manner and interacts with 
integrins  α  IIb  β  3  and  α  v  β  3 , CD36 and the integrin - associated 
protein (IAP), integrin - bound fi brinogen and fi bronectin. 
TSP - 1 activates  α  IIb  β  3  through its binding to IAP. This results 
in spreading of platelets and aggregation.  

   von  Willebrand  f actor 

 VWF is a multimeric glycoprotein that plays an important role 
in primary haemostasis by promoting platelet adhesion to the 
subendothelium at sites of vascular injury under high shear - rate 
conditions. It is also a carrier of FVIII and this association 
protects FVIII from rapid proteolysis. Failure of FVIII to bind 
VWF, as occurs in type 2N von Willebrand disease (see Chapter 
 41 ), leads to its rapid turnover and resulting FVIII defi ciency. 
VWF is synthesized by endothelial cells, megakaryocytes and 
platelets. In endothelial cells VWF may be secreted directly into 
the circulation or stored in Weibel – Palade bodies. The VWF 
produced in megakaryocytes and platelets is not secreted but 
stored in  α  - granules. Release of VWF from these stores occurs 
following activation of endothelial cells or platelets. Some ther-
apeutic products, such as desmopressin, may work by stimulat-
ing release of stored VWF. 

 Mature VWF is composed of disulphide - linked subunits, 
each comprising 2050 amino acid residues and up to 22 carbo-
hydrate side - chains. Each subunit has a molecular mass of 
approximately 278   kDa, of which 10 – 19% is carbohydrate. Two 
subunits joined at their C - termini by a disulphide bridge form 
a dimer. Additional disulphide bridges between dimers lead to 
the formation of larger multimers that range in size from 

platelets and leucocytes (luminal - directed secretion) by raising 
intraplatelet levels of cyclic adenosine monophosphate (cAMP) 
and cyclic guanosine monophosphate (cGMP) respectively (see 
below). 

 PGI 2  is the major prostaglandin synthesized by endothelial 
cells, a small amount also being produced by fi broblasts and 
smooth muscle cells. Its action on platelets involves binding to 
a specifi c G protein - coupled receptor (PTGIR) that activates 
adenylate cyclase, thus increasing the intraplatelet cAMP con-
centration. This promotes Ca 2+  uptake into the dense tubular 
system and inhibits phosphatidylinositol metabolism, both of 
which prevent platelet aggregation and the consequent release 
of storage granules containing procoagulant molecules such 
as VWF and FV. The precursor of PGI 2  is arachidonic acid, 
derived from endothelial cell membrane phospholipids by 
phospholipases. Arachidonic acid is fi rst converted to PGG 2  and 
PGH 2 , the so - called cyclic endoperoxides, by cyclooxygenase, 
and then to PGI 2  by prostacyclin synthetase. Thrombin, and 
other agents (see above) that are generated at the site of injury, 
stimulate the synthesis of PGI 2  by adjacent endothelial cells, 
which counteracts the platelet - aggregating activity of the pro-
tease and thereby helps to localize platelet plug formation. 
Elevation of intravascular pressure and trauma, including 
venepuncture, also increase PGI 2  production and may be a 
source of artefactually high plasma levels. PGI 2  is rather unsta-
ble, with a half - life of only a few minutes in whole blood, and 
degrades spontaneously to 6 - keto - PGF 1 α  . This degradation 
product is biologically inert, but in some tissues a variable 
proportion of PGI 2  may be enzymatically converted to 6 - keto -
 PGF 1 α   or 6,15 - diketo - 13,14 - dihydro - PGF 1 α  , which retain some 
platelet - inhibitory activity. 

 The once - held belief that PGI 2  is a circulating hormone that 
limits platelet – platelet interactions within the bloodstream is 
probably false, as plasma levels of PGI 2  are at least two orders 
of magnitude below that needed to inhibit platelet aggregation. 
Although in some settings, such as following severe trauma, it 
is possible that markedly raised systemic levels could occur 
transiently, it is more likely that PGI 2  serves mainly as a local 
hormone, principally concerned with vascular tone, but possi-
bly also inhibiting the extension of the platelet plug beyond the 
immediate vicinity of any endothelial damage. 

 NO is synthesized in smooth muscle cells, macrophages and 
activated platelets, as well as by endothelial cells. Its synthesis 
and secretion may be constitutive (when it serves as a local 
hormone to  ‘ fi ne tune ’  blood fl ow). Stimulated (inducible) syn-
thesis of NO also occurs in endothelial cells exposed to cytokines 
such as interleukin (IL) - 1, tumour necrosis factor (TNF) or 
endotoxin. This produces a slower but longer - lasting rise in NO 
and can have undesirable side - effects such as infl ammation, 
cytotoxicity or prolonged hypotension. Like PGI 2 , it has a very 
short half - life (3 – 5   s) and is rapidly oxidized to the inactive 
nitrite (NO 2  

 −  ) or nitrate (NO 3  
 −  ) forms. 
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500   kDa to in excess of 10   000   kDa (Figure  39.7 ). The ultra - large 
VWF multimers are predominantly stored but when secreted 
by endothelial cells may appear as globular molecules or as thin 
fi laments that are several microns long. These ultra - large VWF 
multimers can only be detected transiently in normal plasma 
because they are cleaved by a plasma metalloproteinase 
(ADAMTS - 13). Defi ciency or inhibition of ADAMTS - 13 results 
in accumulation of ultra - large VWF multimers in plasma, 
leading to enhanced shear - induced platelet aggregation and 
microvascular thrombosis as seen in thrombotic thrombocyto-
penic purpura (TTP) (see Chapter  44 ).   

 VWF contains binding sites for collagen, fi brinogen and the 
platelet receptor, glycoprotein (GP)Ib. When vascular injury 
exposes subendothelial collagen, VWF binds and becomes 
unwound from its globular form (Figure  39.7 c). This exposes 
more binding sites and allows the capture of platelets from the 
circulation. Thus VWF, and to some extent fi brinogen, act as 
bridges between the platelet and the injured vascular wall. 
Mutations in the genes encoding the GPIb α  complex that lead 
to loss of function cause the bleeding disorder Bernard – Soulier 
syndrome. Conversely, gain - of - function mutations in either 
VWF or GPIb that increase the interaction lead to type 2B von 
Willebrand disease or pseudo (platelet - type) von Willebrand 
disease (see Chapter  41 ).  

  Endothelial  c ell  a nticoagulant  a ctivities 

 Endothelial cells regulate coagulation by a number of mecha-
nisms. The activity of the PC pathway is promoted by expres-
sion of two cellular receptors. TM is constitutively expressed on 
all endothelial cells with the exception of the brain. EPCR is 
expressed strongly in the endothelial cells of arteries and veins 
in heart and lung, less intensely in capillaries in the lung and 
skin, and not at all in the endothelium of small vessels of the 
liver and kidney. In addition, endothelial cells synthesize and 
secrete PS, the cofactor for APC in the inactivation of FVa and 
FVIIIa. 

 Endothelial cells regulate the initiation of coagulation by syn-
thesizing and secreting the main physiological inhibitor of the 
FVIIa – TF initiating complex, namely TFPI. This is described in 
greater detail below. Endothelial cell - surface GAGs are impor-
tant in binding TFPI and also modulate the activity of AT, 
which inhibits thrombin and FXa and to a lesser extent FIXa 
and FXIa.  

  Endothelium and  v essel  i njury 

 Disruption of the vessel wall following injury leads to exposure 
of procoagulant stimuli (see Figure  39.6 b). Cells of the adven-
titia or epithelial cells of the surrounding tissues express TF 
constitutively on their surfaces. Formation of a complex 
between TF and FVII present in blood fl owing from the injured 

vessel initiates coagulation, resulting in fi brin generation. 
Exposure of collagen within the subendothelial layers of the 
vessel wall leads to immobilization of plasma VWF, triggering 
platelet adhesion, aggregation and activation. Release of the 
contents of platelet  α  - granules increases the local VWF concen-
tration and activation of endothelial cells results in release of 
Weibel – Palade bodies, further increasing the local concentra-
tion of VWF and expression of the cell adhesion molecule 
P - selectin, leading to further recruitment of platelets. In addi-
tion, release of ET - 1 from the endothelium stimulates platelet 
aggregation and vasoconstriction, limiting blood loss. The anti-
coagulant activities of the endothelial cells discussed above serve 
to limit fi brin deposition and prevent vascular occlusion.  

  Endothelial  c ell -  d erived  fi  brinolytic  f actors 

 Three important fi brinolytic factors are detectable in the vessel 
wall: tPA and PAI - 1 are synthesized primarily by endothelial 
cells, whereas urinary plasminogen activator (uPA, urokinase) 
is mainly derived from fi broblast - like cells in the kidney and 
gut. Unlike VWF and P - selectin, tPA and PAI - 1 are not stored 
in Weibel – Palade bodies and, in the resting state, synthesis and 
secretion are slow, resulting in low circulating levels. However, 
stimulated synthesis and release occur in response to a variety 
of stimuli.   

  Platelets 

 Platelets play a vital role in the formation of an aggregate or 
primary plug that stems blood loss at the site of injury, but 
also by supplying a cellular surface tailored to the assembly of 
procoagulant complexes such as tenase and prothrombinase. 
Chapter  40  gives details of platelet biogenesis and function, 
including their specifi c roles in haemostasis.  

  Coagulation  f actors 

 Table  39.2  provides a summary of the characteristics of the 
proteins discussed, including gene location, number of exons, 
molecular mass, circulating concentration, plasma half - life and 
presumed function. The domain structure and modular nature 
of the proteins is shown in Figure  39.8 . This demonstrates the 
similarity between coagulation factors that belong to the same 
protein family, such as the serine proteases (e.g. compare FVII, 
FIX, FX and PC).     

  Tissue  f actor 

 The formation of the FVIIa – TF complex is unambiguously 
regarded as the sole initiator of coagulation in both normal and 
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 Fibronectin type III domain  F3

 Fibronectin type I domain  F1

           TG           TG

 von Willebrand factor type D domain  VD
Zn-CPZn-CP  Zinc carboxypeptidase

CP  Sushi domain  

KUKU KU

     Figure 39.8     Modular organization of haemostasis proteins. The evolutionary relationship of many factors is suggested by their modular 

organization, represented as proposed by Bork and Bairoch (available at  www.bork.embl - heidelberg.de/modules/ ).  

     Figure 39.7     Role of von Willebrand factor (VWF) in 

haemostasis. (a) VWF domain structure with important binding 

sites. Dimers are formed when individual monomers become 

joined through disulphide bonds at the C - terminus. Multiple 

dimers are then joined at the N - terminus to form high -

 molecular - weight multimers that take on a globular shape. When 

exposed to fl owing blood under high shear stress the multimers 

become fi lamentous, exposing their binding sites. (b) In normal 

vasculature the ultra - high - molecular - weight VWF multimers 

required for full VWF function are found only in the 

subendothelium. The circulation contains lower - molecular -

 weight multimers. After disruption of the endothelium (c), 

exposure of high - molecular - weight multimers to fl owing blood 

applies shear stress, causing the multimers to unravel and capture 

activated platelets. The coagulation cascade forms on the surface 

of these platelets. Thus VWF acts to localize the process of clot 

formation to the site of vascular damage. EC, endothelial cell; 

IEL, internal elastic lamina; SMC, smooth muscle cell.  



Po
stg

rad
u

ate H
aem

ato
lo

g
y

758

  Table 39.2    Key proteins involved in the haemostatic network. 

   Common name     Abbreviation     Subunit     Gene 

symbol  

   Gene 

location  

   No. of 

exons  

   Amino 

acids 

(mature)  

   M r  of 

monomer 

(kDa)  

   Plasma 

level 

( μ g/mL)  

   Plasma 

level 

(nmol/L)  

    t  ½    (hours)     Main action  

  Tissue factor    TF         F3     1p22 –

 p21  

  6    263    44    NA    NA    NA    Cofactor for FVII/

FVIIa  

  Prothrombin    FII         F2     11p11.1    14    579    72    90    1400    65    Clots FBG, activates 

PC, FXI, TAFI  

  Factor V    FV         F5     1q23    25    2196    330    10    30    15    Cofactor for FXa  

  Factor VII    FVII         F7     13q34    8    416    50    0.5    10    3    Activates FIX and 

FX  

  Factor VIII    FVIII         F8     Xq28    26    2332    330    0.1    0.3    10    Cofactor for FIXa  

  Factor IX    FIX         F9     Xq27    8    415    56    5    90    25    Activates FX  

  Factor X    FX         F10     13q34    8    445    59    8    135    40    Activates 

prothrombin  

  Factor XI    FXI         F11     4q35    15    607    80  *      5    30    45    Activates FIX  

  Prekallikrein    PK         KLKB1     4q35    15    638    86    50    580    35    Anti - angiogenic, 

profi brinolytic  

  Factor XIII   †    

(A chain)  

  FXIII    A     F13A1     6p25.3 –

 p24.3  

  15    731    75   †       10    30    200    Cross - links fi brin  

  Factor XIII   †    

(B chain)  

  FXIII    B     F13B     1q31    12    641    80   †       10    30    200    Cross - links fi brin  

  Fibrinogen 

( α  - chain)   ‡     

  FGN     α      FGA     4q28    6    866    68   ‡       3000    9000    90    Mechanical 

stabilization of 

clot  

  Fibrinogen 

( β  - chain)   ‡     

  FGN     β      FGB     4q28    8    491    52   ‡       3000    9000    90    Mechanical 

stabilization of 

clot  

  Fibrinogen 

( γ  - chain)   ‡     

  FGN     γ      FGG     4q28    10    453    49   ‡       3000    9000    90    Mechanical 

stabilization of 

clot  

  von Willebrand 

factor  

  VWF         VWF     12p13.3    52    2050    255    10    40    12    Cell adhesion and 

FVIII carrier  

  Thrombomodulin    TM         THBD     20p11.2    1    557    60    NA    NA    NA    Cofactor in PC/

TAFI activation  
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   Common name     Abbreviation     Subunit     Gene 

symbol  

   Gene 

location  

   No. of 

exons  

   Amino 

acids 

(mature)  

   M r  of 

monomer 

(kDa)  

   Plasma 

level 

( μ g/mL)  

   Plasma 

level 

(nmol/L)  

    t  ½    (hours)     Main action  

  Endothelial 

protein  

  EPCR         PROCR     20q11.2    7    220    27    NA    NA    NA    Cofactor in PC 

activation  

     C receptor  

  Protein C    PC         PROC     2q13 – 14    9    419    62    4    65    6    Inactivation of FVa 

and FVIIIa  

  Protein S    PS         PROS1     3q11.2    15    676    69    10 

(free)  

  145    ?    Inactivation of FVa 

and FVIIIa  

  Tissue factor 

pathway 

inhibitor  

  TFPI         TFPI     2q32    12    304    42    0.08    2.5    ?    Inhibition of 

coagulation 

initiation  

  Antithrombin    AT         SERPINC1     1q23 – 

q25.1  

  9    464    58    140    2400    5    Inhibits thrombin, 

FIX, FX, FXI  

  Heparin 

cofactor II  

  HCII         SERPIND1     22q11.21    5    499    66    90    1200    60    Prevention of 

arterial 

thrombosis?  

  Plasminogen    PLG         PLG     6q26    14    791    92    200    2000    50    Dissolution of clot 

in wound repair  

  Tissue 

plasminogen 

activator  

  tPA         PLAT     8p12    14    562    69    0.005    0.07    0.03    Plasma activator of 

plasminogen  

  Prourokinase    UK         PLAU     10q24    11    431    54    0.0015    0.04    0.03    Tissue activator of 

plasminogen  

  Plasminogen 

activator 

inhibitor 1  

  PAI - 1         SERPINE1     7q21.3 –

 q22  

  9    379    52    10    200    0.1    Inhibition of tPA 

and uPA  

   α  2  - Antiplasmin     α  2  - AP         SERPINF2     17p13    9    452    67    70    1000    72    Inhibition of 

plasmin  

  Thrombin - 

activatable 

fi brinolysis 

inhibitor  

  TAFI         CPB2     13q14.11    11    401    60    5    75    0.2    Inhibition of 

fi brinolysis  

    * FXI circulates as a 160 - kDa homodimer of two 80 - kDa monomers.  

    †  FXIII circulates as a 326 - kDa tetramer of two A -  and two B - chains.  

    ‡  Fibrinogen circulates as a 340 - kDa complex of two each of A - , B -  and C - chains.   
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two epidermal growth factor (EGF) - like domains encoded by 
exons 4 and 5. Exon 6 encodes the connecting or activation 
peptide, and exons 7 and 8 the serine protease domain. FVII is 
activated by cleavage between residues Arg152 and Ile153, yield-
ing a two - chain disulphide - linked FVIIa molecule; however, 
this has little catalytic activity until it is bound to TF. The half -
 life of FVII zymogen in plasma is 3 hours and, remarkably, the 
half - life of the FVIIa enzyme is 2.5 hours, probably because 
there is no plasma inhibitor capable of effectively neutralizing 
free FVIIa. In recent years, recombinant FVIIa has entered clini-
cal use as a treatment, fi rst, for haemophiliacs with inhibitors 
to exogenous FVIII and, second, for a wider range of bleeding 
problems and general surgical intervention.  

  Factor  X  

 The gene and protein structures of FX closely resemble those of 
FVII. Unlike FVII, zymogen FX circulates as a two - chain disul-
phide - linked heterodimer due to excision of a tribasic peptide 
(Arg - Lys - Arg) at residues 139 – 141 during synthesis. The light 
chain of FX therefore consists of the GLA domain with 11  γ  -
 carboxyglutamic acid residues, the amphipathic helix and two 
EGF - like domains. The half - life of FX in plasma is 36 hours. FX 
is activated by either FIXa – FVIIIa or TF – FVIIa on phospholipid 
surfaces in the presence of Ca 2+  ions. FXa forms a phospholipid -
 bound complex with FVa, which effi ciently activates pro-
thrombin (prothrombinase complex).  

  Factor  IX  

 The FIX gene ( F9 ) is located at Xq26, about 15.2   Mb from the 
FVIII gene ( F8 ); thus defi ciencies of both factors are X - linked 
disorders. Defi ciency of either FVIII or FIX results in clinical 
haemophilia (A or B respectively), as the main function of FIX 
is to participate in the tenase complex (FIXa – FVIIIa). The FIX 
promoter has been extensively studied and includes sites for 
liver - specifi c transcription factors and an androgen - responsive 
promoter element, which accounts for the haemophilia B 
Leiden phenotype (FIX defi ciency which corrects spontane-
ously at puberty). The plasma half - life of FIX is 18 hours. 

 The mature protein is a single - chain molecule consisting 
of 415 amino acids and the GLA domain contains 12  γ  -
 carboxyglutamic acid residues. Either TF – FVIIa or FXIa cleaves 
FIX within the connecting peptide (between residues 145 – 146 
and 180 – 181). Unlike FVII and FX, FIX requires two proteolytic 
cleavages, releasing an activation peptide, in order to achieve 
full activation.  

  Factor  XI  

 FXI is a zymogen of a serine protease that has four Apple 
(PAN1 – 4) domains and a serine protease domain in each 
monomer. The protein circulates as a homodimer, with the two 

pathological coagulation. The processed mature TF protein is 
263 amino acids in length after signal peptide cleavage. The 
219 - residue extracellular region consists of two fi bronectin type 
III domains anchored into the cell membrane by a 23 - residue 
transmembrane sequence. The extracellular region binds tightly 
to FVIIa to form a highly active procoagulant complex after 
exposure of cell surface TF to plasma FVII. The 21 - residue 
cytoplasmic domain has been implicated in intracellular signal-
ling; however, transgenic experiments in mice have shown that 
this domain is not required for either development or coagulant 
function, so its role is still unclear. 

 Vascular adventitial cells, neuroglia, vascular smooth 
muscle and epidermal cells express TF constitutively. It there-
fore forms a protective envelope around blood vessels and 
organs, ready to initiate clotting as soon as blood leaks out of 
vessels. TF is also expressed by monocytes and endothelium 
after activation by infl ammatory cytokines or by endotoxin, as 
occurs in sepsis, and on cancerous tissues. Intravascular expo-
sure of TF by any route, but particularly after atherosclerotic 
plaque rupture, can result in pathological thrombosis. Recent 
work has also focused on the novel hypothesis that functionally 
active TF can circulate in fl owing blood on small procoagulant 
particles (microparticles), which may also be transferred from 
one blood cell type to another via specifi c receptor - mediated 
interactions.  

  Factor  VII  

 Plasma FVII binds to TF, for example after vessel trauma or 
plaque rupture, to form a complex that initiates coagulation by 
directly activating FX and to a lesser extent FIX. The FVII 
gene ( F7 ) lies adjacent to the factor X gene ( F10 ), suggesting 
gene duplication during evolution, and close to that of protein 
Z (PZ) at 13q34. In common with the other serine proteases 
of the coagulation network (FIX, FX, prothrombin, PC), as 
well as PS and PZ, FVII has an N - terminal domain that contains 
a number (9 – 12) of glutamic acid residues that are post - 
translationally modifi ed by the addition of a carboxyl group 
to the  γ  - carbon by a vitamin K - dependent carboxylase. This 
 γ  - carboxyglutamic acid (GLA) domain confers affi nity to 
negatively charged phospholipid membranes such as those of 
activated platelets or endothelial cells, promoting the assembly 
of functional multiprotein complexes on these surfaces. Proteins 
containing GLA modules are commonly referred to as  ‘ vitamin 
K - dependent factors ’  as this vitamin is a cofactor in the car-
boxylation reaction. Blocking this post - translational modifi ca-
tion with coumarin derivatives such as warfarin represents the 
current therapy for the long - term treatment and prevention of 
thromboembolic events. FVII in common with other GLA 
domain - containing proteins has a primary translation product 
that contains a propeptide sequence encoded by exon 2 that 
directs the  γ  - carboxylation at 10 Glu residues within the GLA 
domain encoded by exon 3. The GLA domain is followed by 
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full activity. The B - domain sequences of FV and FVIII share 
little sequence identity, although their lengths are similar and 
both are heavily glycosylated. It is likely that the glycosylated B 
domain functions in promoting endoplasmic reticulum/Golgi 
transport since defi ciency of LMAN1 (also known as ERGIC 
53), a mannose - binding protein, results in combined defi ciency 
of FV and FVIII. FVIII also has three short acidic interdomain 
peptides (a1, a2 and a3) that are closely implicated in FVIII 
function. 

 FVIII is the essential cofactor for activation of FX by FIXa in 
the tenase complex. It has no function until proteolysed to 
FVIIIa by thrombin or FXa at Arg372 - Ser373 and Arg1689 -
 Ser1690. FVIIIa is directly inactivated by APC cleavage at 
Arg336 - Ser337 and Arg562 - Ser563; however, functional activ-
ity of FVIIIa also decays rapidly by dissociation of the A2 
subunit from FVIIIa. The crystal structure of FVIIIa has recently 
been solved by two groups.  

  Factor  V  

 The mature protein product is 2196 amino acids in length after 
cleavage of a 28 amino acid signal peptide. The structure of FV, 
like that of FVIII, can be represented as A1 – A2 – B – A3 – C1 – C2. 
In contrast with FVIII the B domain is required for full proco-
agulant function. FV also differs from FVIII in that it lacks the 
three short acidic interdomain peptides (a1, a2 and a3) impli-
cated in FVIII function. 

 FV is the cofactor for the activation of prothrombin by FXa. 
It has no cofactor activity until proteolysed by thrombin or FXa 
at Arg709 - Ser710, Arg1018 - Thr1019 and Arg1545 - Ser1547. 
FVa is inactivated by APC through cleavages at Arg506 - Ser507 
and Arg1765 - Leu1766. The initial (and rate - limiting) cleavage 
is at Arg506. This is the site of the mutation in FV Leiden 
(FV Arg506Gln) that is resistant to APC, leading to the most 
common form of familial thrombophilia.  

  Fibrinogen 

 The fi brinogen gene cluster is located on chromosome 4q32 in 
the order  β  –  α  –  γ , with  β  transcribed in the opposite direction 
to  α  and  γ . The three chains of fi brinogen are disulphide cross -
 linked and folded together in an intricate manner. The overall 
structure of fi brinogen is a symmetrical dimer,  α  2  β  2  γ  2 . Viewed 
by electron microscopy, the molecule is trinodular, with the 
outer two globular domains (fragments D) containing the 
C - termini of all three chains connected to the central globular 
domain (fragment E), which contains the N - termini of all six 
chains tethered together by disulphide bonds. Coiled regions, 
forming  α  - helical ropes, connect the lateral and central globular 
domains. 

 Polymerization of fi brinogen occurs when thrombin cleaves 
two short negatively charged fi brinopeptides A and B from the 
N - termini of the  α  -  and  β  - chains respectively. This reveals new 

monomer subunits linked via a series of interactions between 
the two Apple four domains that includes a disulphide bridge. 
Activation of FXI is by a single cleavage performed by thrombin. 
It is clear that dimerization is required for full function of this 
factor presumably due to obstruction of essential binding sites 
in the monomer form. FXIa then activates FIX directly in free 
solution. FXI activation by the contact protein FXIIa was origi-
nally thought to be a relevant step in intrinsic or contact - acti-
vated coagulation (see Figure  39.2 ), but it is now considered 
that the feedback activation of FXI by trace thrombin provides 
a physiologically relevant route for generation of increased 
amounts of FIXa to assemble tenase during the amplifi cation of 
the initial TF stimulus (see Figure  39.3 ).  

  Factor  XIII  

 FXIII circulates as a tetramer of two A - chains and two B - chains. 
The B - chains function as carrier for the A - chains which, after 
activation by thrombin, function as a transglutaminase to cross -
 link fi brin and other proteins in the clot, resulting in a stable 
structure. FXIIIa contains a free sulphydryl group at the active 
site. Platelets also contain FXIII A - chain dimers, which are fully 
functional after thrombin activation.  

   von  Willebrand  f actor 

 The primary translation product of the VWF mRNA is a 2813 
amino acid polypeptide that includes a 22 amino acid signal 
peptide and a 741 amino acid propeptide that is essential for 
multimerization. The mature protein contains four repeating 
domains termed A, B, C and D. During post - translational 
processing, monomer subunits dimerize and then multimerize 
with excision of the propeptide. VWF is synthesized in endothe-
lial cells (where it is stored in Weibel – Palade bodies) and in 
megakaryocytes, where it is stored in the  α  - granules of platelets. 
Both Weibel – Palade body and  α  - granule VWF are released on 
stimulation by various agonists, including thrombin. Plasma 
also contains VWF, which is released from endothelial cells via 
a constitutive pathway. VWF serves two unique functions in 
haemostasis: as a carrier for FVIII and as the ligand mediating 
binding between platelets and the subendothelium.  

  Factor  VIII  

 The FVIII gene ( F8 ) spans 187   kb of the X chromosome 
(Xq28) and encodes a protein of 2351 amino acids. After 
removal of the 19 amino acid signal sequence, a single chain of 
2332 amino acids is transiently formed but is subsequently 
further processed prior to release as a series of heterodimers, 
due to variable cleavage within the B - domain sequence. Because 
of internal homology, the FVIII domain structure can be rep-
resented as A1 – A2 – B – A3 – C1 – C2. The B domain is not neces-
sary for procoagulant function as B domain - deleted FVIII has 
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  Classifi cation of  p hysiological  a nticoagulants 

 Physiological anticoagulants fall into two main groups: those 
that inhibit the serine proteases of the coagulation cascade 
(both Kunitz - type and serpins) and those involved in destruc-
tion of the activated coagulation cofactors FVa and FVIIIa 
(components of the PC system). These inhibitors assume great 
physiological signifi cance: relatively minor defi ciencies (50 –
 70% of average levels) of some of these inhibitors, such as 
might be found in individuals heterozygous for a genetic defect, 
are associated with an increased incidence of thrombosis. 
Homozygous defi ciencies are frequently either fatal in the 
fi rst few years of life unless prophylactic replacement therapy 
is instituted, or are not found in nature, suggesting early 
fetal loss. 

 In addition to the specifi c inhibitors, there are some other 
inhibitory mechanisms that do not fi t into either of the above 
categories, one of these being the detoxifying property of the 
liver, which plays an important role in removal of activated 
clotting factors, both directly and after their combination with 
natural inhibitors. Furthermore, the removal of free thrombin 
occurs as a result of its adsorption onto fi brin or onto 
fi brin(ogen) degradation products. The latter, which cannot 
themselves take part in a clot, may interfere with normal fi brin 
polymerization. Although less well defi ned than the others, this 
group appears to be physiologically important, as qualitative 
defects of fi brinogen (dysfi brinogenaemias) that result in 
reduced thrombin binding may be associated with a thrombotic 
disorder (see Chapter  45 ).  

  Tissue  f actor  p athway  i nhibitor: a  K unitz -
  t ype  i nhibitor 

 The various serpins found in blood (see below) probably play 
no physiological role in the inhibition of FVIIa in the initiating 
TF – FVIIa complex. Instead, the action of this serine protease –
 cofactor complex is modulated by TFPI, which is located on the 
endothelial cell surface, within platelets, in plasma and on 
monocytes. Two alternatively spliced isoforms of TFPI ( α  and 
 β ) have been identifi ed in humans that differ in their domain 
structure and mechanism of cell surface binding. TFPI α  has 
an acidic N - terminal region followed by three Kunitz - type 
protease inhibitory domains (K1 – K3) and a basic C - terminal 
region. K2 is responsible for binding and direct inhibition of 
FXa and K1 inhibits FVIIa in a FXa - dependent manner. K3 and 
the C - terminal region do not directly inhibit proteolysis but 
they are necessary for rapid inhibition of FXa by K2. Recent 
data intriguingly suggest that this may be mediated through an 
interaction with PS acting as a cofactor in the formation of the 
TFPI – FXa complex. TFPI α  indirectly associates with the 
endothelial cell surface through a non - covalent association with 
a glycosylphosphatidylinositol (GPI) - anchored coreceptor. It 
can also bind non - specifi cally to endothelial cell GAGs via the 

N - terminal sequences in the fragment E region (called knobs) 
that fi t into holes in the fragment D regions. Polymerization 
then occurs spontaneously in a staggered half - overlap array, 
which can elongate indefi nitely in either direction. Electron 
microscopy studies were and still are important in resolving the 
molecular architecture of fi brillar fi brin formation, but from 
1997 elegant crystal structures of parts of the fi brin(ogen) mol-
ecule were successfully produced in a number of laboratories. 
These structures reveal the elegant mechanisms of fi brin 
polymerization.  

  Prothrombin 

 The mRNA encodes a preproleader sequence similar to that 
found in other vitamin K - dependent proteins, followed by a 
GLA domain, two kringle domains, an activation peptide and 
a serine protease domain. FXa complexed with FVa activates 
prothrombin zymogen to thrombin on a phospholipid surface 
(prothrombinase) on cleavage of two peptide bonds. The fi rst, 
between Arg271 and Thr272, releases the protease domain from 
the GLA and kringle domains; the second, between Arg320 and 
Ile321, generates the catalytic site of thrombin by a typical 
trypsin - like conformational rearrangement. Cleavage at Arg320 
yields the protease (meizothrombin) that retains membrane -
 binding properties. Cleavage at Arg271 yields thrombin and 
severs covalent linkage with the N - terminal domain known as 
fragment 1.2. Fully cleaved thrombin is termed  α  - thrombin, 
and is rapidly released from its site of production to participate 
in numerous haemostatic functions free in solution: acting as a 
procoagulant against many substrates including fi brinogen, FV, 
FVIII and FXI; acting in complex with TM as an anticoagulant 
against PC; and acting to activate cellular transmembrane pro-
tease - activated receptors. Thrombin also activates thrombin -
 activatable fi brinolytic inhibitor (TAFI), in complex with TM, 
inhibiting fi brinolysis.   

  Naturally  o ccurring  i nhibitors of  b lood 
 c oagulation 

 In common with other defence mechanisms, such as those 
resulting in kinin release and complement activation, the blood 
coagulation process can be activated very rapidly when the need 
arises. This involves the generation of proteolytic enzymes, such 
as thrombin, that are potentially lethal if their action is not 
limited. For example, 10   mL of plasma can generate, in theory, 
suffi cient thrombin to clot all of the fi brinogen in the body in 
30   s. That it does not normally do so is due partly to the fact 
that the procoagulant response is most pronounced in the 
vicinity of the platelet plug forming at the point of vascular 
injury, while elsewhere coagulation is inhibited by substances 
in plasma or on the vascular surface that exhibit anticoagulant 
activity. 
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HCII) might be to allow them to exert a general and constitutive 
anticoagulant effect on intact vessels; this may also act to 
prevent extension of a procoagulant response beyond an area 
of damaged endothelium. 

  Antithrombin 
 AT (formerly ATIII) is a 58 - kDa serpin that is synthesized prin-
cipally in the liver, with a high plasma concentration of 
2.4    µ mol/L. The turnover of AT  in vivo  is complex, with a rapid 
initial clearance ( t   ½   10   min) due to equilibration with endothe-
lial cell - bound AT, a slower clearance ( t   ½   3 hours) due to equi-
libration with the extravascular compartment, and a much 
slower linear phase with an overall  t   ½   of 90 hours. 

 Disruption of the murine AT gene results in death of all 
embryos shortly before birth due to severe cardiac and hepatic 
thrombosis. In humans, AT defi ciency is associated with famil-
ial thrombosis. 

 AT forms a stable 1   :   1 complex with several serine protease 
coagulation factors, predominantly thrombin but also to some 
extent FIXa, FXIa, FXIIIa and kallikrein. Initially, the serine at 
the active centre of the protease cleaves a peptide bond (involv-
ing Arg393) in the  ‘ reactive centre loop ’  near the C - terminus of 
AT: a conformational change in the serpin ensues resulting in 
irreversible trapping of the protease against the inhibitor. The 
inactivated enzyme – serpin complex is then cleared rapidly. 
Complex formation is progressive and only with thrombin and 
FXa is it rapid enough to be of physiological signifi cance. In 
purifi ed  in vitro  systems, the  t   ½   is around 30   s for free thrombin, 
90   s for FXa and 10 – 25   min for the other enzymes. In each case, 
the inhibitor – protease complex is rapidly cleared ( t   ½   3   min) 
from the circulation by the liver. 

 Heparin, without altering the stoichiometry, induces a more 
than 2000 - fold increase in the rate of thrombin inactivation 
by AT, such that its action becomes almost instantaneous 
( t   ½      <    0.01   s). The unique mechanism of this activation involves 
release of the reactive centre loop from partial insertion in the 
 β  - sheet core of AT following heparin binding. Heparin also 
strongly enhances AT neutralization of FXa and, to a lesser 
extent, FIXa, particularly in the presence of Ca 2+ . The enhance-
ment of AT inhibition of thrombin and FXa by heparin is the 
basis of its use as a therapeutic anticoagulant to prevent throm-
boembolism. At therapeutic concentrations there is no signifi -
cant effect on AT inhibition of FXIa and FIXa. 

 Anti - angiogenic and antitumour activities have also been 
described for the cleaved serpin in mouse models. This fi nding 
provides further evidence for the interrelationship of coagula-
tion and angiogenic pathways.  

  Heparin  c ofactor  II  
 This 65 - kDa serpin is present in plasma at the high concentra-
tion of 90   mg/L (1.2    µ mol/L). It appears to be a specifi c 1   :   1 
inhibitor of thrombin and to have little or no anti - FXa activity. 
The rate of thrombin neutralization by HCII is increased 

basic C - terminal region; it is thought that this interaction is 
responsible for the twofold to fourfold increase in plasma TFPI 
following infusion of heparin. TFPI β  has the N - terminal acidic 
region followed by K1 and K2 but lacks K3 and the C - terminal 
region of TFPI α . Instead it has a different C - terminal region 
encoding a GPI - anchor attachment sequence that allows it to 
directly associate with the cell surface. 

 Most TFPI in the vasculature ( ∼    85%) is associated with 
endothelial cells, particularly in the microcirculation, with a 
smaller amount (5 – 10%) being found in platelets and the rest 
in plasma. Virtually all circulating TFPI is associated with lipo-
proteins and has undergone variable amounts of proteolytic 
degradation within its C - terminal region. As a result plasma 
TFPI has reduced anticoagulant activity and is unlikely to 
play an important role as an  in vivo  inhibitor of blood 
coagulation. 

 Disruption of the murine  TFPI  gene is incompatible with 
normal development, suggesting that a defi ciency of functional 
TFPI might lead to clinical thrombosis. However, as the bulk of 
intravascular TFPI is associated with the endothelial cell surface, 
simple measurement of plasma TFPI levels is not a clear indica-
tor of a defi ciency state. Moderately low plasma levels can occur 
in DIC, septicaemia and following major surgery, possibly due 
to increased utilization, but heparin infusion increases plasma 
TFPI in such patients. Whether congenital defi ciency of TFPI is 
a risk factor for thrombosis remains uncertain: after several 
negative studies in this area, recently a case – control study found 
a relationship between low levels of free plasma TFPI (non -
 lipoprotein bound) and enhanced risk of deep vein thrombosis 
and myocardial infarction.  

  Serine  p rotease  i nhibitors ( s erpins) 
and  h eparin 

 Human plasma contains at least seven inhibitors of serine pro-
tease coagulation factors. Apart from  α  2  - macroglobulin, all are 
single - chain serpins of molecular mass 40 – 65   kDa. Specifi city is 
imparted by their tertiary structure, which engenders high affi n-
ity for a defi ned substrate or small range of substrates. Of this 
group, only AT and heparin cofactor II (HCII) assume haemo-
static signifi cance, acting predominantly on proteases generated 
late in the coagulation cascade (i.e. thrombin and FXa). A defi -
ciency of any of the other serpins (although sometimes giving 
rise to a clinical disorder due to the failure of neutralization of 
a serine protease not involved in coagulation pathways) is 
asymptomatic in terms of haemostasis. 

 Several serpins contain GAG - binding sites that, particularly 
in the case of AT and HCII but to a lesser extent for PAI - 1 and 
APC inhibitor, greatly enhance the rate of interaction with 
(although not the affi nity for) their specifi c protease(s). Since a 
major source of heparin - like material is heparan sulphate on 
the endothelial cell surface, another possible function of the 
heparin - binding site of these inhibitors (especially AT and 
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important in laboratory monitoring of the therapeutic effect 
(see Chapter  47 ). The major anticoagulant activity of both UFH 
and LMWH is attributed to the pentasaccharide sequence con-
taining at its centre a 2,3,6 - (SO 3 ) trisulphated glucosamine 
group. It is this that binds to lysine or tryptophan residues in 
AT in the region of the D helix, inducing the conformational 
change in the inhibitor. A second anticoagulant action of UFH 
(at least 20 saccharide units are required) involves direct binding 
between thrombin (but not FXa or other proteases) and a 
heparin sequence adjacent to the pentasaccharide. This brings 
thrombin and AT into close proximity and is necessary for the 
antithrombin activity. As LMWHs generally have fewer than 20 
saccharide units, they have little or no antithrombin action and 
their anticoagulant action is mediated through inhibition of 
FXa. This explains why LMWHs have little effect on the acti-
vated partial thromboplastin time and are measured using an 
anti - FXa assay. 

 There is of course no detectable heparin in normal plasma. 
However, endogenous heparin - like molecules (e.g. dermatan 
sulphate and heparan sulphate) are present on the surface of 
endothelial cells and, by enhancing the action of AT and HCII, 
these would have antithrombotic effects. Such mechanisms 
seem to be of clinical importance, as recurrent thromboses have 
been reported in association with several dysfunctional AT mol-
ecules that inhibit thrombin normally in the absence of heparin 
but which do not show enhanced reactivity in its presence, 
presumably due to defects at the heparin - binding sites. At 
points of vascular injury, local accumulation of activated plate-
lets provides a source of heparin - neutralizing activity that could 
overcome the anticoagulant effects of endothelial cell - bound 
heparinoids and permit the procoagulant response to proceed.  

  Protein  Z  and  p rotein  Z  -  d ependent  i nhibitor 
 PZ is a 62 - kDa vitamin K - dependent plasma protein that serves 
as a cofactor for the inhibition of FXa by PZ - dependent pro-
tease inhibitor (ZPI). Although PZ was fi rst described in the 
1970s, ZPI is a recently identifi ed 72 - kDa member of the serpin 
superfamily. 

 The organization of the PZ gene and the structure of the 
molecule are very similar to those of coagulation factors FVII, 
FIX, FX and PC; however, the PZ  ‘ serine protease ’  domain lacks 
the canonical active - site His and Ser residues and therefore 
cannot function as a protease. PZ circulates in plasma in a 
complex with ZPI. Inhibition of FXa by ZPI in the presence of 
phospholipid and Ca 2+  ions is enhanced 1000 - fold by PZ, but 
ZPI also inhibits FXIa in a process that does not require PZ, 
phospholipid or Ca 2+ . ZPI activity is consumed during coagula-
tion through proteolysis mediated by FXa (with PZ) and FXIa. 
PZ may serve to dampen the procoagulant response  in vivo  as 
PZ defi ciency dramatically increases the severity of the pro-
thrombotic phenotype of FV Leiden mice. Studies to determine 
the potential roles of PZ and ZPI defi ciency in human throm-
bosis are in progress.  

approximately 1000 - fold by heparin, although because of its 
lower heparin affi nity it requires fi ve to ten times more heparin 
than does AT. Interaction seems to depend largely on the high 
anionic charge of heparin and related GAGs. Details of the 
molecular mechanism of HCII interaction with thrombin have 
recently been elucidated by X - ray crystallography. 

 That HCII has some physiological signifi cance is suggested 
by the fact that it falls in parallel with AT in DIC. However, as 
AT is in twofold molar excess over HCII, the latter cannot 
altogether compensate for a defi ciency of AT, which, as stated 
above, is a well - established cause of a thrombotic tendency. 
Whether HCII defi ciency leads to a similar clinical picture 
remains to be established, as few cases have yet been described 
and only occasionally has concomitant thrombotic disease been 
present. Mice with HCII knockout develop normally and do not 
show spontaneous thrombosis; however, they show an enhanced 
propensity to carotid occlusion after deliberate injury to the 
endothelium, corrected by infusion of purifi ed HCII, suggesting 
that HCII has a role in prevention of arterial thrombosis.  

  Heparin and  h eparin -  l ike  s ubstances in  p lasma 
 Although the term  ‘ heparin ’  implies a single compound, it in 
fact refers to a heterogeneous mixture of sulphated polysac-
charides that are all members of the GAG group. The major 
pharmaceutical source is porcine intestinal mucosa. By virtue 
of its strong positive charge, heparin combines non - specifi cally 
with a number of cationic proteins such as albumin and reacts 
in a highly specifi c way with  β  - lipoproteins, fi brinogen, HCII 
and AT. It also mobilizes platelet factor (PF)4 and TFPI, which 
are bound to GAGs on the surface of endothelial cells, and 
releases lipoprotein lipase into plasma. 

 Unfractionated heparin (UFH) is an extremely heterogene-
ous polymer, being composed of between 10 and 100 saccharide 
units. Only about one - quarter of the polysaccharides has any 
anticoagulant activity  in vitro . The pharmaceutical properties of 
heparin are unpredictable, because of its heterogeneity, with 
marked variation in pharmacokinetics and side - effects, the 
most serious of which is heparin - induced thrombocytopenia 
(see Chapter  46 ). The realization that the anticoagulant action 
of UFH was mostly delivered by short pentasaccharides has led 
to the use of more effi cient fractionation procedures (including 
cleavage by nitrous acid, heparinase and oxidizing agents), 
yielding a number of low - molecular - weight heparin (LMWH) 
preparations. LMWHs contain 10 – 20 saccharide units (4 – 6   kDa) 
and because of their more uniform composition have much 
better pharmacokinetics and fewer side - effects. More recently, 
a synthetic pentasaccharide has come into therapeutic use, 
although whether this has any clear benefi ts over LMWH 
remains to be established. 

 UFH and the various LMWHs differ in their affi nities for the 
plasma factors with which they interact and in the specifi c 
serine proteases that they inhibit. This, together with the timing 
of blood samples in relation to dosage interval, is critically 



Normal haemostasis

765

inhibitors. It is responsible for approximately 50%, 20% and 
10% of the inhibition of kallikrein, thrombin and FXa 
respectively. 

 Defi ciency of  α  2  - macroglobulin is not associated with a 
thrombotic tendency. However, it is an acute - phase reactant 
and it is possible that, when elevated under conditions of stress 
or when the other major antithrombins or antiplasmins are 
overwhelmed, it might become a signifi cant inhibitor of coagu-
lation or fi brinolysis. Moreover, it has been suggested that the 
raised level of  α  2  - macroglobulin that exists in children (150 –
 200% of adult values) may compensate for a low level of AT, 
and explain why thrombotic episodes do not usually occur 
before puberty in congenitally AT - defi cient patients.   

  The  p rotein  C   p athway:  i nhibition of 
 c ofactors  FV a and  FVIII a 

 The activated forms of coagulation cofactors FV and FVIII (FVa 
and FVIIIa) are potent procoagulants that enormously enhance 
the activity of serine protease factors in the tenase and pro-
thrombinase complexes (see above). It is not unexpected that 
these cofactors should be subject to a negative feedback mecha-
nism that limits their procoagulant activity. This is achieved by 
a complex series of reactions collectively referred to as the 
protein C pathway. Four key factors are now known to be 
involved, and their role in the haemostatic network is shown in 
Figure  39.4 . 

  Protein  C  
 This vitamin K - dependent serine protease has an identical 
modular composition to the procoagulant factors FVII, FIX and 
FX. It circulates in blood as a two - chain disulphide - linked mol-
ecule. During biosynthesis, the primary translation product is 
proteolytically processed releasing the dipeptide Lys156Arg157. 
In order to exert its anticoagulant effect, PC must fi rst be acti-
vated to APC. This is achieved by the action of thrombin, which 
cleaves the heavy chain to release a 12 - residue (Gly158 – Arg169) 
activation peptide, revealing the active site by the usual chymo-
trypsin - like mechanism. Thrombin activation of PC is slow in 
free solution but is markedly accelerated by specifi c endothelial 
cell receptors for both thrombin (TM) and PC (EPCR), which 
coordinate the assembly of a membrane complex for PC 
activation. 

 APC interacts with PS bound to the phospholipid surface of 
activated platelets, enhancing the anticoagulant activity of APC 
(see below) against FVa and FVIIIa. These procoagulant cofac-
tors are inactivated by APC on the platelet surface by specifi c 
cleavage in their A domains, terminating the activity of the 
tenase and prothrombinase complex by disrupting their binding 
sites for FIXa and FXa respectively. In the absence of PS, this 
reaction is ineffi cient. The most common form of familial 
thrombosis is FV Leiden, which is caused by mutation of Arg506 
to Gln, which makes the molecule resistant to cleavage by APC. 

   α  1  - Antitrypsin 
 This is a serpin whose primary targets are pancreatic and leu-
cocyte elastases. In coagulation the major inhibitory activity is 
directed against FXIa and FXa, although the chief physiological 
inhibitor of FXIa is probably protease nexin 2. It has little effect 
on overall thrombin inhibition and a straightforward defi ciency 
of  α  1  - antitrypsin is not associated with hypercoagulability. 

 An abnormal molecular form of  α  1  - antitrypsin in which 
there is a Met → Ser substitution at the active centre (antitrypsin 
Pittsburgh) has been described, resulting in a higher affi nity for 
thrombin. At a plasma concentration of 25    µ mol/L, the variant 
circulates at a 10 - fold higher level than AT and gives rise to a 
clinical bleeding tendency. However, it is unaffected by heparin.  

  Protease  n exin 2 
 This is a Kunitz - type serine protease inhibitor that is found in 
the  α  - granules of platelets. Normally, there is very little in 
plasma but it is released at sites of platelet activation, following 
which the single Kunitz domain enters into a tightly bound 
inhibitory complex with FXIa. It is one of several isoforms of 
Alzheimer  β  - amyloid protein precursor present in platelets. 
Defi ciency of protease nexin 2 has not been described.  

   C 1 -  e sterase  i nhibitor 
 The primary target of this serpin is the activated form of the 
fi rst component of complement, but it also contributes in a 
minor way to the neutralization of FXIa and plasmin. Defi ciency 
of C1 - esterase inhibitor, although of no haemostatic conse-
quence, causes angioneurotic oedema, the characteristic lesions 
of which may sometimes be confused with haematomas.  

   α  2  - Antiplasmin 
 This serpin is the principal inhibitor of the fi brinolytic enzyme 
plasmin. It also has weak activity against several coagulation 
proteases, especially the contact factors. However, any antico-
agulant action against proteases late in the coagulation cascade 
(e.g. FXa) is only apparent at concentrations well in excess 
of those in normal plasma. Its mechanism of action and 
clinical importance are discussed further in the section on 
fi brinolysis.  

   α  2  - Macroglobulin 
  α  2  - Macroglobulin is composed of four identical chains and has 
a molecular mass of 740   kDa. It is not a member of the serpin 
superfamily and its effects are not restricted to serine proteases. 
It binds to coagulation factors at a site away from the active site, 
the interaction involving the formation of a bond between 
cysteine and glutamate residues in the inhibitor and a lysine 
residue in the protease. Inhibition is produced by stearic hin-
drance rather than by active site inactivation and indeed the 
proteases retain some esterolytic and amidolytic activity, par-
ticularly against small peptides, a fact that should be borne in 
mind when using chromogenic substrates to assay coagulation 
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 The TM – thrombin complex is short - lived, being endocy-
tosed by endothelial cells, where the thrombin is taken up and 
degraded by lysosomes while TM recirculates to the cell 
membrane.  

  Endothelial  p rotein  C   r eceptor 
 EPCR was cloned in 1994 as a novel transmembrane receptor 
on endothelial cells that was able to bind PC and promote its 
activation by the thrombin – TM complex. The extracellular 
portion of EPCR is related to the MHC class I/CD1 proteins; 
however, it lacks the  α 3 domain found in the extracellular 
portion of most of the family: there is good evidence that the 
 α 1 and  α 2 extracellular domains of EPCR interact with the GLA 
domain of PC. EPCR may function by localizing the PC mol-
ecule to the endothelial cell surface, moving laterally on the cell 
surface to locate a thrombin – TM complex, then presenting the 
PC molecule optimally for thrombin cleavage to form APC. 

 The essential role of EPCR was demonstrated recently by 
targeted deletion of the murine EPCR gene, resulting in early 
fetal death with evidence of thrombosis at the maternal – fetal 
interface. Abrogation of EPCR function  in vitro  reduces the rate 
of PC activation by thrombin – TM. In contrast, inhibition of 
EPCR action by a specifi c anti - EPCR monoclonal antibody 
in baboons given thrombin resulted in reduced APC levels 
amid evidence of excessive coagulopathy. Blockade of EPCR on 
challenge with  Escherichia coli  also led to worse outcomes in 
an animal model of sepsis, whereas administration of APC 
improved survival in experimental sepsis.  

  Protein  S  and  C 4b -  b inding  p rotein 
 PS is a single - chain vitamin K - dependent glycoprotein chiefl y 
synthesized in the liver by endothelial cells. Unlike the other 
vitamin K - dependent coagulation proteins it is not a serine 
protease, having two C - terminal LamG domains rather than a 
serine protease domain, and the N - terminal GLA domain is 
followed by four EGF - like domains rather than the two usually 
seen in the serine proteases (see Figure  39.8 ). About 40% of the 
PS in plasma is in the free form, whereas the remaining 60% is 
associated in a 1   :   1 complex with C4b - binding protein (C4bBP). 
Both forms bind strongly via the PS GLA domain to negatively 
charged phospholipids exposed on the surface of activated 
platelets. Free PS (although having no strong inhibitory effect 
on FVa or FVIIIa itself) forms a Ca 2+  - dependent complex with 
APC, helping to orient the APC active site above the phospholi-
pid surface and enhancing its anticoagulant activity against 
both proteins. However, C4bBP - bound PS does not enhance 
PC function against FVa, suggesting a role for C4bBP in modu-
lation of the APC pathway. Free thrombin cleaves PS N - terminal 
to the GLA domain, removing its ability to bind to both 
phospholipid and PC and thereby abolishing its PC cofactor 
activity. 

 C4bBP is a large molecule containing seven  α  - chains (each 
of which binds one molecule of the C4b component of comple-

It appears that APC inactivation of FVa is a prerequisite for 
effi cient inactivation of FVIIIa  in vivo , as FVIIIa inactivation is 
also impaired in these patients, although there is no abnormal-
ity in the FVIII molecule. Since the discovery of FV Leiden other 
less common FV mutants have been found with a similar phe-
notype. None of the mutations reported in the FVIII molecule 
have been shown to cause a similar prothrombotic phenotype. 
PC is synthesized in the liver, and, being vitamin K dependent, 
is often low in the newborn. Even though its substrates (FV and 
FVIII) are normal at birth, this defi ciency is compensated for 
by the reduction in plasma of the vitamin K - dependent proco-
agulant factors (prothrombin, FVII, FIX and FX). Because war-
farin treatment initially decreases PC levels faster than FVII, 
FIX, FX and prothrombin levels, it can paradoxically increase 
the procoagulant tendency when anticoagulant treatment is 
fi rst begun (many patients starting on warfarin are given 
heparin in parallel to combat this). Disruption of the murine 
PC gene results in lethal perinatal consumptive coagulopathy, 
whereas in humans homozygous PC defi ciency is associated 
with lethal purpura fulminans (in the absence of PC replace-
ment therapy) and heterozygous individuals have a high risk of 
venous thrombosis. There is increasing appreciation of the role 
of the PC pathway in regulation of infl ammation and the 
concept of signalling mechanisms allowing  ‘ cross - talk ’  between 
the haemostatic and infl ammatory networks. This is well dem-
onstrated by the protective effect of administration of APC 
concentrate to animals with induced sepsis. The survival 
benefi ts that APC concentrate provides in this situation has 
subsequently been seen in patients with sepsis and multiorgan 
failure. Recently, variant recombinant PC molecules have been 
produced that appear to have either anticoagulant or anti -
 infl ammatory effects independent of each other.  

  Thrombomodulin 
 TM is an integral transmembrane receptor found on endothe-
lial cells in virtually all body tissues. It appears to be absent in 
the brain vasculature and in hepatic sinusoids and lymph node 
venules. TM is essential for normal fetal development as shown 
by mouse knockout studies, although TM +/ −   heterozygous mice 
appear to be completely healthy. 

 The protein has an extracellular region composed of an N 
terminal lectin - like or CLECT domain, six EGF - like domains, 
a transmembrane sequence and a small cytoplasmic region. TM 
forms a 1   :   1 complex with thrombin (via the protease ’ s anion -
 binding exosite I and TM ’ s EGF - like domains 4 – 6), preventing 
binding of the protease to its various procoagulant substrates 
(fi brinogen, FV, FVIII, FXIII and protease - activated receptors 
involved in platelet aggregation). TM also plays a part in binding 
of PC zymogen and, after formation of the TM – thrombin 
complex on the cell surface, there is a 20   000 - fold increase in 
the rate of activation of PC, so that thrombin effectively becomes 
an anticoagulant. Binding of PC to TM is also enhanced by 
EPCR. 
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APC inhibitor (PCI), PAI - 1 and  α  1  - antitrypsin. The relative 
contributions of these  in vivo  are diffi cult to assess. PCI slowly 
but progressively blocks the action of APC (and, to a much 
lesser extent, thrombin and FXa), in each case forming a 1   :   1 
complex: in addition PCI action is enhanced 20 - fold by heparin 
and more weakly by other GAGs, but the physiological signifi -
cance of this is uncertain. Despite the name, disruption of the 
murine PCI gene leads not to coagulopathy but to infertility due 
to lack of inhibition of another protease target of the serpin, the 
sperm protein acrosin.    

  Fibrinolysis 

 It is widely acknowledged that the principal functions of the 
fi brinolytic system are to ensure that excess fi brin deposition is 
either prevented or rapidly removed (i.e. that a localized pro-
coagulant response is achieved without compromising blood 
circulation generally) and, following re - establishment of hae-
mostasis, the fi brin mesh is removed during wound healing. 
The system of profi brinolytic and antifi brinolytic factors that 
has evolved to meet these requirements is closely coupled to 
that which results in fi brin clot formation. Fibrinolysis is essen-
tially a localized, surface - bound phenomenon, with most events 
being catalysed by the presence of cross - linked fi brin itself, i.e. 
 ‘ fi brin orchestrates its own destruction ’ . For this reason, the 
assays of fi brinolytic factors carried out in the soluble phase, in 
particular in systemic blood, may be misleading and should be 
interpreted with great caution. 

  Components of the  fi  brinolytic  s ystem 

 These include PLG and plasmin, several endogenous (tissue 
or plasma derived) or exogenous (e.g. bacterial or venom 
derived) PLG activators, and a number of inhibitors of plasmin 
or of the PLG activators. Some basic features of the endogenous 
factors are shown in Table  39.2 , and a simplifi ed representation 
of their interaction in Figure  39.5 . Both endogenous and exog-
enous fi brinolytic factors have been used clinically to treat 
venous and arterial thrombosis, with varying degrees of success 
(see Chapter  47 ).  

  Plasminogen and  p lasmin 

 PLG is a single - chain glycoprotein zymogen of the serine pro-
tease plasmin, which carries out the enzymatic degradation of 
cross - linked fi brin. Besides its active site serine, plasmin con-
tains fi ve kringle domains, four of which have a lysine - binding 
site, through which the molecule interacts with lysine residues 
in its substrates (e.g. fi brin), its activators (e.g. tissue PLG acti-
vator and urinary PLG activator) and its inhibitors (principally 
PLG activation inhibitor type 1). In its native form, it has 
a glutamic acid residue at its N - terminus and is known as 

ment) and a single  β  - chain (to which one molecule of PS 
attaches). It is an acute - phase reactant, which can increase by 
up to fourfold in severe infl ammatory states. It is likely that such 
raised levels would disturb the equilibrium between free and 
bound PS, and result in a fall in the free (biologically active) 
form, predisposing to a hypercoagulable state. 

 Many haemostatic factors change during pregnancy. Free 
PS falls during pregnancy (Table  39.3 ) and to a lesser extent 
in women receiving estrogen supplements, but it is disputed 
whether this results from altered reactivity with C4bBP or if 
it contributes to hypercoagulability in pregnancy or during 
estrogen therapy. Total PS, like other vitamin K - dependent 
factors, is reduced in the newborn; levels as low as 20% of 
adult values can occur. However, this is compensated for by a 
marked reduction in C4bBP at birth (5 – 20% of adult levels), 
so that a relatively normal level of functional (free) PS is 
maintained.   

 The possibility that PS might have PC - independent functions 
in coagulation has been raised by the recent fi nding that PS 
binds to the K3 domain of TFPI. The full relevance of this 
fi nding is not yet known.  

  Protein  C   i nhibitors 
 As with other serine proteases, APC is subject to inhibition by 
serpins (half - life of APC in plasma is 15 – 20   min), including 

  Table 39.3    Haemostasis changes during pregnancy. 

  Platelet count    No consistent change but often falls  

  Platelet aggregation    Progressive enhancement  

  Fibrinogen    Progressive rise up to 400% basal  

  Prothrombin    No consistent change  

  Factor V    No consistent change  

  Factor VII    Progressive rise up to 300% basal  

  Factor VIII    Progressive rise up to 200% basal  

  von Willebrand factor    Progressive rise up to 250% basal  

  Factor IX    Variable, no consistent change  

  Factor X    No consistent change  

  Factor XI    Variable, no consistent change  

  Factor XIII    Progressive fall to 50% basal  

  Antithrombin    No consistent change  

  Tissue factor pathway 

inhibitor  

  Progressive rise  

  Protein C    No consistent change, but APC 

resistance increases  

  Protein S    Progressive fall to 50% basal  

  Plasminogen    Progressive rise up to 300% basal  

  tPA    No consistent change  

   α  2  - Antiplasmin    Progressive rise up to 300% basal  

  PAI - 1    Progressive rise up to 300% basal  

  PAI - 2    Progressive marked rise  
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immunologically using an antibody - coated latex bead aggluti-
nation assay, which provides a simple test for most FDPs, 
although carefully prepared serum must be used to prevent 
cross - reactivity of the antibody with fi brinogen in plasma. 
These assays detect the degradation products of both fi brin and 
fi brinogen indiscriminately. 

 Following thrombin generation and consequent activation of 
FXIII, intermolecular or intramolecular transamidation of the 
 α  -  or  β  - chains by FXIIIa occurs and then the action of plasmin 
yields characteristic D - dimer, D - dimer – E fragments and oli-
gomers of fragments X and Y (collectively known as cross -
 linked FDP or XDP), in addition to X, Y, D and E. These XDPs 
can be detected very simply using monoclonal antibody - coated 
latex beads. Because the monoclonal antibodies to XDPs do not 
cross - react with fi brinogen, they can be detected directly in 
citrated plasma. The presence of D - dimers in blood samples can 
be used in a clinical algorithm that predicts the likelihood of the 
presence of venous thrombosis (see Chapter  47 ). 

 Furthermore, plasmin - induced cleavage of the N - terminal 
end of the  β  - chain of fi brin (the B β 1 – 14 fi brinopeptide B frag-
ment having been removed by thrombin) produces a  β 15 – 42 
fragment, the detection of which indicates fi brin (as opposed to 
fi brinogen) degradation. Consequently, assays for the B β 1 – 42 
and  β 15 – 42 fragments used in combination may be clinically 
useful by indicating whether fi brinogen or fi brin has been 
degraded, and thus whether fi brinolytic activity is primary or 
secondary to fi brin formation. However, clinically, FDP assays 
are used to detect DIC, when mixed fi brin/fi brinogen degrada-
tion products appear in the circulation.  

  Plasminogen  a ctivators 

  Tissue  p lasminogen  a ctivator 
 tPA is a serine protease secreted by endothelial cells. It is 
not synthesized by the liver or kidney but is found in most 
extravascular body fl uids, including saliva, milk, bile, cerebro-
spinal fl uid and urine. Intravascular tPA is quickly cleared by 
the liver or inactivated by the fast - acting tPA inhibitor (see 
below), the half - life of tPA in plasma being approximately 
2   min. The resting level of tPA in plasma is around 70   pmol/L, 
most of which is in an inactive complex with tPA inhibitors (see 
below). 

 Several physical and biochemical stimuli, including venous 
occlusion, strenuous exercise, thrombin, adrenaline and vaso-
pressin or its analogues such as DDAVP (see Chapter  41 ), 
markedly increase the rate of tPA release, although its biological 
activity remains negligible until it becomes bound to fi brin, 
whereupon its affi nity for and action upon PLG is greatly poten-
tiated. The activity of tPA is further enhanced by plasmin itself, 
which cleaves tPA at Arg275 - Ile276 into a two - chain molecule, 
whose binding sites are exposed, thus enabling it to form a 
complex with PLG and fi brinogen more readily. The ability of 

Glu - PLG. Conversion of PLG to plasmin can proceed via two 
routes. Most PLG activators (see below) cleave the Arg561 –
 Val562 bond to form Glu - plasmin, a disulphide - linked two -
 chain molecule. The heavy chain is derived from the N - terminal 
region and bears the lysine - binding sites, whereas the C - terminal 
light chain contains the serine active centre. Glu - plasmin, 
despite being a serine protease, is functionally ineffective as its 
lysine - binding sites remain masked. It is converted autocatalyti-
cally to Lys - plasmin by N - terminal cleavage, chiefl y between 
Lys76 and Lys77, which exposes the lysine - binding sites and 
thus markedly enhances its interaction with fi brin. 

 Both Glu -  and Lys - plasmin also attack the same Lys76 – Lys77 
bond in Glu - PLG to form the zymogen Lys - PLG. This binds to 
fi brin before activation to the protease and is thus brought into 
close proximity with the physiological PLG activators (which 
also bind to fi brin) that convert it to Lys - plasmin. As a conse-
quence, the conversion of PLG to plasmin by tPA is enhanced 
by two to three orders of magnitude; this serves to localize the 
fi brinolytic response to the fi brin clot, where plasmin is to some 
extent protected from the effects of circulating antiplasmins, 
which (as indicated below) would otherwise neutralize plasmin 
extremely rapidly ( <    50   ms). The fact that Lys - PLG is potentially 
a much more effective agent in fi brinolysis than Glu - PLG is 
refl ected in its half - life, which is around 20 hours compared 
with 50 hours for the latter.  

  Action of  p lasmin on  fi  brin and  fi  brinogen 

 Plasmin can hydrolyse a variety of substrates including FV and 
FVIII, but its major physiological targets are fi brin and fi brino-
gen, which are split progressively into a heterogeneous mixture 
of small soluble peptides (plasmin attacks at least 50 cleavage 
sites in fi brinogen) known collectively as fi brin degradation 
products (FDPs). The fi rst stage in the proteolysis of fi brinogen 
involves the removal of several small peptides (fragments A, B 
and C) from the C - terminus of the A  α  - chains, each involving 
cleavage after a lysine residue. This is rapidly followed by 
removal of the fi rst 42 amino acids from the N - terminal end of 
the B  β  - chain (the B β 1 – 42 fragment). The large residual 
portion, which is known as fragment X, and which still contains 
fi brinopeptide A, remains thrombin - clottable and will aggluti-
nate some  Staphylococcus  spp. Assay of the B β 1 – 42 fragment 
released from fi brinogen by plasmin gives a sensitive index of 
fi brinogenolytic activity. 

 Asymmetrical digestion of all three pairs of chains of fi brin 
or fi brinogen then occurs with the release of the D fragment, in 
which the chains remained linked by disulphide bonds. The 
residue, known as fragment Y, is again attacked by plasmin, 
cleaving a second fragment D and leaving the disulphide - linked 
N - terminal ends of all six chains, which are referred to as frag-
ment E. Fragments Y, D and E are not thrombin - clottable and 
do not agglutinate staphylococci. Their presence can be detected 
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tor inhibitors or PAIs, most of which belong to the serpin 
family, and by a number of circulating inhibitors of plasmin 
itself (the antiplasmins). 

  Inhibitors of  p lasminogen  a ctivation 

  Plasminogen  a ctivator  i nhibitor  t ype 1 
 PAI - 1 is an important fast - acting serpin inhibitor of tPA, uPA 
and, to a small extent, plasmin, and is secreted by endothelial 
cells. It is also found in platelet  α  - granules. In plasma, it occurs 
in two forms: a functionally active  ‘ free ’  form (that is stabilized 
by association with vitronectin) and as an inactive complex with 
tPA. Basal PAI - 1 concentration in plasma is low at 0.5   nmol/L, 
of which at least 80% is in complex with tPA or uPA. It follows 
a diurnal rhythm, with an early morning peak that is around 
twice that in the late afternoon, and its activity is also increased 
by heparin. There is growing evidence that elevated levels of 
PAI - 1 are associated with an increased incidence of venous and 
arterial thrombosis, and there is a suggested association between 
the early morning peak level of PAI - 1 and a higher incidence of 
myocardial infarction at that time, the extent of this diurnal 
variation being associated with polymorphisms in the PAI - 1 
gene ( SERPINE1 ). 

 The three main profi brinolytic serine proteases (tPA, uPA 
and plasmin) all cleave the same bond (Arg346 – Met347) in the 
reactive centre loop of PAI - 1, and are thus inhibited in the same 
way as described in the section on AT. PAI - 1 binds non - 
covalently to fi brin, but although it can then complex with and 
inhibit fi brin - bound tPA (with most of the complexes remain-
ing bound to the fi brin), it does so less effectively than with free 
tPA. Soluble tPA – PAI - 1 complexes are rapidly removed by the 
liver ( t  ½    4   min), as are uPA – PAI - 1 complexes that have dissoci-
ated from fi brin.  

  Plasminogen  a ctivator  i nhibitor  t ype 2 
 This serpin inhibitor of tPA is mainly produced by the placenta 
and may thus contribute to the inhibition of fi brinolysis that 
occurs during pregnancy. It is also synthesized in monocytes 
and epidermal cells, but is not usually found in the plasma of 
non - pregnant subjects. It is detectable in plasma from about the 
eighth week of pregnancy, rising to a peak at around 33 weeks 
and falling only slowly after delivery, the half - life being around 
24 hours. Paradoxically, levels are often low in pre - eclampsia 
due to placental insuffi ciency. The inhibitory action of PAI - 2 
involves its Arg380 - Thr381 residues and it is more effective 
against uPA than tPA, although for both the potency is at least 
10 - fold less than that of PAI - 1. 

 Similarly, other protease inhibitors such as  α  1  - antitrypsin, 
C1 - esterase inhibitor,  α  2  - antiplasmin (see below),  α  2  -
 microglobulin and protease nexin 1 (one of a group of cell 
membrane - bound heparin - potentiated serpins) also neutralize 
tPA, but at a rate that is probably too slow to be of physiological 

venous occlusion to stimulate tPA release from endothelial cells 
forms the basis of a test of fi brinolytic activity known as the 
 ‘ cuff test ’ . 

 Both single - chain tPA and the two - chain form possess very 
little serine protease activity until they bind to fi brin, where-
upon tPA affi nity for, and activation of, fi brin - bound PLG is 
increased at least 100 - fold. The principal interactions involve 
binding between the second kringle domain of tPA and lysine 
residues on the  α  -  and  β  - chains of fi brin (in particular Lys157 
on the  α  - chain of partly degraded fi brin). This association 
enhances cleavage of the Arg561 – Val562 bond in adjacent PLG 
molecules, forming active plasmin.  

  Urinary  p lasminogen  a ctivator 
 So called because it was fi rst extracted from urine, uPA is syn-
thesized chiefl y by the tubules and collecting ducts in the kidney 
and by fi broblast - like cells in the gastrointestinal tract. It is a 
serine protease secreted as an inactive single - chain zymogen 
(prourokinase) that is cleaved by activators in plasma (includ-
ing kallikrein and plasmin) at Lys158 - Ile159 to produce active 
two - chain uPA. The protease activity of uPA is associated with 
the heavy chain, which may dissociate from the light chain car-
rying the PLG - binding site. The isolated heavy chains, which 
are also known as low - molecular - weight urokinase, are there-
fore poorer PLG activators than the two - chain form. 

 uPA cleaves the same Arg561 – Val562 bond in PLG as tPA. 
Although uPA contains a kringle domain, this does not impart 
high affi nity for fi brin and it binds instead (via its EGF - like 
domain) to its cell - associated receptor. Thus it has been pro-
posed that uPA may be preferentially involved in cellular events 
(such as differentiation and mitogenesis) rather than with dis-
solution of fi brin clots.  

  Exogenous  p lasminogen  a ctivators 
 These are derived from non - human sources, including animals 
(e.g. vampire bat saliva and some snake venoms) and certain 
plants and microorganisms. The best known of these is strep-
tokinase (SK), which is derived from some strains of  β  -
 haemolytic streptococci and which has for many years been 
used, with moderate success, as a fi brinolytic agent for the 
treatment of life - threatening thrombotic states. SK is a non -
 enzymatic polypeptide that forms a stable 1   :   1 complex with 
PLG, as a result of which the latter undergoes a conformational 
change, unmasking its serine - active centre. The  ‘ plasmin ’  that 
is formed remains associated with SK but can convert free PLG 
to plasmin.   

  Inhibitors of  fi  brinolysis 

 The plasmin - generating potential of plasma is suffi cient to 
completely degrade all the fi brinogen in the body in a very short 
period of time. It is prevented from doing so by the PLG activa-
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signifi cance. However,  α  2  - microglobulin is thought to be the 
major inhibitor of the SK – PLG complex.   

  Inhibitors of  p lasmin 
 As they do with thrombin and tPA, a number of the broad -
 spectrum inhibitors contribute to neutralization of plasmin. 
By far the most potent plasmin inhibitor is the serpin  α  2  -
 antiplasmin, a single - chain glycoprotein synthesized by the 
liver, which has a half - life of about 60 hours and shows consid-
erable sequence identity with AT and  α  1  - antitrypsin. Its physi-
ological importance is supported by the fact that a congenital 
defi ciency (known as Miyasato disease) is associated with a 
clinically signifi cant bleeding disorder due to uncontrolled 
fi brinolytic activity, and that levels are reduced in DIC and 
during thrombolytic therapy. 

   α  2  - Antiplasmin 
 This serpin is the predominant plasmin inhibitor. It forms a 
stable 1   :   1 complex with plasmin, in which the protease is com-
pletely inactivated. The reaction appears to involve the cleavage 
by plasmin of a specifi c Leu – Met bond in the inhibitor, expos-
ing the reactive loop Arg364 – Met365 peptide bond to the serine 
active centre on the light chain of plasmin. Plasmin - modifi ed 
 α  2  - antiplasmin can also bind to native Glu - PLG and to fi brin, 
the latter reaction being mediated by FXIIIa - mediated cross -
 linking. Thus, in addition to inactivating preformed plasmin, 
 α  2  - antiplasmin retards fi brinolysis by reducing PLG activation 
and by  ‘ masking ’  the lysine - binding sites through which 
plasmin(ogen) interacts with fi brin. However, these subsidiary 
mechanisms for inhibiting fi brinolysis are to some extent over-
come by any Lys - plasmin(ogen) present, which has a higher 
affi nity than Glu - PLG for fi brin, and is thus less susceptible to 
the action of  α  2  - antiplasmin. 

 In plasma (as opposed to on fi brin strands), although the 
concentration of PLG ( ∼    2    µ mol/L) exceeds that of  α  2  -
 antiplasmin ( ∼    1    µ mol/L), basal fi brinogenolytic activity is 
minimal because the tiny amounts of plasmin normally gener-
ated under physiological conditions are rapidly neutralized by 
the inhibitor. However, in certain pathological conditions (e.g. 
obstetric emergencies or snake bite) where extreme activation 
of fi brinolysis occurs, the latter may be swamped. Under these 
circumstances, other inhibitors, in particular  α  2  - microglobulin 
and histidine - rich glycoprotein, may become clinically impor-
tant. The action of  α  2  - microglobulin on plasmin is similar to 
its effect on thrombin. Following the plasmin - induced cleavage 
of a specifi c Arg – Leu bond in the inhibitor, the latter forms a 
1   :   1 complex with the light chain of plasmin. The serine active 
site of plasmin is not involved and the complex retains weak 
biological activity, albeit only briefl y, until it is removed in the 
liver. Histidine - rich glycoprotein inhibits fi brinolysis by block-
ing the lysine - binding sites of PLG, thus preventing its interac-
tion with fi brinogen.  

  Lipoprotein  A  
 The protein portion of lipoprotein A is termed apo(a). It is 
synthesized in the liver and circulates in plasma. There is con-
siderable structural homology with PLG, as it possesses both 
serine protease and kringle domains. It can compete with PLG 
for binding sites on fi brin(ogen) or tPA, and may also increase 
PAI - 1 expression, both actions potentially inhibiting fi brinoly-
sis. That lipoprotein A has some clinical importance is indicated 
by the fi nding that raised levels are associated with an increased 
incidence of thrombosis.  

  Thrombin -  a ctivated  fi  brinolytic  i nhibitor 
 In the presence of thrombomodulin, thrombin activates car-
boxypeptidase B, also called TAFI, and TAFIa in turn inhibits 
fi brinolysis; this provides another link between coagulation and 
the fi brinolytic pathway. TAFI removes the C - terminal lysine 
residues formed by limited plasmin proteolysis of fi brin, remov-
ing the binding sites for PLG and tPA. Thus the fi brin cofactor 
function in PLG activation is reduced, downregulating fi bri-
nolysis. Mice with TAFI knockout have defective wound repair, 
and data from backcrossing against heterozygous PLG - defi cient 
mice showed that TAFI modulates both fi brinolysis and cell 
migration  in vivo .     
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  Introduction 

 Platelets are small anucleate cells that play a critical role in 
haemostasis and thrombosis. Platelets ordinarily circulate in the 
bloodstream in a quiescent state but undergo  ‘ explosive ’  activa-
tion following damage to the vessel wall, leading to the rapid 
formation of a platelet aggregate or vascular plug and occlusion 
of the site of damage. From a pragmatic viewpoint, the more 
rapid that vascular plug formation occurs, the lower the amount 
of blood that is lost. To facilitate a rapid response, platelets are 
enriched in signalling proteins and surface receptors, and acti-
vation is associated with the generation of the positive feedback 
or amplifi cation mediators ADP and thromboxane (Tx)A 2 , and 
release of the adhesion proteins fi brinogen and von Willebrand 
factor (VWF), which support aggregate formation and the 
generation of thrombin through the coagulation cascade. The 
importance of platelets in haemostasis is illustrated by the 
excessive bleeding associated with defects in platelet function or 
platelet number. On the other hand, the activation of platelets 
in diseased blood vessels (e.g. at sites of plaque rupture) can 
lead to arterial thrombotic disorders such as stroke and myo-
cardial infarction, two of the major causes of morbidity and 
mortality in the Western world. 

 It is essential that platelets circulate in the bloodstream in a 
quiescent state but that they undergo rapid activation as and 
when necessary. To achieve this balance, endothelial cells con-
stitutively release nitric oxide (NO) and generate prostacyclin 
to inhibit platelet activation through elevation of the cyclic 
nucleotides cGMP and cAMP, respectively. In addition, 
endothelial cells express the ecto - ADPase CD39, which removes 
the feedback mediator ADP, and thrombomodulin, which con-
verts the procoagulant action of thrombin to an anticoagulant 
action. Under normal circumstances, platelets are unable to 
form stable contacts on endothelial cells, but this can occur on 
diseased or activated endothelial cells or at sites of disturbed 
fl ow, including arterial bifurcations where plaques are com-
monly formed. Adhesion of platelets to endothelial cells 
promotes local infl ammatory events that can initiate plaque 
formation, endothelial activation and damage. Lesions in the 
endothelial layer lead to exposure of subendothelial matrix pro-
teins, particularly collagens and membrane surface - expressed 
tissue factor, which can initiate powerful platelet activation and 
coagulation, respectively. 

 Platelets have a wider role than solely supporting platelet 
aggregation (Figure  40.1 ). Platelet dense granules and  α  -
 granules are packed with a rich diversity of small molecules and 
proteins that play fundamental roles in many aspects of hae-
mostasis, including vessel constriction, leucocyte recruitment 
and vessel repair. The ability to release such a diverse library of 
biological molecules may refl ect the evolutionary relationship 
of the platelet to the haemocyte in lower organisms, which is 
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thrombosis, such as age, stress, weight, sex, lifestyle, cholesterol 
level, blood pressure, smoking and previous thrombotic history, 
and the potential risk from excessive bleeding. It is now accepted 
that individuals judged to be at medium to high risk of throm-
bosis should receive some form of antiplatelet therapy (unless 
otherwise contraindicated), usually low - dose aspirin or clopi-
dogrel, and nearly always in combination with other treatments 
such as statins and blood pressure - lowering drugs. There is also 
a small but signifi cant advantage in using clopidogrel and 
aspirin in combination for the treatment of patients at high risk 
of thrombosis, although this also leads to an increase in signifi -
cant bleeds. Stronger inhibitors of platelet function, namely 
blockers of the major platelet integrin  α  IIb  β  3 , are used only in 
acute situations of thrombotic risk in the clinic, for example in 
cases of unstable angina or angioplasty and stenting, because of 
their narrow therapeutic window. 

 The aim of this short review is to describe the features of 
platelets that enable them to perform their physiological roles 
in the vasculature. More extensive information on all aspects of 
platelet function in health and disease can be found in the 
second edition of the excellent textbook  Platelets , edited by Alan 
Michelson.  

  Platelet  s tructure and  o rganelles 

 Platelets have several unique features that enable them to effi -
ciently perform their primary function, namely the rapid for-
mation of a vascular plug following vessel injury. Platelets are 
extremely small and discoid in shape, with dimensions in the 
human of approximately 3.0    ×    0.5    µ m and a mean volume of 
7 – 11   fL. This shape and small size enables platelets to be  ‘ mar-
ginated ’  by the red blood cells to the edge of the vessel, placing 
them next to the endothelial cells and therefore in the correct 
position to respond to vascular damage. Platelets are abundant 
in the circulation, with numbers in humans usually in the range 
150 – 400    ×    10 9 /L. This relatively high count represents a consid-
erable degree of redundancy, as individuals with platelet counts 
as low as 20    ×    10 9 /L often exhibit only occasional major spon-
taneous bleeds, although they are at increased risk of excessive 
bleeding during major trauma and surgery. 

 The discoid shape of the platelet is formed by the platelet 
cytoskeleton, which consists of a spectrin - based membrane 
skeleton, circumferential bands of a single microtubule that lie 
beneath the plasma membrane and a rigid actin fi lament 
network that fi lls the cytoplasm of the cell. The disc shape is not 
essential for platelet function as mouse platelets that lack  β  1  -
 tubulin, the major component of the microtubules, are spheri-
cal and yet undergo normal aggregation and secretion. The rigid 
structure and platelet strength is supported by 2 million copies 
of actin per platelet, of which approximately 40% in a non -
 stimulated cell are assembled into actin polymers. These poly-
mers connect with each other and with the cyosolic tail of the 

involved in both the innate defence system and the prevention 
of excessive blood loss. In higher organisms, two distinct sets of 
cells perform these functions, namely thrombocytes (or plate-
lets) and leucocytes, and of course the function of the platelet 
has evolved to prevent excessive blood loss in a high - pressure 
arterial system. The contribution of platelets to many vascular 
responses is an area that is gaining increasing recognition, but 
one that is challenging to investigate because many mediators 
are released from other vascular cells.   

 Platelets are a major target in the treatment of individuals at 
risk of thrombosis. However, careful consideration is required 
as to whether a patient should receive antiplatelet therapy and 
for how long, bearing in mind that such treatment always 
carries a risk of increased bleeding. For the majority of individu-
als receiving the orally active antiplatelet drugs aspirin or clopi-
dogrel this risk is extremely low, but it is not zero. In this 
context, the increasing tendency of otherwise healthy passen-
gers to take aspirin as an antiplatelet therapy in long - haul fl ights 
should be viewed with concern as the major risk is venous 
thrombosis, which is minimally inhibited by treatment with 
aspirin. The small increase in risk of bleeding may therefore 
exceed any potential benefi t. 

 The decision on whether a patient should receive antiplatelet 
therapy is based on the net sum of risk factors for arterial 
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     Figure 40.1     Functional roles of the platelet in the vasculature.  
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P - selectin is used to monitor platelet  α  - granule secretion by 
fl ow cytometry.   

 Platelets are enriched in signalling proteins, which facilitate 
the rapid switch from quiescence to activation, and have a high 
cytoskeletal protein content that gives rise to the dramatic 
changes in morphology and which enables the platelet aggregate 
or thrombus to withstand the very high shear forces that exist 
in the arteriolar system. Platelets have a network of intracellular 
membranes known as the dense tubular system (part of the 
endoplasmic reticulum) that release intracellular Ca 2+  in 
response to the second messenger inositol 1,4,5 - trisphosphate 
(IP3). Platelets have a network of invaginations of the surface 
membrane, known as the surface - connected canalicular system, 
which increase the surface area of the plasma membrane during 
platelet spreading and thereby provide more sites for release of 
intracellular granules. The surface - connected canalicular system 
also gives rise to membrane tethers that play a vital role in sup-
porting adhesion. Platelets contain several mitrochondria that 
generate energy during their short lifespan.  

  Animal  m odels 

 Genetically modifi ed mice and other organisms, notably 
zebrafi sh, are being increasingly used to address the  in vitro  and 

membrane glycoprotein (GP)Ib α  via fi lamin in a lattice - like 
structure that gives the platelet its discoid shape. 

 Platelets lack a nucleus, which is consistent with their short 
lifespan of 10 days and their acute role in haemostasis. Platelets 
exhibit a very limited and specifi c degree of protein synthesis, 
as the result of residual mRNA that has been carried over from 
their precursor cell, the megakaryocyte, although interestingly 
the number of platelet/megakaryocyte genes is higher than any 
other blood cell lineage. However, although there is little his-
torical evidence to suggest that the general capacity to synthe-
size new proteins is of major relevance, more recent evidence 
suggests that activated platelets can synthesize a small number 
of key proteins that may be of functional signifi cance. The pres-
ence of low levels of platelet mRNA also provides an opportu-
nity to perform a limited number of genetic studies, although 
concern over contamination from nucleated cells, which express 
several orders of magnitude higher levels of mRNA, necessitates 
the need for direct confi rmation of protein expression. 
Potentially, many of these issues can be addressed at the level 
of the platelet precursor cell, the megakaryocyte, but these are 
present at low copy number in bone marrow and access to tissue 
is a problem particularly in humans. Despite these concerns, the 
application of both genomic and proteomic approaches have 
given an unprecedented insight into the protein composition of 
the platelet, although the challenge remains to identify the func-
tion and interplay of the key proteins, as many may be vestigial 
or have been carried over from the megakaryocyte. 

 Platelets contain four main types of storage granule, dense 
granules,  α  - granules, lysosomes and peroxisomes, although the 
signifi cance of the latter two is unclear. There are between fi ve 
and nine dense granules in platelets and these contain high 
levels of ADP, ATP, polyphosphates, 5 - hydroxtryptamine (5 -
 HT; also known as serotonin) and Ca 2+ . There are about 80 
 α  - granules per platelet and these contain a rich diversity of 
proteins and membrane receptors that support haemostasis, 
vascular repair, infl ammation and host defence (Table  40.1 ). 
Many of these proteins are made  de novo  in the megakaryocyte, 
such as platelet factor (PF)4 and VWF, whereas others are 
taken up from the plasma by receptor - mediated endocytosis, 
including fi brinogen. The major components of  α  - granules 
include fi brinogen and VWF, which support platelet adhesion 
and aggregation; factor (F)V, protein S and tissue factor 
pathway inhibitor (TFPI), which play key roles in regulating 
coagulation and fi brinolysis; the chemokines SDF - 1 α , PF4, 
 β  - thromboglobulin, ENA - 78 and RANTES, which attract hae-
mopoietic stem cells and leucocytes; and the growth factors 
platelet - derived growth factor (PDGF) and vascular endothelial 
growth factor (VEGF) A and C, which support vessel repair 
and angiogenesis. Platelet  α  - granules also express key trans-
membrane proteins that become exposed on fusion with the 
plasma membrane and support platelet aggregate formation 
and leucocyte recruitment, including the major platelet integrin 
 α  IIb  β  3 , P - selectin (CD62) and CD40L. The expression of 

  Table 40.1    Platelet  α  - granule constituents. 

   Physiological role     Constituent  

  Angiogenesis    VEGF - A, VEGF - C, PDGF  

  Antibodies    IgG  

  Coagulation cascade    Factor V, fi brinogen, tissue factor 

pathway inhibitor  

  Endothelial cell 

activation  
  TGF -  β   

  Fibrinolysis    Plasminogen, PAI - 1,  α  2  - antiplasmin  

  Growth factors    PDGF, FGF, HGF, IGF - 1, EGF  

  Leucocyte recruitment    Chemokines: PF4, RANTES,  β  -

 thromboglobulin, ENA - 78, SDF - 1 α   

  Matrix breakdown    Hydrolytic enzymes MMP - 2, MMP - 9  

  Membrane proteins     α  IIb  β  3 , P - selectin, CD40L  

  Bacterial killing    Microbicidal proteins  

  Miscellaneous    Amyloid  β  - protein precursor, Gas6  

  Proteases    Protease nexin II  

  Platelet aggregation    Fibrinogen, fi bronectin, VWF  

  Irreversible aggregation    Thrombospondin (locks fi brinogen 

bridges between  α  IIb  β  3 )  

   Examples of platelet  α  - granule constituents and their 

physiological roles are shown. Several other molecules have also 

been reported to be present in  α  - granules and to be released on 

activation.   
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megakaryocytopoiesis and platelet formation. Two TPO mimet-
ics (eltrombopag and romiplostim) have recently entered clini-
cal use for treatment of immune thrombocytopenia. 

 One of the outstanding questions in this fi eld over the years 
has been the events underlying platelet formation. There is now 
a growing consensus that megakaryocyte differentiation occurs 
in a defi ned compartment of the bone marrow known as the 
osteoblastic niche and that megakaryocytes subsequently 
migrate and adhere to sinusoidal endothelial cells through a 
process that is regulated by the chemokine SDF - 1 α  and its 
receptor CXCR4. At this vascular niche, the megakaryocytes 
generate long thin processes known as proplatelets, which form 
platelets at their terminals. The proplatelet arms protrude 
between bone marrow sinusoidal endothelial cells and release 
platelets directly into the bloodstream. This carefully orches-
trated process ensures that platelets are not released into the 
bone marrow. Megakaryocytes also undergo chemotaxis into 
the bloodstream where they can also form platelets. Dynamic 
visualization of the events underlying thrombopoiesis within 
bone marrow has recently been captured  in vivo  by Junt and 
colleagues. To maintain a normal platelet count, approximately 
1 million new platelets are released into the blood every second 
but this can dramatically increase by a factor of 10 in severe 
haemorrhage.  

  Thrombus  f ormation 

 The events that underlie platelet adhesion and aggregation, and 
which eventually lead to thrombus formation, at the intermedi-
ate to high rates of shear (1000 – 5000/s) of the arteriolar system 
are discussed below and depicted in Figure  40.2 .   

  Platelet  c apture and  s table  a dhesion 

 The initial event that takes place on damage to the vasculature 
is the tethering or capture of platelets through the interaction 
of VWF with the GPIb – IX – V complex. VWF and GPIb do not 
interact unless a conformational change is induced in VWF as 
a consequence of its binding to collagen and/or elevated shear. 
The fast on - rate of association between VWF and GPIb α  
enables binding to take place at the intermediate to high shear 
forces of the arteriolar system. However, a fast off - rate of 
association means that this interaction alone is not suffi cient to 
give rise to rapid stable adhesion. Thus, platelets translocate in 
the direction of fl ow on a surface of VWF or when they fi rst 
come into contact with a damaged vessel wall. Application of 
high - resolution imaging technology has revealed that most 
platelets translocate in a stop – start manner through sliding 
rather than rolling and thus this serves to minimize the drag 
forces on adhesive bonds. Furthermore, the capture of platelets 
is facilitated by the formation of membrane tethers, thin proc-
esses of lipid bilayer that are pulled away from the platelet 

 in vivo  function of specifi c genes and proteins in platelets (and 
thrombocytes), but with the caveat of a number of differences 
to human platelets with regard to rheology and protein com-
position. For example, the mouse genome lacks the gene for the 
only Fc receptor found on human platelets, Fc γ RIIA, and mouse 
platelets do not express one of the major receptors for thrombin 
on human platelets, PAR - 1. There are also important differ-
ences in participation of protein isotypes in signalling cascades 
and various responses. Moreover, the relevance of many of the 
 in vivo  models (such as tail bleeds and vessel wall injury by ferric 
chloride or laser ablation) to haemostasis and thrombosis in 
humans is uncertain and fails to mimic the conditions that give 
rise to arterial thrombosis, which typically occurs on ruptured 
atherosclerotic plaques. Nevertheless, despite these concerns, 
the processes that govern platelet activation in mice and other 
species appear to be shared with humans, and the value of 
animal models in analysing platelet activation and  in vivo  hae-
mostasis and thrombosis, and thereby establishing a foundation 
for ongoing and future clinical trials, is immense.  

  Platelet  f ormation 

 Platelets are formed from megakaryocytes, one of the largest 
cells in the bone marrow, reaching more than 50    µ m in diam-
eter. The nucleus of the megakaryocyte undergoes a process 
known as endomitosis that involves nuclear replication without 
cellular division, giving rise to DNA ploidy values that range 
from 4 n  to 128 n . The reason why endomitosis occurs is not fully 
understood, but it may simply refl ect the need to increase the 
DNA content to enable the cell to expand its protein synthetic 
capacity to generate 2000 – 3000 platelets per megakaryocyte. In 
addition, it allows cell growth and differentiation to occur 
without interruption by nuclear and cell divisions. 

 The differentiation of bone marrow progenitor cells into 
megakaryocytes is regulated by the cytokine thrombopoietin 
(TPO), which was fi rst identifi ed in the mid 1990s. The TPO 
receptor, c - Mpl, expressed on stem cells, megakaryocytes and 
platelets, signals via the JAK/STAT family of kinases and tran-
scription factors, respectively. An acquired mutation in JAK2 
(valine to phenylalanine residue at position 617) leads to an 
increase in JAK2 activity and accounts for approximately 50% 
of patients with essential thrombocythaemia and almost 100% 
of patients with polycythaemia vera, which are associated with 
an increase in either platelet or red blood cell counts respec-
tively. The same mutation also underlies myelofi brosis, which 
often occurs as a late - stage progression of these two myelopro-
liferative disorders. TPO is synthesized at a constant rate in the 
liver and its circulating free levels are largely controlled by 
binding and internalization mediated through c - Mpl on the 
platelet surface. This provides a simple and elegant means of 
tightly controlling the platelet count. Thus, if the platelet count 
decreases, the free level of TPO rises and there is an increase in 
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notably the collagen receptor GPVI and vessel wall - generated 
thrombin. This transition can be readily demonstrated  in vitro  
by comparing adhesion and aggregate formation when blood 
fl ows over immobilized VWF or collagen, as illustrated by the 
static records shown in Figure  40.3 . The majority of platelets 
translocate on a surface of VWF and form small stable aggre-
gates only after several minutes, presumably as a result of weak 
activation of platelet integrins by GPIb – IX – V. In comparison, 
platelets undergo rapid stable adhesion and form large aggre-

surface under the infl uence of haemodynamic force. These 
highly dynamic structures can extend as far as 30    µ m in length, 
or ten times the size of a platelet, with much of their length 
being derived from the surface - connected canalicular system. 
The formation of membrane tethers helps to sustain adhesion 
within high - shear environments by minimizing the drag on 
captured platelets. 

 The conversion to stable adhesion is primarily dependent on 
activation of  β  1  and  β  3  integrins by other receptors, most 
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     Figure 40.2     Thrombus formation at arteriolar rates of shear. 

Platelets are tethered by VWF bound to immobilized collagen, 

which then activates the low - affi nity receptor GPVI leading to 

activation of integrins  α  IIb  β  3  and  α  2  β  1 , which bind to VWF/

fi brinogen and collagen, respectively. This mediates stable 

adhesion and further activation of GPVI. The signals from GPVI 

and the two platelet integrins induce spreading of platelets on the 

matrix and release of the feedback messengers ADP and TxA 2 . 

VWF and fi brinogen, in combination with ADP, TxA 2  and 

thrombin, mediate thrombus formation (aggregation) and 

stabilization (clot retraction). The formation of a procoagulant 

surface also supports formation of thrombin (not shown).  

     Figure 40.3     Platelet adhesion and aggregation at arteriolar shear. 

Human blood, anticoagulated with 40    µ mol/L P - PACK, was 

fl owed over collagen or VWF at a shear rate of 1000/s for 4   min 

and rinsed with Tyrode buffer for 5   min. Differential interference 

contrast images of adherent platelets were recorded. Where 

indicated, blood was pretreated with indomethacin (10    µ mol/L) 

and apyrase (5   U/mL) to reduce the secondary mediators, TxA 2  

and ADP respectively, prior to fl ow.  
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pattern of which is agonist dependent, as illustrated in Figure 
 40.4 . Initial shape change or rounding is followed by the genera-
tion of fi nger - like projections known as fi lopodia, which grow 
from the periphery of the cell, and the subsequent formation of 
lamellipodia, which fi ll in the areas between adjacent fi lopodia. 
Actin – myosin stress fi bres then serve to strengthen the spread 
platelets. As these events proceed, granules and organelles are 
squeezed into the centre of the cell, resulting in a characteristic 
 ‘ fried egg ’  appearance. These dramatic changes in morphology 
are brought about by a powerful severing and reassembly of the 
actin cytoskeleton. The spreading of platelets and formation of 
stress fi bres helps to secure the platelet and thrombus against 
the fl ow and shear forces of the vascular system.    

  Granule  s ecretion and  T x A  2   f ormation 

 The secretion of ADP from dense granules and the  de novo  
generation of TxA 2  from arachidonic acid, liberated by the 
action of cytosolic phospholipase (PL)A 2 , play a critical feed-
back role in mediating platelet activation. In nearly all cases, 
activation of platelets by low concentrations of agonists is 
potentiated by the release of the two feedback agonists, and only 
high concentrations of powerful stimulants such as thrombin 
are able to induce full aggregation (measured in a Born 
aggregometer) in the presence of inhibitors of the two feedback 
stimuli. The major physiological role of the two feedback medi-
ators, along with thrombin, is to generate a platelet aggregate 
on the monolayer of cells that have adhered to subendothelial 
collagen (see Figure  40.3 ). 

 Secretion from platelet  α  - granules usually occurs concomi-
tantly with that from dense granules, although there is evidence 
for subtle differences in their regulation. The  α  - granules contain 
a wide variety of protein constituents that play various roles in 
haemostasis, host defence and wound repair, including VWF 
and fi brinogen, which together with their plasma counterparts 
support aggregate formation. Fusion of  α  - granules with the 
platelet plasma membrane has the potential to increase the 
expression of  α  IIb  β  3  to over 120   000 copies per platelet. This 
is of relevance in the use of membrane - impermeable  α  IIb  β  3  
blockers, as these can only reach  α  - granule - localized integrin 
following degranulation or through internalization. Fusion of 
 α  - granules also leads to expression of P - selectin on the platelet 
surface, which is the major ligand for P - selectin glycoprotein 
ligand (PSGL) - 1 on circulating tissue factor - rich microparticles 
and leucocytes. The capture of microparticles provides a mech-
anism for further activation of the coagulation cascade on a 
growing thrombus, while binding to leucocytes contributes to 
infl ammatory events at the vessel wall.  

  Aggregation 

 Aggregation is the specifi c term used for the cross - linking of 
activated platelets through binding of bivalent or multivalent 

gates on collagen. This process is critically dependent on the 
binding of plasma - derived VWF to collagen through its A3 
domain, unmasking the binding site for GPIb within the VWF 
A1 domain, and the release of the positive feedback mediators 
ADP and TxA 2 . Dynamic imaging is required to observe this 
train of events in full.   

 The integrins that mediate stable adhesion on collagen are 
 α  IIb  β  3  (GPIIb/IIIa) and  α  2  β  1  (GPIa/IIa), which bind to immo-
bilized VWF and collagen, respectively. The role of  α  2  β  1  in this 
process is masked by the 50 times higher level of  α  IIb  β  3 , which 
is expressed at approximately 80   000 copies per platelet, with a 
further 40   000 copies on intracellular  α  - granules that become 
exposed on activation. Platelets express three other integrins 
that have the potential to mediate stable adhesion  in vivo ,  α  5  β  1 , 
 α  6  β  1  and  α  v  β  3 , which bind to fi bronectin, laminin and vitronec-
tin, respectively. The two  β  1  integrins are expressed at 1000 
copies per platelet and  α  v  β  3  at a tenfold lower level, and there-
fore their actions are also masked by the much greater level of 
 α  IIb  β  3 . 

 The capture and recruitment of circulating platelets onto a 
growing aggregate occurs in a similar way but in this case  β  1  and 
 β  3  integrin activation is mediated by the release of ADP and 
TxA 2 , and the local formation of thrombin. Binding of VWF to 
integrin  α  IIb  β  3  on the surface of activated platelets mediates 
tethering of non - activated platelets through GPIb – IX – V. High -
 resolution imaging studies have revealed that the initial stage 
involves discoid - shaped platelets and is reversible and inde-
pendent of ADP and TxA 2 . This initial phase therefore serves to 
recruit platelets into the growing aggregate. This is followed by 
an irreversible phase that is associated with a marked change 
in platelet morphology and platelet activation, and which is 
dependent on released secondary mediators and localized 
thrombin formation. 

 There are important differences in the mechanisms that give 
rise to adhesion and aggregation at the low and very high rates 
of shear found in the venous system and in stenosed arteries, 
respectively. At the relatively low fl ow that exists in venules and 
larger veins, which generate shear forces of less than 500/s, 
platelets are able to adhere directly to exposed subendothelial 
matrix proteins and undergo stable adhesion independent of 
VWF and GPIb – IX – V, although this interaction is thought to 
contribute to this response. Release of secondary mediators and 
generation of thrombin is also suffi cient to enable aggregate 
growth to occur independent of VWF and GPIb – IX – V. At shear 
rates of 10   000/s and above, which are found in stenosed vessels, 
adhesion and aggregation are mediated entirely by the interac-
tion of soluble and immobilized VWF with GPIb – IX – V, and 
are independent of platelet activation and integrin  α  IIb  β  3 .  

  Spreading 

 Platelets undergo a characteristic set of morphological changes 
on contact with a surface, known collectively as spreading, the 
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supporting aggregation was considered to be minor, in part 
because standard Born aggregation assays are not altered in the 
absence of the matrix protein. However, more recent studies in 
fi bronectin - defi cient mice and in  in vitro  fl ow assays have 
emphasized an important, albeit poorly understood, role for 
fi bronectin in the initiation, growth and stabilization of platelet 
aggregates. Indeed, the importance of fi bronectin may be 
related to its ability to bind to additional proteins such as fi brin-
ogen and thrombospondin, and in this way contributes to the 
stability of the platelet aggregate. Overall, however, we have a 
relatively poor understanding of the interplay between fi brino-
gen, VWF and fi bronectin, and are still unable to explain why 
a combination of  α  IIb  β  3  ligands is more effective in supporting 
aggregation and thrombus formation.  

  Thrombus  s tabilization 

 There is increasing recognition of the signifi cance of so - called 
 ‘ late events ’  that help to stabilize the platelet aggregate or 
thrombus in the high shear environment of the arterial circula-
tion. These events involve remodelling of the actin cytoskeleton 
and the interaction of several platelet membrane proteins with 
themselves or with each other. The affi nity of the latter interac-

ligands to integrin  α  IIb  β  3 . It should not be confused with 
agglutination, which refers to the passive cross - linking of non - 
activated platelets. The latter describes the response to high 
concentrations of the antibiotic ristocetin for example, which 
induces cross - linking of VWF to GPIb – IX – V. Ristocetin is 
used in the clinical testing laboratory to investigate possible 
defects or gain - of - function mutations in either plasma VWF 
or GPIb. 

 The integrin  α  IIb  β  3  is present in a low - affi nity form on non -
 stimulated platelets but undergoes a conformational change to 
a high - affi nity form in response to  ‘ inside - out ’  signals. The 
subsequent binding of bivalent ligands to platelets mediates 
platelet aggregation and adhesion. In turn, these interactions 
lead to clustering of  α  IIb  β  3  on the platelet surface and the gen-
eration of  ‘ outside - in ’  signals that regulate actin polymerization 
(and therefore platelet spreading) and other responses in 
synergy with other platelet receptors. 

 Fibrinogen, VWF and fi bronectin have similar affi nities for 
integrin  α  IIb  β  3  but under low shear conditions, fi brinogen is 
considered to be the major ligand because of its much higher 
concentration in plasma. On the other hand, as discussed above, 
the importance of the interaction of VWF with integrin  α  IIb  β  3  
increases with shear. For many years the role of fi bronectin in 
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     Figure 40.4     Distinct morphological changes in washed human 

platelets exposed to fi brinogen (FG), collagen - related peptide 

(CRP) or thrombin (THR). Representative morphology of a 

single platelet on each surface at specifi c time points (seconds) 

are shown.  (From Thornber K, McCarty OJ, Watson SP, Pears CJ 

(2006) Distinct but critical roles for integrin  α IIb β 3 in platelet 

lamellipodia formation on fi brinogen, collagen - related peptide 

and thrombin.  FEBS Journal   273 : 5032 – 5043 with permission.)   
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the tenase and prothrombinase complexes. A complex of FIXa 
and FVIIIa on the negatively charged lipid surface converts FX 
to FXa (tenase complex), which in turn forms a complex with 
FVa on the same surface to effi ciently convert prothrombin to 
thrombin (prothrombinase complex). In this way, a large 
amount of thrombin is generated in the vicinity of the growing 
aggregate that serves to enhance platelet activation and convert 
fi brinogen to fi brin. 

 The platelet procoagulant response, which is mediated by 
exposure of phosphatidylserine, is elicited only by very powerful 
platelet agonists or combinations of agonists, and requires sus-
tained entry of Ca 2+  across the plasma membrane. However, the 
molecular basis of this response awaits identifi cation of the 
 ‘ scramblase ’  that promotes translocation of phosphatidylserine 
to the outer leafl et. Five patients have been described with a 
mild bleeding disorder linked to defective procoagulant activity, 
a condition known as Scott syndrome, and this provides evi-
dence that this pathway plays an important role in thrombus 
formation, although the identifi cation of further patients is 
required to consolidate this. Procoagulant activity can be moni-
tored by fl ow cytometry in the presence of external Ca 2+  through 
the binding of fl uorescently labelled annexin A5, FXa and other 
ligands. 

 The activation of platelets by powerful agonists and entry of 
Ca 2+  is associated with formation of microparticles and these 
too have been proposed as providing a massive increase in the 
surface area for binding of the tenase and prothrombinase com-
plexes. However, although microparticles are a highly active 
area of research in the context of thrombotic disorders, it is one 
that is severely hampered by technical limitations due to their 
small size and heterogeneity, especially as microparticles are 
also formed by other blood cells, including leucocytes and 
megakaryocytes.   

  Stimulatory  r eceptors and  t heir 
 s ignalling  p athways 

 The major physiological agonists that mediate platelet activa-
tion can be divided according to whether they signal primarily 
through single transmembrane proteins that regulate Src and 
Syk family tyrosine kinases or via seven - transmembrane - span-
ning proteins that are coupled to heterotrimeric G proteins. The 
former group includes the adhesion molecules collagen, VWF 
and fi brinogen, and the latter the so - called  ‘ soluble ’  agonists 
thrombin, ADP and TxA 2  (Figure  40.5 ).   

 The collagen receptor GPVI is the most powerful of the adhe-
sion receptors, signalling through tyrosine phosphorylation of 
an immunoreceptor tyrosine - based activation motif (ITAM) in 
its associated FcR  γ  - chain, leading to formation of an LAT sig-
nalosome and activation of PLC γ 2. Integrin  α  IIb  β  3  and GPIb –
 IX – V generate much weaker signals independent of LAT that 

tions is low and so these only occur when platelets are brought 
into close contact with each other. 

 The ability of blood clots to retract over a course of minutes 
to hours has been known for over 200 years and is termed clot 
retraction. The platelets are the force - generating components 
of this response, with integrin  α  IIb  β  3  playing a fundamental role 
both by linking cytoplasmic actin fi laments to surface - bound 
fi brin polymers and by generating intracellular signals that, 
together with those from other receptors, enable myosin to 
serve as a motor and drive the process. A novel actin - depend-
ent, but fi brin - independent, mechanism of retraction has been 
recently described that brings newly captured platelets into the 
aggregate and presumably also strengthens the aggregate by 
reducing the shear forces at the aggregate edge. 

 Through the work of Brass and others, it is now recognized 
that the aggregate is consolidated by the binding of a number 
of platelet membrane proteins to themselves (homophilic inter-
actions) or to other surface receptors on adjacent platelets (het-
erophilic interactions). Examples of such interactions include 
the binding of ephrins and Eph kinases to each other, the 
homophilic binding of PECAM - 1, the interaction of the immu-
noglobulins, JAM - A, JAM - C, ESAM and CD226 with each 
other and possibly other ligands, and the binding of sema-
phorin 4D with its ligand plexin - B1. Studies using blocking 
antibodies and mutant mice have provided evidence that these 
interactions contribute to the stability of the thrombus, although 
in many cases it is unclear if this is through the generation of 
intracellular signals or by strengthening platelet – platelet inter-
action. There is also evidence that some of these interactions 
inhibit aggregate growth, such as those involving PECAM - 1 and 
ESAM, and it is possible that these help to limit the degree of 
thrombus formation. 

 Many of the adhesion proteins that mediate platelet forma-
tion become shed during activation, including GPVI, GPIb α , 
GPV, P - selectin, and semaphorin 4D, and potentially this may 
serve to limit thrombus growth. On the other hand, in the case 
of CD40L, which becomes exposed on platelet activation, there 
is evidence that its shedding and subsequent binding to integrin 
 α  IIb  β  3  via a KGD motif stabilizes thrombus formation. 

 Further research is urgently required to establish the contri-
bution of many of these interactions and events to thrombus 
formation.  

  Procoagulant  a ctivity 

 The classic cascade model of blood coagulation has been 
replaced by a cell - based model of haemostasis in which coagula-
tion takes place on different surfaces, in overlapping steps  –  
initiation, amplifi cation and propagation  –  such that thrombin 
is generated at the very sites that it is required. Activated plate-
lets provide a negatively charged phospholipid surface for the 
assembly of two multiprotein complexes that form part of 
the intrinsic and amplication pathway of coagulation, namely 
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estimated that there are 25   000 copies of the complex on the 
platelet surface. The principal ligand for GPIb – IX – V is VWF, 
which consists of a series of multimers that vary in size from 
500 to more than 20   000   kDa and which give rise to the charac-
teristic VWF ladder when analysed by gel electrophoresis. The 
larger multimers of VWF are more effective in mediating plate-
let tethering and platelet activation. VWF is stored and released 
from endothelial cell Weibel – Palade bodies as an ultra - large 
multimer and is broken down into the smaller multimers 
observed in the circulation by the specifi c metalloproteinase 
ADAMTS - 13. Defi ciencies in ADAMTS - 13 lead to the persist-
ence of ultra - large VWF multimers in the circulation and a 
life - threatening thrombotic microangiopathy known as throm-
botic thrombocytopenic purpura (TTP), which is characterized 
by VWF - rich platelet aggregates in the skin and vital organs. 
Multimeric VWF also interacts and stabilizes FVIII. 

 At high rates of shear, multimeric VWF undergoes a change 
from a globular to an extended form that can reach several 
microns in length and which has multiple platelet and collagen 
binding sites. VWF can also self - associate when extended to 
form very large fi laments on the surface of endothelial cells and 
on collagen. In this extended form, VWF is able to tether to 
platelets through the GPIb – IX – V complex and thereby support 
adhesion and aggregation. This extended form of VWF is also 
induced by the bacterial antibiotic ristocetin or the snake venom 
toxin botrocetin, which are therefore frequently used as experi-

nevertheless mediate spreading and activation in synergy with 
other receptors. Signalling by GPVI and integrin  α  IIb  β  3  occurs 
in distinct regions of the platelet membrane, with the former 
signalling in cholesterol - rich membrane domains known as 
lipid rafts (Figure  40.6 ). Importantly, GPVI, GPIb – IX – V and 
integrin  α  IIb  β  3  are expressed only on platelets and their precur-
sor cell, the megakaryocyte.   

 The heterotrimeric G proteins are composed of  α  and  β  γ  
subunits, and take their name from the  α  subunit, although 
both subunits regulate effector proteins. Thrombin and TxA 2  
receptors activate both G q  and G 13 , which regulate PLC β  and 
Rho kinase, respectively, whereas the P2Y 1  ADP receptor is 
coupled only to G q . Both G proteins pathways have been shown 
to play important roles in mediating aggregation, although G 13  
is only able to induce shape change in the absence of other 
G q . The P2Y 12  ADP receptor is unique among this group of 
receptors in that it is coupled to the G i  family of G proteins. On 
its own, the P2Y 12  receptor induces very weak activation of 
platelets, but mediates powerful activation in synergy with Ca 2+  -
 mobilizing receptors. 

  Tyrosine  k inase -  l inked  r eceptors 

   GPI b –  IX  –  V  
 The GPIb – IX – V is unique to platelets and consists of four subu-
nits, GPIb α , GPIb β , GPIX and GPV, at a ratio of 2   :   2   :   2   :   1. It is 
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     Figure 40.5     Schematic of the major tyrosine kinase - linked and G 

protein - coupled receptors regulating platelets. The major 

receptors regulating platelet activation and inhibition are shown. 

The major signalling receptors that mediate platelet activation are 

the tyrosine kinase - linked receptor GPVI and the G protein -

 coupled receptors for TxA 2 , thrombin and ADP. Of this group, 

the P2Y 12  ADP receptor is unique in that it synergizes with the 

receptors for the other agonists to mediate powerful activation. 

The GPIb – IX – V complex is critical for platelet tethering and 

integrins  α  2  β  1  and  α  IIb  β  3  for stable adhesion and, in the case of 

the latter, platelet aggregation. All three of these adhesion 

receptors also generate weak tyrosine kinase - based intracellular 

signals of uncertain signifi cance. The prostacyclin receptor (IP) 

elevates cAMP and, in combination with nitric oxide which 

elevates cGMP (not shown), mediates powerful platelet 

inhibition.  
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platelets by the reticuloendothelial system, thus preventing their 
storage at this temperature and limiting their shelf - life. The 
interaction with  α  M  β  2  and P - selectin contributes to attachment 
and transmigration of leucocytes through a mural thrombus. 
Binding to P - selectin has also been reported to support rolling 
of platelets on activated endothelium in low - pressure vessels. 

 Mutations in GPIb α , GPIb β  and GPIX give rise to the bleed-
ing disorder Bernard – Soulier syndrome, which is characterized 
by macrothrombocytopenia. Bernard – Soulier syndrome is a 
rare disorder, with only a few hundred cases described world-
wide. The reduction in platelet count and increase in platelet 
size in this condition is due to the pivotal role of GPIb – IX – V 
in supporting platelet formation via the interaction of the 
GPIb α  cytoplasmic tail and the platelet cytoskeleton.  

   GPVI  and  i ntegrin  α  2  β  1  
 Collagen is recognized as the most thrombogenic component 
of the subendothelial matrix. Nine forms of collagen have been 
described within the vessel wall, with types I and III being the 
predominant ones in the deeper layers of the vessel wall and 
type VI in more superfi cial layers. The major receptors for col-
lagen on platelets are the immunoglobulin GPVI and the 
integrin  α  2  β  1 , which are expressed at 4000 – 6000 and 1500 – 2500 

mental tools to promote binding to GPIb α  in a low - shear 
environment. 

 The critical role of extended VWF in mediating platelet teth-
ering is dependent on the fast on - rate of association of its A1 
domain to GPIb α . However, as discussed above, other agonists 
such as collagen are required to mediate  rapid  activation of 
platelet integrins leading to stable adhesion and aggregation. 
This two - stage process may have evolved to help prevent adhe-
sion and aggregation occurring when platelets are exposed 
to VWF in the absence of other stimuli, such as may occur on 
the surface of endothelial cells during release of the adhesive 
protein. 

 GPIb α  generates weak intracellular signals through Src and 
Syk tyrosine kinases that mediate platelet spreading and integrin 
 α  IIb  β  3  activation. It is speculated that this plays an important 
role in mediating platelet activation  in vivo  in synergy with 
other receptors, although studies using mice with a selective 
defect in signalling by GPIb α  are required to test this. 

 GPIb – IX – V binds to several other cell surface and plasma 
proteins, including integrin  α  M  β  2  (also known as Mac - 1 or 
CR3) and P - selectin of leucocytes. The storage of platelets at 
4 ° C has been shown to lead to clustering of GPIb – IX – V and it 
is believed that this leads to binding to  α  M  β  2  and clearance of 
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     Figure 40.6     Schematic of GPVI and  α  IIb  β  3  signalling. Activation 

of the collagen receptor GPVI leads to tyrosine phosphorylation 

of the FcR  γ  - chain ITAM by the two Src kinases, Fyn and Lyn. 

This leads to recruitment of the tandem SH2 domain - containing 

tyrosine kinase Syk, which mediates tyrosine phosphorylation of 

the adapter proteins LAT and SLP - 76, and PLC γ 2. Signalling 

occurs in cholesterol - rich membrane domains known as lipid 

rafts. The integrin  α  IIb  β  3  also signals through Src and Syk tyrosine 

kinases leading to activation of PLC γ 2. However, there are a 

number of differences to the GPVI signalling cascade, including 

(i) Src and Syk binding directly to the  β 3 cytoplasmic tail 

independent of an ITAM; (ii) the integrin uses Src; (iii) signalling 

occurs outside of lipid rafts; and (iv) is independent of LAT. 

These differences may account for the much weaker signal from 

the integrin relative to that from GPVI.  
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 The primary role of integrin  α  2  β  1  is to support platelet adhe-
sion to collagen at sites of damage to the vasculature and to 
cause a net increase in binding to GPVI in view of the modest 
affi nity of collagen for the immunoglobulin receptor. Integrin 
 α  2  β  1  also mediates weak activation of PLC γ 2, although the 
physiological signifi cance of this is unclear due to the more 
powerful action of GPVI and the redundancy in signalling with 
other receptors. The physiological signifi cance of  α  2  β  1  in sup-
porting thrombus formation  in vivo  is masked by the much 
greater level of expression of integrin  α  IIb  β  3 . 

 Several patients have been described with acquired disorders 
that lead to reduction or abrogation of expression or signalling 
by GPVI. In general, these patients exhibit mild bleeding, but 
the presence of additional complications means that it is unclear 
if this is due solely to the defect in GPVI. Only three patients 
have been described with an acquired defi ciency of  α  2  β  1  and 
they too have other vascular complications. Polymorphisms in 
the non - coding region of the  α  2  subunit lead to a threefold to 
fi vefold increase in expression of the integrin. A weak correla-
tion has been found between the high - expressing polymorphic 
forms and thrombotic disease.  

  Integrin  α   II   b  β  3  
 Integrin  α  IIb  β  3  is the most abundant protein on the platelet 
surface and is estimated to comprise approximately 15% of 
surface proteins, with less than 20   nm between individual recep-
tors. As discussed above,  α  IIb  β  3  binds to several bivalent ligands 
in the vasculature including fi brinogen, VWF, fi bronectin and 
vitronectin. Although all of these are capable of supporting 
platelet aggregation, fi brinogen is considered to be the major 
ligand because of its much higher concentration in plasma. In 
all cases, the binding of these soluble ligands requires  ‘ inside -
 out ’  activation of integrin  α  IIb  β  3  to a high - affi nity conformation 
in the presence of divalent cations. 

 The clustering of  α  IIb  β  3  generates weak  ‘ outside - in ’  signals 
that have been shown to induce platelet spreading, clot retrac-
tion and secretion in combination with other platelet agonists 
such as ADP. The integrin signals through at least two and pos-
sibly more pathways. The most thoroughly characterized of 
these is the activation of Src and Syk tyrosine kinases by direct 
interaction with the  β 3 cytosolic tail. The sequential activation 
of these two kinases leads to actin polymerization and activation 
of PLC γ 2. In addition, the  β 3 cytosolic tail has been shown to 
bind and activate cytosolic PLA 2  independent of the former 
pathway. Although the work of Shattil and others has estab-
lished that  α  IIb  β  3  regulates Syk independent of an ITAM, there 
is recent evidence that the integrin signals in human platelets 
through the low - affi nity immune receptor Fc γ RIIA, despite 
the fact that it is expressed at 3000 – 5000 copies per platelet 
(i.e.  ∼    4% of the level of  α  IIb  β  3 ). The challenge therefore is to 
establish the relative importance of all these pathways in  α  IIb  β  3  
signalling, although this is particularly diffi cult as Fc γ RIIA is 
not expressed in the mouse genome. 

copies per platelet, respectively. There are reports of additional 
receptors for collagen, although these need to be confi rmed and 
their role determined. The majority of vascular collagens acti-
vate GPVI and integrin  α  2  β  1 , with the possible exception of 
collagen type IV in the basement membrane which forms a 
lattice rather than a fi brillar structure. 

 Collagen is composed of three helical chains, which interact 
to form a superhelical structure that is interrupted by non -
 helical regions. The presence of glycine (G) at every third posi-
tion is essential to form the helical structure. In addition, the 
amino acids proline (P) and hydroxyproline (O) make up 
approximately 10% of the helical backbone. Synthetic collagen 
peptides based on these three amino acids have been shown to 
bind selectively to GPVI or integrin  α  2  β  1 . Peptides that are 
specifi c to GPVI have a backbone of GPO residues, whereas 
peptides that bind to  α  2  β  1  have a backbone of GPP residues 
interspersed with at least one or more GER - containing motifs, 
such as GFOGER. The GER sequence confers binding to the 
Mg 2+  ion present in the I - domain of  α  2  β  1 . GPP is unable to bind 
to  α  2  β  1  or GPVI but is required to present GER in a helical 
conformation that is necessary for it to bind to the integrin. 
Many snake toxins target GPVI, including the C - type lectin 
convulxin, which is a tetramer of  α  and  β  subunits and induces 
powerful activation through clustering. 

 GPVI forms a complex with the FcR  γ  - chain and is the major 
signalling receptor for collagen. The FcR  γ  - chain contains an 
ITAM, defi ned by the sequence YXXLX 6 – 12 YXXL. ITAMs play a 
critical role in signalling by a variety of immune receptors, 
including T -  and B - cell antigen receptors, and several Fc recep-
tors, including the Fc ε RI mast cell receptor and the low - affi nity 
immune receptor Fc γ RIIA, which is the only Fc receptor on 
human platelets. ITAM receptors signal through sequential 
activation of Src, Syk and Tec family kinases. Src family kinases, 
including Fyn and Lyn, mediate phosphorylation of the con-
served tyrosines in the ITAM that enables binding of the tandem 
SH2 domain containing Syk family kinase and initiation of a 
downstream signalling cascade that culminates in Tec kinase -
 mediated phosphorylation and activation of PLC γ 2. The adapter 
proteins SLP - 76 and LAT form an intracellular scaffold in this 
cascade that facilitates activation of PLC γ 2. Although the essen-
tial features of signalling by all ITAM - associated receptors are 
conserved, the individual proteins that make up an ITAM sig-
nalling pathway are cell specifi c. 

 Although GPVI is primarily known as a receptor for collagen, 
it is also activated by laminin and by globular adiponectin. 
Because of the low affi nity for GPVI, the interaction with 
laminin requires prior binding to the integrin  α  6  β  1 . Laminin is 
a major component of the basement membrane and may there-
fore mediate platelet activation following minor injuries that 
fail to expose subendothelial collagen or tissue factor. The sig-
nifi cance of the interaction with globular adiponectin is unclear, 
especially as low levels are associated with type 2 diabetes and 
metabolic syndrome. 
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olized more rapidly to the same active metabolite as clopidogrel 
and therefore has a faster onset of action. Two competitive 
P2Y 12  receptor antagonists that are analogues of ADP are also 
in clinical development, cangrelor (AR - C69931MX) and tica-
grelor (AZD6140). Competitive antagonists have the advantage 
of a faster onset of action as well as increased safety due to their 
reversible nature. Ticagrelor, but not cangrelor, is available after 
oral administration and so has potential in the long - term treat-
ment of patients at risk of thrombosis. 

 ADP stimulates sustained platelet aggregation in platelet - rich 
plasma through the synergy between the P2Y 12  receptor, which 
is coupled to the G i  family, and the P2Y 1  receptor, which is 
coupled to G q . In contrast, each receptor stimulates only weak 
partial aggregation, which in the case of P2Y 1  is not sustained. 
There are about 150 copies of P2Y 1  per platelet and it has been 
proposed that its role is to support rapid platelet activation in 
synergy with P2Y 12 . At later times, its action is masked by the 
activation of thrombin and TxA 2  receptors, which are expressed 
at fi ve to ten times higher levels and which signal through G q  
and G 13 . Consistent with this, arterial but not venous thrombus 
formation is reduced in mice defi cient in the P2Y 1  receptor or 
which have been pretreated with a P2Y 1  receptor antagonist. 
However, it is unclear whether the P2Y 1  receptor performs a 
similar function in humans, as patients with a bleeding disorder 
associated with a defect in P2Y 1  have not been described. A 
striking feature of the P2Y 1  receptor is its ability to undergo 
rapid desensitization and this, together with its low level of 
expression, may serve to prevent activation of platelets follow-
ing exposure to ADP in the absence of other platelet stimuli. 
This may occur, for example, following damage of other vascu-
lar cells. 

 The P2Y 12  ADP receptor activates the G i  family of G proteins, 
predominantly G i α 2 , leading to inhibition of adenylyl cyclase 
and activation of phosphatidylinositol 3 - kinase (PI3K). It is the 
latter, and possibly other pathways, that underlies its ability to 
synergize with Ca 2+  - mobilizing receptors, whereas inhibition of 
adenylyl cyclase on its own is insuffi cient to mediate activation. 
Eight gene mutations in P2Y 12  have been identifi ed in patients 
with a mild bleeding disorder, consistent with its critical role in 
supporting platelet activation. This number is likely to rapidly 
increase as testing and sequencing procedures are refi ned.  

   T x A  2   r eceptor 
 TxA 2  signals through a single G protein - coupled receptor, the 
TP receptor, which is coupled to G q  and G 13  heterotrimeric G 
proteins, which activate PLC and Rho kinase, respectively. The 
TP receptor is alternatively spliced in its C - terminus to two 
isoforms, TP α  and TP β , which have the same pharmacology 
and signal in the same way. The consensus is that platelets 
express only the TP α  isoform and certainly the fi eld assumes 
that the platelet has a single TP receptor. TxA 2  has a very short 
half - life and is rapidly metabolized to the inactive metabolite 
TxB 2 , which prevents its use in functional studies, where the 

 The discovery that the Arg - Gly - Asp (RGD) sequence in 
fi bronectin mediates its interaction with integrin  α  5  β  1  led to the 
unexpected discovery that small peptides or snake toxins con-
taining this sequence could also inhibit binding of fi bronectin 
to integrin  α  IIb  β  3 . This subsequently resulted in the realization 
that other matrix proteins use RGD to bind to integrin  α  IIb  β  3 , 
including VWF, vitronectin and CD40 ligand. Paradoxically, 
however, the major site of interaction of fi brinogen with the 
integrin is via a KQAGDV sequence at the C - termini of its two 
 γ  - chains, even though it has two pairs of RGD sequences and 
the binding of fi brinogen can be blocked by synthetic RGD -
 containing peptides. 

 The critical role of integrin  α  IIb  β  3  in aggregation, coupled 
with the fact that the other antiplatelet agents available at the 
time (namely aspirin and ticlopidine, which has been super-
seded by clopidogrel) are not completely effective in preventing 
cardiovascular events, encouraged the groups of Coller and 
Phillips to develop inhibitors of integrin  α  IIb  β  3  as novel antiplate-
let agents. A chimeric Fab molecule, abciximab, was introduced 
into the clinic in 1994 and was later followed by two RGD - based 
peptide inhibitors, eptifi batide and tirofi ban. The three inhibi-
tors have been approved for use in patients undergoing percu-
taneous coronary interventions involving stenting and in 
patients with unstable angina. Excessive bleeding and thrombo-
cytopenia are major side - effects for all three of these  α  IIb  β  3  -
 blocking agents and thus limits their use to patients considered 
to be at high risk of thombosis within a hospital setting. 
Unexpectedly, clinical trials with orally active  α  IIb  β  3  antagonists 
were associated with increased mortality, increased bleeding 
and occasional severe thrombocytopenia. The reason for the 
lack of effi cacy is partly due to induction of conformational 
changes in the integrin that expose neoepitopes and can there-
fore lead to platelet activation through the low - affi nity immune 
receptor Fc γ RIIA, as recently demonstrated by Newman ’ s 
group.   

   G   p rotein -  c oupled  r eceptors 

   P 2 Y  1  and  P 2 Y  12   ADP   r eceptors 
 ADP was reported to activate platelets in the early 1960s but it 
has only been within the last decade that its critical role as a 
positive feedback agonist has fi nally been established. This delay 
in recognition arose because ADP is a weak platelet agonist, and 
it is only through its ability to mediate powerful platelet activa-
tion in synergy with Ca 2+  - mobilizing receptors via the P2Y 12  
receptor that its critical role in thrombus formation is achieved. 
The latter is illustrated by the clinical effi cacy of the P2Y 12  recep-
tor antagonist, the thienopyridine clopidogrel (Plavix), in the 
long - term prevention of thrombosis. Clopidogrel is a prodrug 
that is metabolized by the liver to generate an active metabolite 
that covalently modifi es, and therefore irreversibly inhibits, the 
P2Y 12  ADP receptor. The related thienopyridine prasugrel, 
which is at an advanced stage of clinical development, is metab-
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binding of thrombin to GPIb α  generates weak signals, but the 
major pathway of platelet activation is believed to be mediated 
through the PAR - 1 and PAR - 4 receptors. Several direct inhibi-
tors of thrombin are used in the clinic as anticoagulants in 
patients at risk of heparin - induced thrombocytopenia. To our 
knowledge, there is no direct evidence indicating that their 
clinical effi cacy is also mediated through inhibition of platelet 
activation.   

  Other  p latelet  r eceptors and  t heir  l igands 

 Platelets express a large number and diversity of receptors for a 
variety of ligands, including adhesive proteins, amines, chem-
okines, cytokines, lipids, nucleotides, proteases and transmem-
brane proteins. Many of the receptors are present at such a low 
level, or are not ordinarily exposed to their ligand, that their 
physiological role in mediating or potentiating activation may 
be minimal, although they could potentially play a role in 
disease. Examples include regulation of human platelets by 
endothelin - 1, Gas6, insulin - like growth factor, leptin, vaso-
pressin, platelet - activating factor and PDGF. In some cases, 
expression of a receptor on the platelet surface appears to refl ect 
a role in megakaryocyte development/platelet formation rather 
than in regulating platelet activation. Examples include the 
SDF - 1 α  receptor, CXCR4, and the TPO receptor c - Mpl. SDF -
 1 α  plays a key role in supporting migration of megakaryocytes 
to the vascular niche in bone marrow and TPO is the major 
regulator of megakaryocyte growth and development. Both 
receptors also mediate weak potentiation of platelet activation, 
although the physiological signifi cance of this is unclear. As 
discussed above, there is also increasing evidence for the role of 
a number of surface proteins in mediating  ‘ late events ’  that 
serve to consolidate the growing thrombus. The function of a 
number of the other platelet receptors is discussed below. 

  5 -  HT  2    A     r eceptors 
 Platelets contain very high levels of 5 - HT, which is taken up by 
an active transport mechanism and stored in dense granules. 
Release of 5 - HT induces powerful vasoconstriction, thereby 
limiting blood loss. 5 - HT mediates weak platelet activation 
through the 5 - HT 2A  receptor, which is coupled to G q , but there 
is little evidence to suggest that this plays a major role in sup-
porting thrombus formation.  

   α  2    A    - Adrenoceptor 
 Adrenaline activates the  α  2A  - adrenoceptor, which is coupled to 
the G i  family of proteins, predominantly G z . As is the case for 
the P2Y 12  ADP receptor, the  α  2A  - adrenoceptor is able to induce 
powerful platelet activation in synergy with Ca 2+  - mobilizing 
receptors. Platelet dense granules contain a very low level of 
adrenaline and the catecholamine is also present in plasma. 
Recent studies in  α  2A  - adrenoceptor knockout mice have pro-
vided evidence for a minor physiological role of adrenaline in 

stable mimetic, U46619, is preferred. TxB 2  is routinely used to 
monitor formation of TxA 2  by radioimmunoassay and U46619 
is sometimes used in the clinical evaluation of patients with 
suspected thromboxane receptor defects. Arachidonic acid, 
which is a direct substrate for cyclooxygenase, is used to check 
for activity of the TxA 2  pathway. 

 The clinical importance of the TxA 2  pathway in platelet acti-
vation is illustrated by the antithrombotic action of aspirin, 
which inhibits platelet cyclooxygenase. The irreversible nature 
of the acetylation induced by aspirin, in combination with the 
inability of platelets to synthesize signifi cant levels of new pro-
teins, means that the effective antithrombotic concentration 
of aspirin is considerably lower than that required to target 
cyclooxygenase in other cells. Large - scale clinical trials have 
shown that aspirin reduces the mortality of myocardial infarc-
tion by approximately 25% and the number of major vascular 
events in individuals at risk by about one - third. The clinical 
effectiveness of low - dose aspirin is similar to that of the P2Y 12  
receptor antagonist clopidogrel. An Arg → Leu mutation in the 
fi rst extracellular loop of the TP receptor has been linked to a 
mild bleeding syndrome in two unrelated families, although 
 ‘ aspirin - like ’  defects are frequently seen in patients with mild 
platelet - based bleeding disorders, suggesting that the number 
of mutations in this receptor is likely to increase.  

   PAR  - 1 and  PAR  - 4  t hrombin  r eceptors 
 Thrombin is among the most powerful of all platelet agonists 
and induces activation of human platelets through the proteo-
lytic cleavage of PAR - 1 and PAR - 4, and of mouse platelets 
through binding to PAR - 3 which facilitates cleavage and activa-
tion of PAR - 4. Thrombin releases a short peptide from the 
N - terminal region of PAR - 1 and PAR - 4 to expose a sequence 
that functions as a tethered ligand by binding to the receptor 
and promoting activation. Synthetic peptides corresponding to 
the newly exposed receptor - specifi c sequences induce activa-
tion in the absence of receptor cleavage. These thrombin recep-
tor - activating peptides can be used to selectively activate the 
individual PAR receptors. In humans, it is believed that PAR - 1 
mediates rapid activation in response to low concentrations of 
thrombin, whereas PAR - 4 is activated by higher concentrations 
of the protease. PAR - 1 and PAR - 4 signal through G q  and G 13  
heterotrimeric G proteins, activating PLC β  and Rho kinase, 
respectively. Patients with defects in either of the thrombin 
receptors have yet to be identifi ed, possibly because defects in 
thrombin - mediated platelet activation are not routinely inves-
tigated in a clinical setting. 

 The GPIb α  subunit of the GPIb – IX – V expresses a high - 
affi nity binding site for thrombin that is believed to position the 
protease in the vicinity of the PAR - 1 and PAR - 4 receptors in 
order to facilitate activation, in line with increasing evidence 
that the various actions of thrombin are achieved through 
binding to proteins that localize the protease to specifi c sites. 
There is limited and controversial evidence to suggest that 
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   CLEC  - 2 
 The C - type lectin receptor CLEC - 2 has recently been shown to 
mediate powerful activation of platelets in response to the snake 
venom toxin rhodocytin, or its endogenous ligand podoplanin. 
The latter is expressed on lymphatic endothelial cells, renal 
epithelial cells, type I lung alveolar cells and on the leading edge 
of tumours, where it is implicated in cancer metastasis. Mice 
defi cient in CLEC - 2 or podoplanin die shortly after birth, and 
embryos at mid -  to late gestation from both sets of mice have 
blood - fi lled lymphatics and severe oedema due to defective 
separation of lymphatic vessels from the blood vasculature. 
CLEC - 2 signals through an ITAM - like pathway similar to that 
used by GPVI and Fc γ RIIA, although intriguingly it uses a single 
rather than a tandem YXXL motif to activate Syk.    

  Second  m essenger  p athways  u nderlying 
 a ctivation 

 The activation of PLC γ 2 and PLC β  (predominantly  β 2) isotypes 
by tyrosine kinase - linked or G protein - coupled receptors, 
respectively, generates IP3 and 1,2 - diacylglycerol (DG), which 
mobilize Ca 2+  and activate protein kinase C (PKC), respectively. 
The G protein  α  - subunit G 13  regulates the GTP exchange factor 
(GEF), p115Rho, to form active Rho, a small G protein that 
regulates a number of effectors, including inhibition of myosin 
light chain phosphatase thereby inducing phosphorylation of 
myosin light chains leading to shape change and actin - stress 
fi bre formation. G i  - coupled receptors inhibit adenylyl cyclase 
and activate PI3K, the latter underlying the remarkable synergy 
with Ca 2+  - mobilizing receptors. These second messenger path-
ways are discussed in further detail. 

  Calcium 

 The divalent cation Ca 2+  plays a critical role in mediating plate-
let activation, usually in combination with other signalling 
pathways. An increase in Ca 2+  is brought about by its release 
from intracellular stores by the action of IP3 and by entry 
through the plasma membrane, predominantly through store -
 operated Ca 2+  entry. The latter has recently been shown to occur 
via binding of the transmembrane protein STIM - 1, which is 
localized to intracellular stores, to the surface membrane Ca 2+  
channel, Orai - 1, with the trigger for entry being the release of 
Ca 2+  from the store. The entry of Ca 2+  through Orai - 1 is critical 
for procoagulant activity and possibly other responses, but 
interestingly is not required for aggregation. The released Ca 2+  
is effi ciently removed from the cytosol by Ca 2+  - ATPases in the 
endoplasmic reticulum (SERCA) and in the plasma membrane 
(PMCA).  

  Diacylglycerol and  p rotein  k inase  C  

 PKC refers to a family of structurally similar lipid - regulated 
protein kinases that is divided into  classical  isotypes regulated 

supporting haemostasis, although it is not clear if this is also the 
case in humans, even though platelet function tests frequently 
use adrenaline as a co - agonist.  

   P 2 X  1   ATP   r eceptor 
 P2X 1  is a receptor for ATP, which is released alongside ADP 
from dense granules. It is the only known ligand - gated ion 
channel on the platelet surface. Binding of ATP promotes direct 
entry of Ca 2+  into the platelet, which occurs over a much more 
rapid time course than IP3 - mediated Ca 2+  mobilization and 
subsequent entry of extracellular Ca 2+  via store - operated Ca 2+  
entry. The P2X 1  receptor has been shown to induce platelet 
shape change but requires the presence of other receptors to 
mediate aggregation. The physiological role of P2X 1  may there-
fore be to facilitate rapid activation of platelets in synergy with 
other agonists, including ADP, in a similar way to that proposed 
for P2Y 1 . In this context, it is intriguing that P2X 1  also under-
goes extremely rapid desensitization and this too may serve to 
prevent  ‘ unwanted ’  activation. There is evidence from studies 
in mutant mice that the P2X 1  receptor contributes to, but is not 
essential for, thrombus formation, and as yet no patients have 
been identifi ed with a mild bleeding disorder attributed solely 
to a mutation in the ion channel.  

   F c γ  RIIA  
 Clustering of the low - affi nity immune receptor Fc γ RIIA by 
immune complexes or via primary and secondary antibodies 
mediates powerful activation through an ITAM - based pathway 
that is believed to be similar to that used by the collagen recep-
tor GPVI. Fc γ RIIA is not thought to have a physiological role 
in supporting thrombus formation, but it mediates activation 
by immune complexes and is the causative receptor in heparin -
 induced thrombocytopenia. It is intriguing that Fc γ RIIA is 
absent from the mouse genome and that mice platelets do not 
appear to express an Fc receptor.  

   CD 36 
 The scavenging receptor CD36 is among the most highly 
expressed of platelet surface glycoproteins being present at 
approximately 20   000 copies per platelet. Despite the fact that 
it was fi rst identifi ed on platelets more than 30 years ago, it is 
only within the last 2 years through the work of Eugene Podrez 
and colleagues that it has been implicated as a major player in 
mediating the increased platelet responsiveness seen in patients 
with dyslipidaemia. Oxidized choline glycerophospholipids are 
present at suffi ciently increased levels in the plasma of humans 
with low levels of high - density lipoprotein to potentiate activa-
tion of platelets by threshold concentrations of ADP and other 
agonists. Moreover, this potentiation is not seen in individuals 
who do not express CD36 on their platelets, suggesting that they 
may be protected against the dyslipidaemia - induced prothrom-
botic state. However, further research is required to evaluate the 
contribution of platelet CD36 to cardiovascular disease.  
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process that remains poorly understood but which is regulated 
in part by binding of Rap1 to its effector protein RIAM. The 
interaction of talin with the  β 3 tail leads to separation of a salt 
bridge between the  α  IIb  and  β  3  subunits, and a resulting confor-
mational change in the extracellular region of the integrin from 
a bent to an extended conformation. Recently, the FERM 
domain - containing protein kindlin - 3 has also been shown to 
bind to the  β 3 tail and to mediate activation in combination 
with talin, although the precise details of this interaction remain 
to be established. Ligand engagement of the integrin leads to 
clustering and generation of  ‘ outside - in ’  signals that stimulate 
actin polymerization and PLC γ 2, which support many aspects 
of platelet activation including spreading and granule 
secretion.  

  Secretion 

 Platelet dense granule and  α  - granule secretion is triggered 
through a synergistic interaction between Ca 2+  and PKC -
 regulated pathways, with both arms being critical for secretion 
to occur. Granule fusion is orchestrated by a superfamily of 
proteins termed SNAREs (soluble N - ethylmaleimide - sensitive 
attachment protein receptors) that form a universal membrane 
fusion machine. The activity of SNARE proteins is regulated by 
a series of chaperone proteins that facilitate membrane fusion. 
PKC phosphorylates several SNARE and chaperone proteins, 
including Munc - 18, syntaxin - 4 and SNAP - 23, altering their 
affi nity for their binding partners. For example, phosphoryla-
tion of Munc - 18 interferes with its ability to bind to syntaxin - 4 
and phosphorylation of syntaxin - 4 by PKC inhibits its ability 
to bind SNAP - 23. This allows syntaxin - 4 to interact with 
SNARE proteins on the opposing membrane, promoting fusion 
and granule secretion. There is evidence for differential regula-
tion of the two sets of granules, although the molecular basis of 
this is not known and in general dense granule and  α  - granule 
secretion occur together.  

   T x A  2   f ormation 

 Cytosolic PLA 2  liberates arachidonic acid from membrane 
phospholipids and is regulated by Ca 2+  and serine phosphoryla-
tion downstream of mitogen - activated protein kinases. Ca 2+  is 
critical for activation whereas phosphorylation causes a rela-
tively small increase in activity and on its own is insuffi cient to 
mediate activation. The liberated arachidonic acid is metabo-
lized by cyclooxygenase and thromboxane synthase to PGG 2 /
PGH 2 , which immediately convert into TxA 2 , and by lipoxyge-
nase enzymes to leukotrienes.  

  Actin  p olymerization 

 Activation of platelets leads to a series of dramatic changes in 
platelet morphology that helps to secure the thrombus at the 
site of injury in the high - pressure arteriolar system. In addition, 

by Ca 2+  and DG,  novel  isotypes regulated by DG, and  atypical  
isotypes regulated independently of the two messengers. Human 
platelets express two classical isotypes,  α  and  β , and three novel 
isotypes,  δ ,  θ  and  η . The novel isotype PKC ε  is also expressed 
in mouse platelets. PKC α  is the major isoform regulating dense 
granule and  α  - granule platelet secretion in mouse platelets, 
with increasing evidence suggesting that the other PKCs have 
isotype - specifi c inhibitory and activatory roles. 

 DG, together with Ca 2+ , regulates the Rap1 (also known as 
Rap1b) GTP exchange factor, CALDAG - GEF1. Rap1 plays a 
critical role in mediating activation of integrin  α  IIb  β  3 , although 
this role can be bypassed by high concentrations of powerful 
ligands. CALDAG - GEF1 - defi cient mice and patients with 
defective expression of the exchange factor (leucocyte adhesion 
defi ciency type III) have defective Rap1 activation and a bleed-
ing diathesis.  

  Phosphatidylinositol 3 -  k inase 

 PI3K generates from phosphatidylinositol 4,5 - bisphosphate the 
3 - phosphorylated lipid second messenger phosphatidylinositol 
3,4,5 - trisphosphate, which is rapidly hydrolysed to phosphati-
dylinositol 3,4 - bisphosphate, which is also believed to be a mes-
senger. The two 5 - phosphorylated lipids mediate translocation 
of proteins containing one or more pleckstrin homology (PH) 
domains to the membrane, including PLC β  and PLC γ  isoforms, 
protein kinase B (Akt) and the Tec family kinases Btk which 
mediates phosphorylation of PLC γ 2. Platelet express several 
regulatory and catalytic subunits of PI3K, although p110 β  and 
p85 α  are believed to the major catalytic and regulatory subunits 
supporting activation downstream of both G protein - coupled 
and tyrosine kinase - linked receptors.   

  The  m olecular  b asis of  p latelet  a ctivation 

 The physiological end points of platelet activation are stable 
adhesion, aggregation, granule secretion, TxA 2  formation, 
spreading with stress fi bre formation, clot retraction and pro-
coagulant activity. These responses are regulated by a bewilder-
ing interplay between tyrosine kinase -  and G protein - regulated 
signalling pathways, with evidence of considerable redundancy 
in their actions. Here we provide brief details on the major 
mechanisms that underlie each of these events. 

  Stable  a dhesion and  a ggregation 

 Both of these responses are mediated through activation of 
integrin  α  IIb  β  3  by  ‘ inside - out ’  signals from tyrosine kinase and 
G protein receptors. Activation of the integrin is brought about 
by the binding of talin to the  β 3 cytoplasmic tail via a FERM 
domain in its head region. Platelet activation is associated with 
the recruitment of talin from the cytoplasm to the  β 3 tail via a 
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to inhibition of activation of PLC. The two cyclic nucleotides 
induce phosphorylation of many substrates in platelets, includ-
ing VASP, and it is likely that phosphorylation of several of 
these mediates platelet inhibition. 

 There is evidence that a family of platelet glycoproteins, char-
acterized by the presence of tandem immunoreceptor tyrosine -
 based inhibitory motifs (ITIMs) in their cytosolic tails, mediate 
weak inhibition of activation by both tyrosine kinase - linked 
and, to a lesser extent, G protein - coupled receptors. PECAM - 1 
is the most characterized of this family of proteins and is 
expressed at a level of approximately 10   000 copies per platelet. 
Two further inhibitory ITIM - containing transmembrane pro-
teins have recently been identifi ed, G6b - B and CEACAM - 1, 
although paradoxically a further ITIM protein that becomes 
exposed on activation, TREM - like transcript (TLT) - 1, supports 
weak activation. It has been proposed that the inhibitory 
ITIM proteins mediate their effects through binding to the 
tandem SH2 domain - containing protein tyrosine phosphatases 
SHP - 1 and SHP - 2, but as yet there is no direct evidence for this. 
The functional signifi cance of this relatively weak effect is 
unclear, and perhaps a more intriguing proposal is that ITIM 
receptors help to dampen down constitutive signalling by tyro-
sine kinases in non - stimulated platelets, thereby helping to 
prevent unwanted platelet activation. 

 The endothelial surface also plays a signifi cant role in pre-
venting excessive thrombus growth, again through removal of 
ADP and thrombin, by release of NO and prostacyclin, and by 
activation of the fi brinolytic pathway. Additional mechanisms 
also help to limit excessive growth, including shedding of plate-
let surface glycoprotein receptors, cleavage of intracellular pro-
teins through calpain, and removal of intracellular messengers 
and reversal of phosphorylation by the action of tyrosine and 
serine/threonine phosphatases. 

  Nitric  o xide 

 NO is the most important inhibitor of platelet function. It 
is constitutively released from endothelial cells and can also 
be inducibly upregulated. NO has a short half - life in the vascu-
lature, of the order of 3 – 5   s, which results in the highest con-
centration of the gaseous transmitter being found in the 
vicinity of the endothelial cell, a key site of inhibition of platelet 
function. NO mediates powerful inhibition of platelet activa-
tion and promotes vasodilatation. These effects are mediated 
through direct activation of guanylyl cyclase, leading to the 
generation of cGMP and activation of protein kinase G (PKG). 
The substrates for PKG in platelets include PDE3, which 
hydrolyses cAMP as described above. Thus, NO mediates 
inhibition through elevation of both cAMP and cGMP. 
Phosphorylation of the combined PKA/PKG substrate VASP, 
an actin - binding protein, is often used to assess activation of 
inhibitory pathways and be achieved by both Western blotting 
and fl ow cytometry.  

actin polymerization plays an important but poorly understood 
role in signalling by platelet surface glycoprotein receptors, 
including GPVI and integrin  α  IIb  β  3 . Actin is assembled into a 
number of morphological distinct structures, including fi lopo-
dia, actin nodules, lamellipodia and stress fi bres downstream of 
small GTP - binding proteins. For example, the small G protein 
Rac1 drives formation of lamellipodia in platelets through the 
Arp2/3 complex, while the small G protein Rho regulates for-
mation of actin – myosin stress fi bres. Mice defi cient in Rac1 or 
treated with inhibitors of Rho kinase have unstable aggregates, 
emphasizing the importance of actin polymerization in generat-
ing and strengthening the thrombus. The small G protein(s) 
that regulates formation of fi lopodia and actin nodules in 
platelets, and the signifi cance of these structures, is yet to be 
clarifi ed.   

  Inhibitory  a gonists and  t heir  r eceptors 

 It is essential for platelets to have powerful inhibitory mecha-
nisms that prevent activation in intact healthy vessels and which 
limit thrombus growth during haemostasis. The prevention of 
platelet activation in the intact circulation is ordinarily achieved 
by the antithrombotic nature of the endothelial cell surface, 
which has effective mechanisms for removal of platelet stimula-
tory agonists by endothelial cells, most notably ADP and 
thrombin, and by the release of NO and prostacyclin from 
endothelial cells. The endothelial cell surface expresses the ecto -
 ADPase CD39, which removes circulating ADP, and thrombo-
modulin, which regulates the level of thrombin. The role of 
CD39 in removing ADP is critical given the ability of the nucle-
otide to induce activation in synergy with other agonists. 

 The major direct mechanism of inhibition of platelet func-
tion is through elevation of the cyclic nucleotides cGMP and 
cAMP by NO and prostacyclin, respectively. The two cyclic 
nucleotides mediate their effects in platelets through regulation 
of cGMP - dependent protein kinase (PKG) - 1 and cAMP -
 dependent protein kinase (PKA). In addition, cGMP regulates 
the three major platelet phosphodiesterases (PDEs), including 
inhibition of PDE3, thereby leading to an increase in the level 
of cAMP. There is therefore cross - talk between the two cyclic 
nucleotides even though many of the targets for PKG - 1 and 
PKA are believed to be distinct. This is illustrated by the dem-
onstration that PKG - 1 but not PKA mediates inhibition of 
platelet activation through phosphorylation of the IP3 receptor -
 associated cGMP kinase substrate (IRAG), which is expressed 
in a macromolecular complex with PKG - 1 and the IP3 receptor 
type 1. Phosphorylation of IRAG by PKG - 1 inhibits IP3 - induced 
Ca 2+  release and, importantly, targeted deletion of the IP3 -
 binding region of IRAG prevents NO - mediated inhibition of 
platelet activation, whereas the inhibitory effect of cAMP is 
retained. In contrast, elevation of cAMP has been shown to lead 
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potential platelet defect. However, it is also important to exclude 
acquired defects of platelet function, including those caused by 
antiplatelet drugs and other clinical disorders. A complete drug 
history is therefore important as aspirin and non - steroidal anti -
 infl ammatory drugs are the commonest causes of an acquired 
platelet defect and testing may have to be deferred and repeated. 
Some patients are also screened before surgery to exclude the 
presence of either an inherited or acquired platelet defect 
because of the associated increased risk of bleeding. Inherited 
platelet defects can be classifi ed according to the severity of 
bleeding, with severe disorders such as Glanzmann throm-
basthenia and Bernard – Soulier syndrome usually being detected 
very early in life, while more mild bleeding disorders (e.g. due 
to P2Y 12  defi ciency) often not being detected for many years 
until the patient is exposed to surgery or trauma. Indeed, there 
is overlap between symptoms in milder platelet defects and the 
normal population, which may be partly related to varying 
levels of plasma VWF, making the former group diffi cult to 
diagnose. Further information on inherited platelet bleeding 
disorders is given in Chapter  48 .  

  Platelet  f unction  t esting 

 Platelet function tests are primarily used to aid in the diagnosis 
and management of patients presenting with bleeding prob-
lems. If a platelet defect is suspected, then there is a variety of 
tests available that can be used to diagnose any underlying cause 
of the bleeding problem. The investigation of platelet function 
is often affected by the collection and processing of blood 
samples. Platelets are prone to not only artefactual  in vitro  acti-
vation but also desensitization. Normal platelet function is 
highly dependent on extracellular Ca 2+  and Mg 2+  concentrations 
and so the choice of anticoagulant is important even though 
citrate remains the most widely used traditional anticoagulant. 
Most current testing is still performed on citrated blood within 
a few hours of sampling. 

 Global tests of platelet function are often initially used as 
screening tests during the laboratory investigation of individu-
als with suspected haemostatic defects. Since global tests of 
platelet function do not enable specifi c diagnosis of platelet 
disorders, they are normally performed as the fi rst part of a 
two - step strategy that requires further testing with more spe-
cialized assays of platelet function to confi rm or refute any 
clinical diagnosis. The most commonly proposed rationale for 
testing global platelet function as a fi rst - line investigation is 
exclusion of a platelet function disorder so that further special-
ized testing can be avoided. For this reason, global platelet func-
tion tests are usually initially performed at the same time as 
global assays of coagulation pathway function (prothrombin 
time and activated partial thromboplastin time), VWF screen-
ing tests (VWF:Ag, VWF:RCo and FVIII:C) and measurement 

  Prostacyclin 

 Prostacyclin (PGI 2 ) is the major prostaglandin released by 
endothelial cells. It is synthesized in stimulated endothelial 
cells from arachidonic acid through the sequential actions of 
cyclooxygenase and prostacyclin synthetase. Prostacyclin acti-
vates the seven - transmembrane - spanning IP receptor on plate-
lets, which is coupled to G s  and thereby activates adenylyl 
cyclase. Prostacyclin exerts a powerful inhibitory effect on 
platelets and also promotes vasodilatation through elevation of 
cAMP. Prostacyclin also has a short half - life in the vasculature 
and so its primary action is believed to occur in the vicinity of 
the vessel wall when the growing thrombus comes into contact 
with the endothelium. This action is facilitated by the liberation 
of arachidonic acid from the platelet, which is converted to 
prostacyclin by the endothelial cells.  

  Adenosine 

 Platelets express the adenosine A 2A  receptor, which is also 
coupled to G s . However, the A 2A  receptor is expressed at a low 
level and is not considered to be a major route of inhibition. 
However, increased adenosine levels induced by dipyridamole 
may contribute to its antithrombotic action.   

  Platelet -  b ased  b leeding  p roblems 

 Bleeding can be due to abnormalities in platelet function/
number or to extensive antiplatelet medication. Abnormalities 
in either platelet function and/or number are associated with 
an increased risk of classical bleeding symptoms and clearly 
demonstrate the importance of platelets in haemostasis. Patients 
with platelet disorders present with a typical mucocutaneous 
bleeding pattern of variable severity and are often prone to 
bleeding during surgery and trauma. However, inherited plate-
let defects are an uncommon cause of bleeding and are diffi cult 
to diagnose and manage, with wide variation in practices 
between laboratories. Before any platelet function test is 
requested, a full clinical and family history is taken to determine 
the underlying cause of the bleeding problem. This includes 
studying the pattern of bleeding, whether it is lifelong or recent, 
triggered by trauma (e.g. dentistry, surgery or accident), is 
present within other family members and associated with any 
medication the patient may be taking. As von Willebrand 
disease is the most commonly inherited bleeding disorder but 
presents with a platelet - like bleeding pattern, many patients 
including those with potential coagulation defects usually 
undergo a series of investigations for a bleeding disorder that 
includes platelet function and coagulation testing. Although 
bleeding histories are subjective and can vary within a lifetime, 
they remain an important screening method for diagnosing a 
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disorders by indicating abnormalities such as red cell schisto-
cytes in TTP or neutrophil inclusions and giant platelets in 
MYH - 9 - related disorders. 

 Depending on the results of clinical and laboratory screening 
of patients, a series of diagnostic platelet function tests are 
usually performed. Since the 1960s, platelet aggregometry has 
quickly become the gold standard of platelet function testing 
and has revolutionized our ability to identify and diagnose a 
wide variety of platelet defects. Conventional Born aggregom-
eters monitor the changes in light transmission that occur in a 
suspension of platelets in plasma or a physiological buffer that 
are stimulated with different concentrations of various agonists 
(e.g. ADP, collagen, adrenaline, ristocetin). Whole - blood 
impedance base aggregometers are now also common and 
measure the changes in electrical resistance between two elec-
trodes caused by platelet adhesion and aggregation after addi-
tion of agonists. Typical parameters recorded from LTA tracings 
include shape change, lag phase, rate of aggregation, and 
maximal and fi nal extent of aggregation. These parameters, 
coupled with the pattern of primary and secondary aggregation 
responses obtained with different dosages of different agonists, 
enable the experienced operator to diagnose specifi c signalling 
defects. Modern aggregometers are now multichannel, fully 
computerized, easy to use compact instruments and some can 
also simultaneously measure ATP secretion levels by lumines-
cence (Figure  40.7 ). Measurement of the storage and release of 
the dense granular nucleotides can also be performed by a 
variety of alternative methods for confi rming either storage 
and/or release defects, although recent surveys suggest that this 
is underused. The interpretation of aggregation traces remains 
challenging due to the feedback actions of ADP and TxA 2 , as 
illustrated in Figure  40.7  for a 10 -  µ mol/L concentration of 
ADP.   

 The introduction of fl ow cytometry into haematology labo-
ratories provided an exquisite, sensitive and powerful tool for 
studying and diagnosing various platelet defects. Flow cytomet-
ric analysis of platelets is performed in fresh whole blood or in 
platelet - rich plasma, and the technique can be used with very 
small fl uid volumes, even in thrombocytopenia. This technique 
is used to determine the copy density of platelet membrane 
glycoproteins and receptors, and is therefore useful for confi rm-
ing the absence of various glycoproteins or receptors in disease. 
Platelet function testing can also be performed and the ability 
of platelets to degranulate, express activation markers (e.g. 
P - selectin) and expose procoagulant phospholipids can also be 
diagnostically useful. A major limitation of the above tests is 
that they are performed at low shear conditions and therefore 
do not mimic accurately many of the important physiological 
processes of platelet adhesion, activation and aggregation that 
occur at higher shear rates  in vivo . Development of new tests 
that attempt to accurately simulate primary haemostasis has 
therefore become a growth industry (e.g. PFA - 100, IMPACT 
and Placor PRT). 

of platelet number with a full blood counter. The most widely 
performed tests for initially screening platelet function disor-
ders are currently the template bleeding time, light transmission 
aggregometry (LTA) and the closure time within the platelet 
function analyser (PFA) - 100. 

 The bleeding time was the fi rst  in vivo  test of platelet function 
and is performed by timing the arrest of bleeding from stand-
ard - sized cuts made in the skin of the forearm. Although the 
test has been refi ned, most clinicians consider the test to be 
poorly reproducible, invasive, insensitive (particularly to mild 
platelet defects) and time - consuming. Despite these drawbacks, 
the test is surprisingly still widely used as a fi rst - line screening 
tool and can identify patients with severe platelet defects. 
However, given the problems faced with the  in vivo  bleeding 
time, a number of  in vitro  tests that attempt to accurately simu-
late platelet function have been developed. These include the 
PFA - 100 and cone and plate(let) analyser (CPA) devices. These 
simulate high - shear platelet adhesion to foreign surfaces (e.g. 
collagen) and either monitor the drop in fl ow rate as an aper-
ture is closed by platelet adhesion/aggregation or study the 
degree of platelet aggregation and surface coverage respectively. 
The PFA - 100 instrument has been widely used for the last 10 
years and provides optional replacement of the bleeding time 
as a limited screening test, as it is more sensitive to many platelet 
defects and von Willebrand disease. Although the instrument 
therefore has good negative predictive value for eliminating 
severe platelet defects and von Willebrand disease, it is very 
important that further diagnostic tests are still performed if 
clinical suspicion of a platelet defect is strong. The CPA has also 
been commercialized recently as the IMPACT device, which 
may also have potential as a screening tool, although it is still 
under development as a clinical test. The IMPACT - R or research 
version of the instrument is currently available and is not suit-
able for routine clinical use. However, it is highly likely that 
these types of instruments will be increasingly used in the future 
and may prove to be useful as aids in screening and diagnosing 
platelet defects, monitoring antiplatelet therapy and predicting 
bleeding and thrombosis in various patient groups. 

 Automated cell counting of whole blood in the modern full 
blood count investigation is an essential screening test in 
patients with abnormal bleeding. Modern blood counters can 
rapidly detect abnormalities in platelet number, platelet size 
distribution and mean platelet volume (MPV) and provide a 
reliable method for screening samples from patients provided 
good quality control procedures are followed within the labora-
tory. Normal results will therefore rapidly eliminate thrombo-
cytopenia and anaemia as potential causes of bleeding and 
ensure that any platelet function tests that are being performed 
will not be affected by low platelet counts. If any abnormalities 
in platelet count, MPV or distribution are fl agged by the instru-
ment, then a blood smear should be examined to confi rm 
defects in platelet number, size and granule content. Whole -
 blood morphology may also assist in the diagnosis of platelet 
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ade with two other cartridge formulations. Platelet responsive-
ness to antiplatelet drugs can now also be easily monitored 
by the tests mentioned as well as by LTA, whole - blood 
aggregometry, PFA - 100 and IMPACT. Poor responders or 
 ‘ resistant ’  individuals can therefore be identifi ed, although it 
is still unclear how to manage them and whether there is a 
clinically relevant relationship between poor response and 
outcome. Emerging evidence suggests that the true incidence of 
so - called aspirin resistance is probably very low (when non -
 compliance is accounted for) and that many studies are measur-
ing platelet hyperreactivity and not blockade of cyclooxygenase 
type 1. Although recent meta - analyses suggest that this could 
nevertheless be clinically informative, it is still unclear how to 
reliably identify these patients, with which test and cut - off (as 
different tests give different results) and then actually how to 
manage these patients. Testing is therefore still very much 
in the clinical research setting. Indeed, recent International 
Society for Thrombosis and Haemostasis (ISTH) Scientifi c and 
Standardization Committee guidelines suggest that aspirin 
resistance should still not be routinely monitored and the wider 
question remains whether routine testing of platelet hyperreac-
tivity and/or drug responsiveness is actually clinically necessary. 
Certainly there is a spectrum of platelet responsiveness within 
the normal population and those individuals with a stable or 
even an acquired hyperreactive phenotype could theoretically 
be at higher risk of thrombosis. 

 Clopidogrel resistance is a totally different phenomenon as 
this is a prodrug that requires metabolism by liver cytochrome 
P450. This results in the generation of an active metabolite that 

 There is clearly still no gold standard for platelet testing, and 
indeed there may never be, and LTA remains the most widely 
used test. However, a variety of screening and diagnostic tests 
coupled with an accurate bleeding history will always be 
required to confi rm a platelet - based bleeding disorder, simply 
because of the heterogeneity in the range of disorders encoun-
tered coupled with the cross - talk between receptors. Specialist 
test centres will therefore still be required for the identifi cation 
of rare and new platelet - based defects.  

  Platelets and  t hrombosis 

 There is also much recent interest in the possibility of using 
platelet function tests to reliably detect platelet hyperreactivity 
in patients with arterial thrombosis (e.g. myocardial infarction, 
unstable and stable angina, stroke, transient ischaemic attacks 
and peripheral vascular disease). This could potentially allow 
patients to be risk stratifi ed and their treatment adjusted 
accordingly to potentially improve their clinical outcomes. The 
increasing interest in this area and clinical discussion of aspirin 
or clopidogrel  ‘ resistance ’  has also resulted in the development 
of a variety of instruments that can be useful for preclinical 
testing (e.g. Platelet Mapping System, VerifyNow, Plateletworks, 
Aspirinworks, Placor PRT). The VerifyNow test was originally 
developed as a whole - blood cartridge - based test to monitor 
 α  IIb  β  3  blockade because of the narrow therapeutic window and 
increased bleeding risk associated with these types of drugs. The 
test has also been adapted to measure aspirin and P2Y 12  block-
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     Figure 40.7     The effect of pharmacological inhibitors on 

ADP - induced platelet aggregation and secretion. ADP 

(10    µ mol/L) stimulates rapid sustained aggregation and ( α  IIb  β  3  -

 dependent) ATP secretion as measured using Born 

lumiaggregometry. In the presence of the cyclooxygenase 

inhibitor indomethacin (10    µ mol/L), ADP stimulates marked 

aggregation that slowly (minutes) decays, whereas secretion is 

abolished. Aggregation is preceded by a small increase in optical 

density (shape change) that is inhibited in the presence of the 

P2Y 1  antagonist MRS2179 (100    µ mol/L). Aggregation and ATP 

secretion are partially reduced in the presence of MRS2179 

(100    µ mol/L). In contrast, ADP stimulates a small transient 

aggregation response in the presence of the P2Y 12  receptor 

antagonist AR - C67085 (1    µ mol/L), whereas secretion is abolished. 

 (From  Dawood  et al . 2007  with permission.)   
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  Introduction 

 The existence of lifelong bleeding disorders and their familial 
occurrence was noted in the medical literature as early as the 
16th century. No doubt this was because the clinical syndrome 
of haemophilia is highly distinctive: early writers were impressed 
by the helplessness of the physician in the face of haemophilic 
bleeding. A full understanding of the pathophysiology and 
genetics of these disorders was long delayed because of the 
complexities of the clotting mechanism. Advances in protein 
chemistry and recombinant DNA technology have now pro-
duced a comprehensive account of normal coagulation, the 
coagulation defect in haemophilia and the underlying molecu-
lar genetics. An earlier chapter outlines the coagulation mecha-
nism. In this chapter, the clinical features of the most common 
inherited bleeding disorders, haemophilia and von Willebrand 
disease (VWD), are described, together with a summary of the 
genetic lesions identifi ed in their various defi ciency states. 

 Advances in molecular biology have enabled more precise 
diagnosis and reduced the dependence on plasma - derived con-
centrates, at least in the economically rich countries. Direct 
identifi cation of the mutation responsible for the factor defi -
ciency in individual kindreds has provided a better understand-
ing of structure – function relationships and the pathophysiology 
of the bleeding disorder. It has also superseded the use of 

restriction fragment length polymorphisms (RFLPs), thus 
removing the uncertainty from carrier detection in the vast 
majority of cases.  

  Haemophilia  A  

  Pathophysiology 

 Haemophilia A and B are caused by defi ciency of factor (F)VIII 
and FIX respectively. FVIII and FIX are the two components of 
the intrinsic tenase (see Chapter  39 ) and so not surprisingly 
their absence causes virtually identical patterns of bleeding. 
Combined with the fact that they are both encoded on the long 
arm of the X chromosome (Xq28ter) they present almost indis-
tinguishable sex - linked clinical syndromes and laboratory tests 
are required to determine which is present. In both cases, failure 
to form the intrinsic tenase complex results in failure to produce 
the thrombin burst characteristic of normal coagulation. As a 
result a loose friable fi brin mesh is produced that is mechani-
cally easily dislodged and which has increased susceptibility to 
fi brinolysis. Fibrinolytic breakdown of the clot is also favoured 
by the failure of the weak thrombin burst to activate the 
thrombin - activatable fi brinolysis inhibitor (TAFI). The conse-
quent failure to consolidate the primary haemostatic (platelet) 
plug results in the characteristic bleeding pattern of haemo-
philia, which is delayed after trauma but much prolonged. 
Replacement by intravenous infusion of the defi cient factor can 
normalize the haemostatic mechanism of the haemophilic 
individual.  
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thinning of the cartilage, bony overgrowth and subchondral 
cysts, and fi nally ankylosis (Figure  41.1 ).   

 Muscle bleeding can be seen in any anatomical site, but it 
most often presents in the large load - bearing groups of the 
thigh, calf, posterior abdominal wall and buttocks. Local pres-
sure effects often cause entrapment neuropathy, particularly of 
the femoral nerve with iliopsoas bleeding. This causes a common 
symptom triad of groin pain, hip fl exure and cutaneous sensory 
loss over the femoral nerve distribution. Bleeding into the calf, 
forearm or perineal muscles can lead to ischaemic necrosis and 
contracture. 

 Haematuria is less common than joint or muscle bleeding in 
individuals with haemophilia, but severely affected patients 
have one or two episodes per decade. These may be painless and 
resolve spontaneously, but, if bleeding is heavy, it can produce 
clot colic. Usually, no anatomical abnormality is found to 
account for the haematuria on radiological investigation. 

  Clinical  f eatures 

 Haemophilia A affects approximately 1 in 10   000 live births and 
is equally common in all ethnic groups. The vast majority of 
patients are male, but haemophilia can occur very rarely in 
females (see below). The severity and frequency of bleeding in 
X - linked FVIII defi ciency are inversely correlated with the 
residual FVIII level. Table  41.1  summarizes this relationship 
and gives the relative frequency of the categories, based on UK 
national data. The main load -  or strain - bearing joints (ankles, 
knees and elbows) are most affected but any joint can be the 
site of bleeding. If untreated, this intracapsular bleeding causes 
severe swelling, pain, stiffness and infl ammation, which gradu-
ally resolves over days or weeks. It is not clear why bleeding in 
haemophilia shows a predilection for joints, but it has been 
suggested that low levels of tissue factor (TF) expression in 
synovial tissue may be at least part of the explanation.   

 Blood is highly irritating to the synovium and causes an 
immediate infl ammatory reaction in the joint. In the longer 
term, blood and particularly increased iron deposition promote 
a chronic proliferative synovitis resulting in overgrowth of 
friable and highly vascular synovium that has an increased ten-
dency to further bleeding, thus setting up a vicious circle. As a 
result of the vicious circle of bleeding and synovial hypertrophy, 
a particular joint frequently becomes the  ‘ target joint ’  in an 
individual, whereas other joints may be relatively spared. Blood 
also has a rapid destructive effect on cartilage that is evident 
after only a single haemarthrosis. Accumulation of iron in 
chondrocytes may also contribute to the multifactorial degen-
erative arthritis, resulting in irregularity of articular contour, 

  Table 41.1    Haemophilia  A   *  : clinical severity. 

   FVIII 

(units/dL)  

   Bleeding tendency     Relative 

incidence (%)  

   <  1    Severe: frequent spontaneous   †    

bleeding into joints, 

muscles and internal organs  

  50  

  2 – 5    Moderate: some  ‘ spontaneous ’  

bleeds, bleeding after minor 

trauma  

  30  

   >  5 – 45    Mild: bleeding only after 

signifi cant trauma, surgery  

  20  

    * This table is also applicable to FIX, FX and FII defi ciences, but 

not to FVII, FXI, FV, FXIII or von Willebrand factor defi ciencies 

(see text).  

    †   ‘ Spontaneous ’  bleeding refers to those episodes in which no 

obvious precipitating event preceded the bleed. No doubt, minor 

tissue damage consequent on everyday activities actually initiates 

bleeding.   

     Figure 41.1     Radiograph of knee joint showing advanced 

haemophilic arthropathy. Note the loss of cartilage, eburnation, 

deformity subluxation, osteophytes, subchondral cysts and 

irregularity of joint contours.  
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  Investigation of  c oagulation  d efects and 
 h aemophilia 

 Investigation of a suspected inherited bleeding disorder usually 
begins with the global tests of coagulation. These tests refl ect 
the history of coagulation investigation. Thus they force the 
coagulation system to function in a way that has been useful in 
the laboratory but which is considerably removed from normal 
physiology. As a result we routinely use tests such as the acti-
vated partial thromboplastin time (APTT) which, when abnor-
mal, may indicate the presence of a severe disorder such as 
haemophilia or an irrelevant one such as FXII defi ciency. 
Nonetheless, once this is understood, these tests remain 
extremely useful in detecting and diagnosing coagulation dis-
orders. The principal routine tests in common use are the pro-
thrombin time (PT) and the APTT, also known as the partial 
thromboplastin time with kaolin (PTTK) or the kaolin cephalin 
clotting time (KCCT). These tests require the activity of all the 
conventional procoagulant factors except FXIII; however, they 
do not require the presence of platelets (they are performed 
using platelet - poor plasma and exogenous phospholipid) and 
do not activate the protein C/protein S system. 

  Prothrombin  t ime 
 In the PT, coagulation is triggered using a thromboplastin, i.e. 
tissue factor (TF) plus phospholipid, which may be derived 
from animal tissue (typically rabbit brain) or increasingly is 
relipidated recombinant human TF. The plasma is recalcifi ed 
and the clotting time recorded. The PT will be prolonged by 
defi ciencies of FVII, FX, FV, FII or fi brinogen.  

  Activated  p artial  t hromboplastin  t ime 
 The APPT is triggered using a negatively charged surface (e.g. 
kaolin or silica) to initiate contact activation. Further progres-
sion requires the addition of phospholipid (partial thrombo-
plastin) and calcium. It is thought that activation of coagulation 
rarely proceeds by this route  in vivo  and consequently defi ciency 
of the contact factors is not associated with any increased ten-
dency to bleeding. The APTT will be prolonged by defi ciencies 
of FXII, FXI, FIX, FVIII, FX, FV, FII, fi brinogen, prekallikrein 
and high - molecular - weight kininogen. It is therefore abnormal 
in haemophilia A and B.  

  Thrombin  t ime 
 The thrombin time is performed simply by adding a dilute 
preparation of thrombin to citrated platelet - poor plasma and 
recording the clotting time. Recalcifi cation and phospholipid 
are not required. Prolongation of the thrombin time therefore 
implies that there is either an inhibitor of thrombin present 
(most commonly the effect of heparin) or that there is a problem 
with fi brin cleavage or polymerization. It is extremely sensitive 
to the presence of unfractionated heparin but is also prolonged 
by low or abnormal fi brinogen and hypoalbuminaemia.  

 Central nervous system bleeding is uncommon but can occur 
after a slight head injury and remains a signifi cant cause of 
death in haemophilia A. Intestinal tract bleeding usually 
presents as obstruction due to intramural haemorrhage, but 
haematemesis and melaena also occasionally occur and should 
be routinely investigated, as they may be due to peptic ulcer or 
malignancy. 

 Oropharyngeal bleeding, although uncommon, is clinically 
dangerous, as extension through the soft tissues of the fl oor of 
the mouth can lead to respiratory obstruction. Bleeding from 
the tongue after laceration can be very persistent and trouble-
some due to fi brinolytic substances in saliva and the impossibil-
ity of immobilizing the tongue. 

 Surgery and open trauma invariably lead to dangerous haem-
orrhage in the untreated individual with haemophilia. There 
may be persistence of haemorrhage, often after an initial short -
 lived period of haemostasis. Clots, if formed, are bulky and 
friable and break off, with renewed haemorrhage occurring 
intermittently over days and weeks. Today this is only seen in 
patients who are resistant to conventional replacement therapy 
due to the presence of inhibitors (see below) or when patients 
with mild or moderate haemophilia present after their fi rst 
surgical or dental procedure. 

 Bruising is a feature of haemophilia A but is usually only 
of cosmetic signifi cance as it remains superfi cial and self - 
limiting. Large extending ecchymoses may occasionally require 
treatment.  

  Presentation 

 When a woman is known to be a carrier or at high risk, the cord 
blood FVIII level will establish the diagnosis in the infant. 
However, haemophilia may be sporadic and in approximately 
one - third of cases there is no family history. In such cases, 
haemophilia may come to light in the neonatal period with 
cephalohaematoma or other bleeding resulting from the trauma 
of birth. In cultures where early circumcision is the rule, this 
will cause prolonged haemorrhage, as was noted in the 
Babylonian Talmud almost 2000 years ago. Quite often, the 
diagnosis is delayed until it is noticed that the infant has many 
large bruises from hand pressure when being picked up or from 
minor knocks on the cot. These sometimes cause diagnostic 
confusion and the erroneous label of  ‘ non - accidental injury ’  
may be applied, with needless psychological trauma to the 
parents. As soon as the infant starts to walk actively, joint bleed-
ing begins to appear. In other children, excessive bleeding from 
the eruption of primary dentition, or from lacerations, leads to 
the performance of diagnostic tests. In patients who have some 
functional FVIII, even 1 or 2% (moderate haemophilia) may be 
suffi cient to largely prevent spontaneous bleeding and delay 
diagnosis until bleeding occurs after trauma or surgery. Mild 
cases may only present in adulthood when severe trauma or 
surgery provokes unusual bleeding.  
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in a second separate step. Chromogenic FVIII assays use a two -
 stage procedure. The two assays normally give similar results 
but the distinction is important because some defective FVIII 
molecules give different results in the two assays. Most com-
monly in these cases, the one - stage assay gives a higher result 
than the two - stage but the patient ’ s bleeding phenotype is more 
in keeping with the latter (lower) result. Thus the assessment of 
the severity (and sometimes even the diagnosis) of the haemo-
philia can be mistaken if the two assays are not carried out and 
compared.   

  Treatment 

  Clotting  f actor  c oncentrates 
 The discovery in the early 1960s that FVIII was concentrated in 
cryoprecipitate and the subsequent description of the produc-
tion of antihaemophilic globulin in a closed bag system revolu-
tionized treatment for haemophilia. Home treatment for the 
majority of patients became feasible and with the advent of 
lyophilized concentrates prepared from cryoprecipitate made 
from the plasma from many thousands of donors, the prospect 
of a normal life for the severely affected haemophilic individual 
was brought very close. However, use of such plasma - derived 
concentrates was associated with the transmission of hepatitis 
C virus (HCV), hepatitis B virus (HBV) and HIV. Although 
these infections were present at only low frequency in the donor 
population, concentrates were made from many thousands of 
donations and so most, if not all, batches of concentrate were 
infected, particularly with HCV. Since 1985 virucidal methods 
have been rigorously applied (such as terminal dry heat treat-
ment, solvent/detergent treatment, nanofi ltration and pasteuri-
zation) in conjunction with donor selection and plasma pool 
screening and quarantining. As a result of these measures, 
plasma - derived concentrates are now very safe such that the risk 
of HIV, HBV or HCV transmission is close to zero. However, 
there remains the problem of transmission of non - lipid - coated 
viruses (such as hepatitis A and parvovirus), which can survive 
solvent/detergent sterilization, and the possibility that new 
viruses will emerge. For these reasons, products are required to 
undergo more than one inactivation process. For FIX concen-
trate, the process of nanofi ltration has been used, which can 
prevent transmission of non - lipid - coated viruses. 

 It has recently transpired that the prion protein responsible 
for variant Creutzfeldt – Jakob disease (vCJD) may be transmit-
ted via pooled plasma concentrates, although only a single case 
has been reported to date. With the ongoing concern about 
prion transmission through blood and blood products, concen-
trates are no longer produced from plasma drawn from coun-
tries with notable vCJD in the donor population. 

 The plasma - derived clotting factor concentrates in use at 
present are high - purity products with a high specifi c activity. 
They are prepared chromatographically, which results in an end 
product of high specifi c activity. The advent of recombinant 

  Inhibitors 
 The simplest interpretation of a prolonged test of coagulation 
is that one or more of the factors required for its execution is 
defi cient in the patient ’ s plasma. A frequently encountered 
alternative is that an inhibitor of coagulation, usually an anti-
body, is present. The presence of an inhibitor is typically dem-
onstrated by a mixing test in which normal and the test plasma 
(with a prolonged clotting time) are mixed in equal propor-
tions. Correction of the prolonged clotting time by the normal 
plasma indicates a coagulation factor defi ciency and failure to 
correct indicates the presence of an inhibitor. 

 When an inhibitor is detected, further tests are performed to 
determine whether it has specifi city for a particular clotting 
factor or not. Non - specifi c inhibitors usually fall into the class 
of antiphospholipid antibodies and are paradoxically associated 
with thrombosis rather than bleeding (see Chapter  46 ). Specifi c 
inhibitors are most commonly directed against FVIII, resulting 
in an  ‘ acquired ’  haemophilia.  

  Specifi c  f actor  a ssays 
 When initial tests or clinical history suggests single factor defi -
ciency, then specifi c factor assays are performed to determine 
which is affected. This is most usually done by performing a 
bioassay in which the ability of the test plasma to correct the 
defect in plasma lacking a specifi c factor is measured. Bioassays 
have the advantage of directly measuring the biological activity 
of the factor in question but because they also utilize other 
plasma components, they are susceptible to numerous interfer-
ences and confounding effects. This can be avoided in some 
cases by using artifi cial small substrates (chromogenic sub-
strates). This aids automation and avoids interference but often 
does not capture all aspects of the molecule ’ s biological activity. 
Finally, the physical amount of the factor present can be assessed 
immunologically. Immunological assays are accurate and 
precise, but of course do not give information about the func-
tional activity of the molecules that have been measured.   

  Laboratory  d iagnosis of  h aemophilia 

 Initial tests show a prolonged APTT, normal PT and thrombin 
time (if performed) and a normal platelet count. This will 
usually prompt specifi c factor assays of FVIII, FIX and FXI and, 
in the case of haemophilia A, results shows FVIII clotting 
activity below 50 units/dL, with all other factors normal. Von 
Willebrand factor (VWF) antigen and activity (ristocetin cofac-
tor) are also normal. 

   FVIII   a ssays 
 In most laboratories the FVIII assay is a modifi ed APTT and is 
often referred to as a  ‘ one - stage assay ’  because the activation of 
FVIII and coagulation are performed in a single step. However, 
it is also possible to construct a  ‘ two - stage assay ’  in which the 
FVIII is activated in a fi rst step and then the activity is measured 
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The infl uence of phospholipids on these discrepancies was 
studied. It was found that when the APTT reagent was replaced 
by platelets in the one - stage assay, the results of the chromog-
enic assay and the one - stage assay were similar. Furthermore, 
using the principle of  ‘ like versus like ’ , this discrepancy between 
chromogenic and one - stage methods could be eliminated by 
using the recombinant product diluted in haemophilic plasma 
as a standard reference. In this case it is the standard calibration 
against reference plasma that is adjusted.   

  Treatment of  h aemophilia 
 Since the development of replacement therapy, the goal of treat-
ment for haemophilia patients has been the prevention of 
haemorrhagic episodes. Based on studies from haemophilia car-
riers and patients with mild haemophilia, we can deduce that a 
level of 5 – 30% is adequate to arrest minor bleeds, but inade-
quate for major surgery or trauma. At least 60% sustained 
throughout the healing period is needed for normal wound 
healing to occur. The severity and the frequency of haemarthro-
sis is directly related to the degree of defi ciency of the clotting 
factor, but the precise plasma level needed to prevent haemar-
throsis is still unknown. 

 After trauma or at the onset of bleeding, therapeutic 
infusion of replacement factor should be administered as 
early as possible and to a haemostatic level to stop or prevent 
haemorrhage. The dosing of factor replacement is still based on 
theoretical calculations and clinical experience. Guidelines for 
the treatment of haemorrhagic episodes in haemophilia are 
given in Table  41.2 , with the estimated likely effective level 
required for haemostasis. If suffi cient FVIII is available, it is 
physiological to restore the FVIII level into the normal range 
and maintain it there by continuous infusion or frequently 
repeated infusion.   

 Formulae based on plasma volume and expected recovery 
give a rough guide to dosage required to achieve a given level, 

clotting factor concentrates has further enhanced safety of 
replacement therapy.  

  Recombinant  FVIII  
 The structure of the FVIII gene and the isolation of cDNA 
clones encoding the complete FVIII sequence were described in 
1984. This has allowed the manufacture of FVIII in cell culture, 
which therefore eliminates the risk of disease transmission from 
donors. Progressive refi nements have in some cases eliminated 
all additional animal protein from the cell culture medium and 
any protein added as stabilizer in the lyophilized product. 
Recombinant FVIII can be made either from the wild - type  ‘ full -
 length ’  cDNA or from cDNA that has the large B domain 
deleted. The B domain has been shown to be completely dis-
pensable for the procoagulant function of FVIII and its absence 
does not change the half - life of the molecule. It is therefore 
curious that one B domain - deleted product has shown a marked 
discrepancy between one - stage and two - stage assays. Subsequent 
developments suggest that the origin of the discrepancy in this 
concentrate may be post - translational modifi cation rather than 
the absence of the B domain. 

 Recombinant technology may allow the development of 
modifi ed bioengineered FVIII molecules with enhanced phar-
macokinetics, specifi c activity or reduced immunogenicity. A 
prolonged half - life may also be achieved by coupling FVIII to 
other molecules such as polyethylene glycol, to liposomes or 
by altering glycosylation. Fusion of FVIII with Fc or albumin 
has also been achieved, with a markedly enhanced half - life in 
preclinical studies. Although there is enthusiasm for these 
approaches, which are all under active development, clinical 
trials will decide which if any are effective and safe. 

  Assay of  r ecombinant  c lotting  f actors 
 In pharmacokinetic studies, it was found that the chromogenic 
assay produced considerably higher levels than one - stage assays. 

  Table 41.2    Indications and guidelines for factor replacement in haemophilia  A  and  B . 

   Site of haemorrhage     Optimal factor level (%)     Dose (units/kg body weight)     Duration (days)  

   FVIII     FIX  

  Joint    30 – 50    20 – 30    30 – 50    1 – 2  

  Muscle    30 – 50    20 – 30    30 – 40    1 – 2  

  Gastrointestinal tract    40 – 60    30 – 40    40 – 60    7 – 10  

  Oral mucosa    30 – 50    20 – 30    30 – 40    Until healing  

  Epistaxis    30 – 50    20 – 30    40 – 60    Until healing  

  Haematuria    30 – 100    25 – 50    70 – 100    Until healing  

  Central nervous system    60 – 100    50    80 – 100    7 – 10  

  Retroperitoneal    50 – 100    30 – 50    60 – 100    7 – 10  

  Trauma or surgery    50 – 100    30 – 50    60 – 100    Until healing  

    Source :    Escobar  (2003)  with permission .   
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tages of such devices are recognized, septic complications 
remain a challenge. A number of studies have been published 
that show an infection rate ranging from 0.2 to 3.4 infections 
per 1000 catheter - days but increasing with frequency of use. 
Another alternative is the fashioning of a small arteriovenous 
fi stula in the arm. 

 In older patients who have established joint disease or have 
had previous joint bleeds, prophylaxis is also effective in reduc-
ing bleeding episodes and/or slowing progression of joint 
disease. This  ‘ secondary ’  prophylaxis may be used continuously 
or for a limited period to allow the synovial hypertrophy in a 
target joint to regress or be targeted to periods when bleeding 
is more likely (such as sporting activity).  

  Desmopressin 
 A non - blood - derived alternative to FVIII concentrate, desmo-
pressin (1 - deamino - 8 -  d  - arginine vasopressin) can be used to 
treat mild haemophilia. Desmopressin acts via the V 2  receptors 
on endothelial cells to stimulate exocytosis of Weibel – Palade 
bodies, the endothelial storage organelles that contain primarily 
VWF and, in some tissues, also FVIII. In practice, this effect can 
be used to elevate the plasma FVIII level twofold to fourfold 
above baseline. Desmopressin is a synthetic analogue of 
vasopressin and retains the antidiuretic action of the natural 
hormone but not its vasopressor activity. Patients are advised 
to restrict their fl uid intake after desmopressin. This is especially 

but where the level is critical, as for surgery or when there is 
serious bleeding, it should always be checked by assay after 
infusion. On average, FVIII infusion produces a plasma incre-
ment of 2 units/dL per unit infused per kilogram body weight. 
From this, a simple formula can be derived:

   
Dose to be infused units

weight kg increment needed units
( )

= ( ) × ddL 2( )[ ]   

 Assessing the period of treatment required is a matter of clinical 
judgement of the individual episode or lesion. 

 Cover for surgery, other than very minor procedures, requires 
maintenance of normal FVIII levels for at least 1 week, followed 
by a period at reduced dosage during convalescence. This can 
be achieved either by repeated bolus injections every 8 – 12 hours 
(paying particular attention to trough levels, which should not 
fall below 50 units/dL) or by continuous infusion. The half - life 
of FVIII varies considerably and may be particularly short in 
children, requiring more frequent dosing. It should also be 
noted that the doses required during the immediate postopera-
tive period may be considerably more than expected.  

  Prophylaxis 
 There is a long tradition of giving prophylaxis to young boys 
with haemophilia; prophylaxis was developed as early as 1958 
in Malm ö , Sweden. The rationale for the prophylactic model 
was the observation that chronic arthropathy was seen less fre-
quently and less severely in individuals with a FVIII level of 1 – 4 
units/dL. 

 Today prophylaxis is regarded as the standard of care for all 
boys with severe haemophilia. Regular prophylactic treatment 
is begun at 1 – 1.5 years before the onset of joint bleeds, so - called 
primary prophylaxis. Ideally, FVIII is administered every second 
day at a dose of 25 – 40 units/kg. The goal is to maintain a trough 
level of 1 unit/dL or more, which may require individual adjust-
ment of size and frequency of dosing, and so to avoid all bleeds. 
Evidence from trials indicates that the risk of bleeding rises as 
the duration of FVIII levels below 1 unit/dL increases. There is 
good historic evidence that the Malm ö  model is effective in 
preventing haemophilic arthropathy. For the youngest cohort 
of boys born in 1981 – 90, who began prophylaxis between 1 and 
2 years of age with 4000 – 9000 units/kg annually, both the 
orthopaedic and radiological scores were zero (Figure  41.2 ). 
More recently, a large randomized study comparing prophy-
laxis with enhanced on - demand therapy showed that after 6 
years of therapy, 93% of those on primary prophylaxis had a 
normal joint score on magnetic resonance imaging (MRI) com-
pared with only 55% on intensive on - demand regimens.   

 Use of the peripheral vein is the preferred approach when 
beginning prophylactic treatment. However, if this is not pos-
sible then the implantation of an indwelling venous access 
device (e.g. Port - a - Cath) may be necessary. Substantial experi-
ence with Port - a - Cath has been published. Although the advan-
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     Figure 41.2     Orthopaedic joint scores for patients intensively 
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patients not receiving prophylaxis (historical control subjects). 

 (From United Kingdom Haemophilia Centre Doctors ’  

Organisation  2003  with permission.)   
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tered in large amounts (e.g. severe bleeds) or in association with 
infl ammatory stimuli (e.g. surgery), this increases the likelihood 
of inhibitor development. As more is learned of the molecular 
bases for FVIII defi ciency, it should be possible, perhaps in 
association with human leucocyte antigen typing, to defi ne 
more precisely the individual risk. Because the development of 
inhibitors is unpredictable, it is important to test for their emer-
gence at clinic visits and before operations. 

 Antibodies to FVIII frequently have a time - dependent com-
ponent in their action and therefore an incubation time of 2 – 4 
hours is required to reliably measure the full effect of the anti-
body. Inhibitors usually inactivate FVIII in a predictable linear 
manner (type 1 kinetics) but they may have complex equilibria 
and not inactivate all available FVIII (type 2 kinetics) and these 
are seen particularly in mild to moderate and acquired haemo-
philia. Inhibitors are most commonly measured using the 
Bethesda assay where 1 Bethesda unit (BU) is the amount of 
antibody that reduces the FVIII activity in pooled normal 
plasma by 50% after 2 hours incubation. Some inhibitors are 
 ‘ low - responding ’  and remain at a low or moderate level ( <    5 –
 10   BU) after further FVIII exposure, whereas in high responders 
treatment with FVIII elicits a sharp anamnestic rise after 5 – 8 
days and inhibitor levels may reach hundreds or thousands of 
BU. Low responders can be treated repeatedly with high doses 
of FVIII concentrate. However, high responders are refractory 
to treatment with FVIII concentrate and therefore alternative 
therapies are required.  

  Inhibitors:  t reatment of  b leeding 
 Porcine FVIII functions well in human plasma but is frequently 
neutralized less effi ciently by the anti - FVIII antibodies pro-
duced in humans with haemophilia. This has made it a useful 
alternative treatment in patients with inhibitors. However, it is 
not free of the problems associated with plasma - derived prod-
ucts and so recombinant porcine FVIII is in development and 
entering clinical trials. 

 At present the most common approach to achieving haemos-
tasis in patients with inhibitors is to use a  ‘ bypassing agent ’  that 
promotes thrombin generation without depending on the 
intrinsic tenase. The currently available bypassing agents are 
human recombinant FVIIa and a plasma - derived prothrombin 
complex concentrate that contains activated coagulation factors 
(factor eight inhibitor bypassing activity, or FEIBA). Human 
FVII was cloned in the mid - 1980s and recombinant FVIIa was 
developed specifi cally as treatment for bleeding episodes in 
individuals with haemophilia complicated by inhibitory 
antibodies. Activated FVII is an ineffi cient enzyme when not 
complexed with TF and does not therefore produce systemic 
activation of coagulation when infused. Its mechanism of action 
in haemophilia has been the subject of much debate. It seems 
most likely that FVIIa binds to the surface of activated platelets 
at the site of injury and promotes FXa formation there. Recent 

important in young children in whom unrestricted fl uid intake 
may result in hyponatraemia and convulsions. Desmopressin is 
contraindicated in elderly patients and those with vascular 
disease, because arterial thrombosis has been reported follow-
ing desmopressin in these circumstances. 

 Desmopressin can correct the haemostatic defect in mild 
haemophilia A or VWD suffi ciently to cover minor surgery or 
treat a minor bleeding episode. A typical regimen would be to 
give 0.3    µ g/kg body weight either by slow intravenous infusion 
over 20   min or by subcutaneous injection. Desmopressin also 
releases tissue plasminogen activator and so tranexamic acid is 
frequently given as well. A high - concentration nasal spray is 
also available that delivers 150    µ g per actuation. The effect is 
maximal at 30   min after an intravenous dose and 1 hour follow-
ing a subcutaneous or intranasal dose. The FVIII level rises 
threefold on average. The half - life of the endogenously released 
FVIII is about 8 hours but may be shorter in some cases and 
the fall - off should be documented. The dose can be repeated 
and although tachyphylaxis occurs such that the second dose 
may produce a rise only 30% of the fi rst, there is often no 
further drop with succeeding doses. If repeated doses are given 
over a short interval (e.g. 48 – 72 hours), the FVIII response to 
desmopressin injection should be assayed to ensure that the 
reserves are not exhausted.   

  Complications of  t herapy 

  Inhibitors 
 Antibodies to FVIII (inhibitors) are most common in patients 
with severe rather than mild haemophilia. They are most likely 
to develop during childhood within the fi rst 25 exposures to 
FVIII after which they are infrequent, but do rarely develop 
after years of treatment. Prospective studies have shown that in 
the past the incidence of inhibitors in patients with haemophilia 
has generally been underestimated. Studies to determine the 
true incidence are fraught with diffi culty owing to bias in 
patient selection, frequency and sensitivity of testing and previ-
ous treatment. When studied closely, inhibitors have been 
detected in around 25 – 30% of patients with severe haemophilia 
at some stage in their treatment. However, many of these are 
low - level transient inhibitors that are not a long - term problem 
for treatment. The cumulative incidence of high - responding 
inhibitors is in the region of 10 – 15%. The likelihood of an 
individual developing an inhibitor is strongly dependent on the 
genetic lesion responsible for the FVIII defi ciency. Patients with 
large deletions or stop codons in the light chain appear to be 
particularly prone to inhibitor development. However, some 
missense mutations causing mild to moderate haemophilia, 
particularly those in the light chain, are also associated with a 
high frequency of inhibitor development. Approximately 25% 
of patients with the common intron - 22 inversion develop 
inhibitors. There is also evidence that when FVIII is adminis-
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  Molecular  g enetics of  h aemophilia  A  

 The FVIII gene (Figure  41.3 ) spans 190   kb of the X chromo-
some. The protein - coding regions (exons) are separated by 25 
introns, some of very large size (e.g. intron 22 is over 35   kb). 
FVIII is synthesized in the liver, spleen and lymph nodes but 
also in some endothelial cells (probably in the lung), which 
creates the desmopressin - releasable pool. The amino acid 
sequence contains a triplicated region (A1, A2, A3 in Figure 
 41.4 ), whose elements are more than 30% homologous with 
each other. A second duplicated homology region (C1, C2) is 
responsible for the phospholipid - binding properties of the mol-
ecule. The third type of sequence in the protein is the heavily 
glycosylated B domain, which is coded entirely within exon 14, 
connects A2 and A3, and is removed on thrombin activation of 
FVIII.   

 The processed mRNA specifi es a protein of 2351 amino acids, 
from which a 19 - amino - acid N - terminal leader sequence is 
cleaved on secretion. The mature plasma protein initially con-
sists of a single chain of 2332 amino acids, but as a result of 
proteolysis circulates as a series of light - chain and heavy - chain 
heterodimers with B domains of varying length. 

 The vast majority ( >    90%) of FVIII circulates in complex 
with VWF, in the absence of which its half - life is extremely 
short. Studies of FVIII have identifi ed the A3 (1648 – 1689), C1 
and C2 domains as important for VWF binding but it is uncer-
tain how many of these interact directly with VWF because in 
isolation the recombinant fragments have a much lower affi n-
ity. After thrombin activation, the cofactor consists of a heter-
otrimer: the N - terminal heavy chain corresponding to region 
A1 and the A2 domain isolated by cleavages at 372/373 and 
740/741, which is held by a divalent cation - dependent linkage 
to the C - terminal light chain corresponding to part of A3 plus 
C1 and C2 (see Figure  41.4 ). The B domain is discarded by 
cleavages at 740/741 and 1689/1690. Thrombin cleavage also 
results in release of FVIII from VWF. 

 Protein C cleaves FVIIIa at 336/337 and 562/563, totally 
inactivating the cofactor. The crystal structure of FVIII has 
recently been reported and several of the interactions mapped 
including the FIX - binding site on the A2 and A3 domains. 
The C domains appear to be responsible for phospholipid 
binding. 

 Thanks to the development of polymerase chain reaction 
(PCR) - based rapid screening and sequencing methods, the 
mutations in nearly all patients with haemophilia A can be 
identifi ed (Table  41.3 ). Consequently, a large database of muta-
tions has accumulated and is maintained at  http://hadb.org.uk . 
These include large deletions and missense mutations, as well 
as nonsense, frameshift, splicing (affecting mRNA processing) 
and insertional mutations. Surprisingly, about half of all severe 
haemophilia A is due to a major inversion (Figure  41.4 ) that 
occurs quite frequently during male gametogenesis (approxi-
mately 1 in 10   000 spermatozoa).    

evidence suggests that platelets may be able to synthesize TF or 
at least acquire it from circulating microparticles. High concen-
trations (30 – 90   nmol/L) are required to generate suffi cient FXa 
and FIIa to achieve haemostasis. 

 The advantages of recombinant FVIIa include viral safety, 
low systemic activation of coagulation, effectiveness independ-
ent of inhibitor titre and an excellent overall safety profi le 
allowing home use and ease of administration. The main dis-
advantage is the short half - life and therefore the need for fre-
quent administration. Recent studies suggest that this can be 
overcome by using a single very large dose for mild to moderate 
bleeds. 

 Both native and activated prothrombin complex concen-
trates appear to be able to bypass FVIII and have a role in the 
treatment of patients with FVIII antibodies. The substance(s) 
responsible for the FVIII bypassing activity are undefi ned but 
their effi cacy appears to derive from a combination of activated 
clotting factors and the elevation of prothrombin concentra-
tion, which is a major determinant of thrombin generation. The 
activated prothrombin complex concentrates contain more 
of the FVIII bypassing activity and are designed specifi cally for 
use in patients with FVIII inhibitors. Activated prothrombin 
complex concentrates have proved effi cacious in controlling 
bleeding in many situations. The problems with FEIBA are that 
is of plasma origin and it contains some FVIII, which may cause 
an anamnestic rise in inhibitor titre. On the other hand, its 
longer dosage interval (given once or twice daily) makes it more 
suitable for prophylactic use. A major problem with both 
bypassing agents is that there is no reliable laboratory measure 
of their haemostatic effect.  

  Treatment of  i nhibitors:  i mmune  t olerance 
 Bypassing agents are considerably less effective than FVIII at 
achieving haemostasis and cannot yet provide reliable prophy-
laxis. It is therefore highly desirable to eliminate a FVIII inhibi-
tor, a process referred to as immune tolerance induction (ITI). 
Basic ITI regimens involve the continued administration of 
FVIII, and both low - dose (25 units/kg alternate days) or high -
 dose (order of 100 units/kg twice daily) FVIII regimens 
have been used. Neither regimen has been conclusively shown 
to be superior and either may need to be continued for 12 
months or more. Overall, the success rate is approximately 
70%, after which prophylaxis must be maintained to prevent 
re - emergence of the antibody. The success is greatest in younger 
patients ( <    7 years), with a historic peak titre below 200   BU, and 
when treatment is begun after allowing the inhibitor to fall to 
below 5   BU by avoiding further FVIII exposure. For resistant 
cases the use of a FVIII concentrate containing VWF may be 
more successful or the regimens may be combined with anti -
 CD20, or corticosteroids, alkylating agents, plasmapheresis and 
immunoglobulin (Malm ö  regimen). Success is defi ned as nor-
malization of the FVIII recovery and a FVIII half - life greater 
than 6 hours.   
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improve discrimination as carriers will tend to have lower 
levels of FVIII than VWF. Even so, there is still some overlap 
(about 15%) where the carriers have a normal ratio. It is 
therefore important to note that while a low level of FVIII 
strongly implies carriership, a normal FVIII level by no means 
excludes it. 

 Translocation through the FVIII locus has given rise to 
severe haemophilia in an affected female due to exclusive inac-
tivation of the normal X chromosome. Due to sperm mutation 
in the father, especially in the prevalent inversion, a carrier can 
present  de novo  with no family history of haemophilia. The 
most usual reason for fi nding a low FVIII in a female if the 
above has been excluded is VWD. This should usually be evident 
from assays of VWF. Of course, VWD and haemophilia A can 
coexist in the same family, which makes carrier detection dif-
fi cult. Type 2N VWD (see below) may also be confused with 
mild haemophilia A.   

  Haemophilia  A  in  f emales 

 True homozygous haemophilia A is rare, but well described, 
being due to the marriage of a carrier to an affected male, 
often a cousin. Severe menstrual haemorrhage occurs but 
responds to FVIII infusion. Haemophilia A has been described 
in a female with Turner syndrome. The random process of 
X - chromosome inactivation allows only one FVIII gene to 
function in each female cell. Thus carriers of haemophilia A 
have on average 50% of the mean normal level of the clotting 
factor (or its antigen FVIII:Ag). However because the process is 
random, skewing of the inactivation towards the X chromo-
some containing the abnormal or the normal FVIII gene may 
occur, resulting in a FVIII level that is either well within the 
normal range or low enough to produce a mild haemophilia 
phenotype. By measuring the level of VWF antigen (VWF:Ag), 
the autosomally coded carrier protein for FVIII, it is possible to 
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     Figure 41.3     The FVIII gene and protein. Top line, scale for gene 

in kilobase pairs of DNA; second line, location of exons (protein -

 coding segments) of the FVIII gene shown as solid bars; second 

to third line, corresponding domains of FVIII gene and protein; 

fourth line, plasma FVIII is heterogeneous due to cleavage at 

various points within the B domain during synthesis and 

secretion, yielding heterodimers in which the heavy chain 

(N - terminal segment) pairs from 740 to 1648 amino acids; fi fth 

line, thrombin activation releases the a2 segment from the light 

chain, the B domain from the heavy chain and cleaves between 

the A1 and A2 domains; bottom line, inactivation of factor VIIIa 

by activated protein C is accompanied by cleavages at 336, 

releasing the a1 domain and 562 in the middle of the A2 domain.  
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 Isolated FIX defi ciency is always hereditary and the clinical 
severity of haemophilia B generally shows the same relationship 
with the residual factor level as for FVIII in haemophilia A, 
although recent data suggest that on average the phenotype 
might be slightly less severe.  

  Treatment 

 The mainstay of treatment is FIX concentrate. Previously, 
intermediate - purity prothrombin complex concentrates con-
taining all the vitamin K - dependent factors were used. However, 
these concentrates were associated with a risk of thrombosis, 
particularly when used repeatedly, for example in surgery. 
This was probably due to accumulation of high levels of FX 
and FII, which have longer half - lives than FIX. Subsequently, 
high - purity FIX concentrates have been developed produced 
by either monoclonal antibody or affi nity chromatography 
methods. FIX concentrates are prepared from the same screened 
plasma pools as FVIII and undergo similar viral inactivation 
procedures Although the FIX gene was cloned in 1982, the 
development of recombinant FIX was hampered by the post -
 translational modifi cation that it requires. Recombinant FIX 
is now widely used and although it is clinically effective, the 
recovery is only about 80% of that observed with plasma -
 derived FIX. 

  Haemophilia  B  

  Inheritance and  d iagnosis 

 Haemophilia B is an X - linked defi ciency of FIX and the clinical 
manifestations are essentially the same as for haemophilia A. It 
is less common than haemophilia A and has an incidence of 
approximately 1 in 50   000 live births. FIX is responsible for the 
activation of FX in the presence of activated FVIII, calcium and 
phospholipid. FIX is synthesized in the liver and is a vitamin 
K - dependent protease that is similar to prothrombin, FVII, FX 
and protein C. The FIX gene is located on the long arm of the 
X chromosome and contains eight exons encoding a protein of 
454 amino acids. The complete sequence of the gene has been 
determined and in virtually all cases of haemophilia B genetic 
mutations have been identifi ed, the vast majority of mutations 
being missense. A haemophilia B database is also available at 
 http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.html . 
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     Figure 41.4     How the tip fl ips: the mechanism of inversion 

through intron 22. The mutation is responsible for up to half of 

all cases of severe haemophilia A. During spermatogenesis, at 

meiosis the single X pairs with the Y chromosome in the 

homologous regions, but there is nothing to pair with most of 

the long arm of X. Unfortunately, the possibility of 

intrachromosomal pairing and crossover exists because there are 

three copies of a gene designated  F8A , one lying within intron 22 

and two in the opposite orientation situated 400   kb telomeric to 

the FVIII gene. Crossover with either the distal or the proximal 

 F8A  copy divides the FVIII gene in two, such that separately 

transcribed mRNAs are produced, neither of which encodes 

functional FVIII.  

  Table 41.3    Mutations responsible for haemophilia  A . 

   Mutation type     No. of mutations 

observed  

   Percentage  

   Intron 22 inversion   

  Distal    260    30.7  

  Proximal    37    4.4  

  Rare    5    0.6  

  Total    302    35.7  

   Intron 1 inversion   

  Total    8    1.0  

   Point mutations   

  Missense    323    38.2  

  Nonsense    79    9.3  

  Total    402    47.5  

   Small deletions or insertions   

  Small deletions    63    7.5  

  Small insertions    22    2.6  

  Combination of insertions 

and deletions  

  1    0.1  

  Total    86    10.2  

   Large deletions ( >      50   bp)   

  Total    25    3.0  

   Splice - site mutations   

  Intronic    20    2.4  

  Cryptic    2    0.2  

  Total    22    2.6  

    Source :    Graw  et al .  (2005)  with permission .   
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will form the next generation of gene therapeutics and are about 
to enter clinical trials. 

 The ethics of gene therapy for haemophilia are complex: it 
could be argued that for young patients with haemophilia, 
regular prophylactic factor infusions already deliver a near -
 normal life. Gene transfer in haemophilia has played an integral 
role in furthering the science of gene therapy in general but it 
is still likely to be a long time before it becomes routine therapy 
for children with haemophilia.  

  General  o rganization of  h aemophilia  c are 

 As these are relatively uncommon disorders, with many and 
varied effects on patients and families at all stages of life who 
require care and support services across the whole fi eld of 
medicine and social services, it is now accepted that this care 
can best be delivered comprehensively by referral centres. The 
staff of a major comprehensive care centre will include physi-
cians, nurses, social workers, laboratory scientists and physio-
therapists, devoting all or a substantial part of their time to 
haemophilia care. An orthopaedic surgeon or musculosketal 
rheumatologist prepared to see haemophilic patients regularly 
in a clinic set aside for their problems is a valuable addition to 
this team. In the UK, there is now a national service specifi ca-
tion produced by the Haemophilia Alliance for Haemophilia 
and related conditions, which sets out the standards of care to 
be provided through the haemophilia centre network originally 
set up in the 1960s and early 1970s. It is recognized that not 
every centre can provide every facility and that there should be 
a fairly wide distribution according to population density, 
which determines numbers of patients. As defi ned by the 
national specifi cation, the functions of a centre are to provide 
24 - hour emergency treatment for haemophilic patients and 
their families and a full range of diagnostic tests for identifying 
new patients and monitoring treatment. Full records should be 
kept of all treatments, whether given in hospital or as home 
therapy. Progress should be monitored through regular follow -
 up, with paediatric, dental and orthopaedic referrals being 
organized by the centre as necessary. (Many centres are indeed 
in paediatric departments or run by paediatricians.) Genetic 
counselling, including carrier detection and antenatal diagno-
sis, must be available for families of patients with haemophilia. 
Large centres providing all these facilities and treating at least 
40 patients with severe haemophilia will be designated compre-
hensive care centres. It is envisaged that all patients will have 
access to a comprehensive care centre, either directly or via their 
smaller local centre. A part - time or full - time social worker 
should be part of the team, able to review the wider problems 
of living that affect the haemophilic patient at school, home 
and work. Centres provide access to specialized care for moni-
toring patients with HIV and HCV infection. On diagnosis, 
all patients are issued with a special medical card indicating 

 Dosage calculation in the treatment of haemophilia B follows 
the same principles as set out for FVIII defi ciency, except that 
a higher initial dosage is required because of lower recovery:

   
Dose to be infused units weight kg increment needed

unit
( ) = ( ) ×[

ss dL 0.9 or  for recombinant FIX( )] ( )0 8.   

 Also, the longer half - life (18 hours) means that daily infusions 
often suffi ce to maintain good levels after surgery, but as with 
FVIII the half - life may be much shorter in children and more 
frequent dosing required. Severely affected patients are usually 
maintained on twice - weekly prophylaxis to prevent spontane-
ous bleeds. This is practicable because of the longer half - life of 
the factor.  

  Complications of  t herapy 

  Inhibitors 
 Inhibitors in haemophilia B are much less common than in 
haemophilia A. Only about 2 – 3% of patients with severe hae-
mophilia B will develop inhibitors, but interestingly many of 
these inhibitors present with anaphylaxis to infusions of FIX 
concentrate. Unlike FVIII inhibitors, FIX inhibitors are not 
time dependent, but can be similarly quantitated by a modifi ed 
Bethesda assay. The majority of patients who develop inhibitors 
have large gene deletions or nonsense mutations occurring in 
the fi rst 20% of the FIX gene. Acute management of bleeding 
can be achieved with recombinant FVIIa (as with haemophilia 
A). However, immune tolerance is frequently far less successful 
and can be complicated by the development of nephrotic 
syndrome.    

  Gene  t herapy for  h aemophilia 

 Haemophilia is an excellent model for gene therapy because the 
clinical manifestation is the result of a defi ciency of the single 
gene product and only a small amount of protein is required to 
ameliorate symptoms. 

 Although preliminary data from Phase I trials were encourag-
ing, the plasma levels of FVIII or FIX attained were notably less 
than in the animal models and certainly insuffi cient to free 
patients from treatment with clotting factor concentrates. Also, 
there has been a universal short duration of transgene activity. 
Although no inhibitors have been documented, this remains a 
theoretical risk. Furthermore, the detection of small amounts 
of viral vector genome in the semen continues to raise the pos-
sibility of the risk of germline integration. Insertional mutagen-
esis has occurred in a Phase I trial of Moloney retrovirus 
carrying the interleukin receptor, and this has been a cause for 
concern but was partly the result of the selection pressures 
applied to the transduced cells. New vectors, particularly modi-
fi ed serotypes and engineered self - complementary adeno - 
associated virus, which rarely integrates into the host genome, 



Postgraduate Haematology

804

in inherited haemophilia, with a much greater incidence of soft 
tissue and mucosal bleeding, often out of proportion to the 
FVIII level. Treatment for bleeding is the same as for inhibitors 
in hereditary haemophilia and suppression of the inhibitor 
requires immunosuppressive therapy (e.g. corticosteroids, 
cyclophosphamide and anti - CD20 antibody).  

  von Willebrand  d isease 

 Although described in 1926, our understanding of this complex 
and variable bleeding disorder remains far from complete. The 
basic defect common to all variants is a defi ciency of one or 
more aspects of VWF functional activity. The abnormality may 
be quantitative and/or qualitative. 

  von Willebrand  f actor 

 VWF is encoded by a gene on chromosome 12, which was 
cloned simultaneously by several groups in 1986. The pre - 
pro - VWF primary translation product comprises a 22 - amino -
 acid signal peptide, a 741 - amino - acid propeptide and the 
2050 - amino - acid mature subunit. The pro - VWF monomer is 
composed of four types of domains (A – D) arranged as follows: 
NH 2  – D1 – D2 – D ′  – D3 – A1 – A2 – A3 – D4 – B1 – B2 – B3 – C1 – C2 –
 CK – COOH. VWF is produced predominantly in vascular 
endothelial cells and also in megakaryocytes, although plasma 
VWF derives entirely from endothelial cell production. After 
translation the monomer enters the endoplasmic reticulum and 
the signal peptide is removed. The monomers then dimerize via 
the C - terminal cysteine knot domain before leaving the endo-
plasmic reticulum to the Golgi, where the dimers are joined via 
their N - termini to form a series of multimers with molecular 
masses ranging from 1000 to 20   000   kDa. During this process 
the molecule is extensively glycosylated with N -  and O - linked 
glycans that form 20% of its fi nal molecular weight. Importantly, 
approximately 13% of the N - linked glycans terminate in an 
ABO blood group antigen. In endothelial cells, multimerized 
VWF is then transferred into Weibel – Palade bodies, some of 
which pass directly to the cell surface to release their contents 
(constitutive pathway) while others remain in the cell for release 
when needed (regulated pathway). Platelet VWF does not con-
tribute signifi cantly to plasma VWF and is stored in the  α  -
 granules of platelets prior to release after platelet activation. 
During synthesis, the VWF propeptide, which is essential for 
multimerization, is cleaved from the mature molecule, stored 
with VWF in the Weibel – Palade bodies and released with it into 
plasma but is not known to have any further function thereaf-
ter. Some VWF is also secreted ablumenally from the base of 
the endothelial cell where it binds directly to collagen in the 
subendothelial matrix. 

 Rapid release of VWF from the endothelial Weibel – Palade 
storage granules can be induced via the regulated pathway by a 

laboratory test results, inhibitor status, main centre and local 
centre for treatment. 

 Caring for haemophilic patients and their families is demand-
ing but rewarding. Despite the setbacks in the 1980s due to virus 
transmission, the trend continues to be an ever - improving 
life expectancy and social participation, based on continuing 
medical progress and multiprofessional input into patient care. 
It is both tragic and ironic that the main foundation on which 
this progress rested (factor concentrate) has also been the route 
by which life - threatening infections have been introduced to 
about half of the most severely affected patients with haemo-
philia A. However, there are now effective therapies for both 
HIV and HCV infection. The younger generation of haemo-
philiacs is now treated with virus - safe or recombinant concen-
trates and has escaped both HIV and liver disease, and lead 
virtually normal lives (Figure  41.5 ).    

  Acquired  h aemophilia 

 This chapter is devoted primarily to the inherited form of hae-
mophilia arising from mutations in the FVIII and FIX genes but 
haemophilia can also arise as a result of autoantibodies that 
neutralize FVIII cofactor activity. The incidence is approxi-
mately 1.5 per million per year and it tends to occur predomi-
nantly in older patients, although there is also an increased 
frequency after pregnancy and in association with other autoim-
mune disorders. The antibodies usually show time - dependent 
(type 2) neutralization of FVIII and a residual FVIII level is 
often detectable. The pattern of bleeding is distinct from that 
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of the UK in 1999. Note that these data still include deaths 
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and GPIIb/IIIa (also known as integrin  α  IIb  β  3 ). The VWF 
released from endothelial cells into plasma is in the form of 
ultra - large multimers, which are subsequently cleaved into 
smaller forms by the action of the plasma metalloprotease 
ADAMTS - 13. This is of critical importance because it is the 
high - molecular - weight multimers that have the greatest colla-
gen -  and platelet - binding activity: absent cleavage results in 
formation of platelet microthrombi and vascular occlusion and 
excessive cleavage results in increased bleeding. 

 Although FVIII and VWF are entirely distinct entities with 
separate functions (Figure  41.6 ), they circulate together as a 
complex in which VWF protects FVIII from degradation, so 
that a defi ciency of VWF or a reduction in its ability to bind 
FVIII may also result in a low plasma level of FVIII. Therefore, 
defi ciency of VWF can give rise to a dual haemostatic defect: 
reduced plasma levels of FVIII (due to its shorter half - life in the 
absence of VWF) and a defect in primary haemostasis because 
of the failure in assisting platelets to adhere to the cut edges of 
small blood vessels (see Chapters  39  and  40 ). Clearly, the mul-
tistep synthesis, assembly and secretion of VWF and its multiple 

number of agonists including thrombin, adrenaline, histamine 
and vasopressin. This can be used to advantage by using desmo-
pressin to treat mild forms of VWD. Elevation of plasma VWF 
due to increased synthesis and secretion occurs as part of 
the acute - phase response to injury, infl ammation, infection 
and neoplasia, and in pregnancy and hyperthyroidism. These 
responses are presumed to be physiological in promoting 
enhanced haemostasis but could reach pathological expression 
in being associated with an increased risk of thrombosis. The 
confounding effects of stress and infl ammation need to be taken 
into account when measuring VWF levels in attempting to diag-
nose VWD. 

 An appreciation of the complex structure – function relation-
ship of VWF is essential in order to understand the classifi cation 
of VWD. The two principal functions of VWF are (i) binding 
to matrix molecules, particularly collagen, at sites of vascular 
injury and subsequent capture of platelets to form the primary 
haemostatic plug and (ii) the stabilization of FVIII in the circu-
lation. The adhesive function of FVIII requires functional 
binding sites for collagen and the platelet glycoproteins GPIb 
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coagulation screen, FVIII assay, VWF:Ag and a measure of 
VWF activity, usually ristocetin cofactor activity (VWF:RCo). 

 The laboratory diagnosis of VWD rests on assessing both the 
amount of VWF present (VWF:Ag) and its functional capacity. 
At present, it is generally possible to assess three important 
functions. 
  1     FVIII binding.     Assessed fi rst by a FVIII assay and then if this 
is reduced, by an assay of VWF FVIII - binding capacity using a 
modifi ed ELISA - based technique.  
  2     Platelet - dependent function.     The standard assessment of 
VWF adhesive functional activity remains the ristocetin cofac-
tor assay (VWF:RCo). In this assay, dilutions of patient plasma 
are tested for their ability to promote platelet agglutination in 
the presence of the antibiotic ristocetin.  
  3     Collagen - binding function (VWF:CB).     This recently intro-
duced measurement is performed in an ELISA - based assay in 
which a well coated with collagen is used to capture VWF.    
 Measures of VWF:RCo and VWF:CB are both sensitive to the 
loss of high - molecular - weight multimers, but measure different 
binding properties of VWF. Thus they should be seen as com-
plementary rather than alternative assays. 

 In addition, a global measure of primary haemostasis is also 
useful. Traditionally this was provided by the template bleeding 
time but this has a poor sensitivity for VWD and has largely 
been replaced by devices such as the PFA - 100. The PFA - 100 has 
very good sensitivity for VWD, although obviously does not 
distinguish it from platelet disorders and will not detect colla-
gen abnormalities. Repeatedly normal PFA - 100 results make a 
disorder of VWF function unlikely.  

  Secondary  t ests for  c lassifi cation of  VWD  
 If a defi ciency suggestive of VWD is detected then further tests, 
in particular multimeric analysis and ristocetin - induced platelet 
aggregation (RIPA), are recommended to allow accurate sub-
typing of the VWD. The most important of these is VWF mul-
timer size analysis, which will demonstrate the distribution of 
VWF multimers and the pattern of fl anking bands (Figure  41.7 ) 
adjacent to the main multimer bands. Using the tests described 
above, VWD can be classifi ed into a limited number of types 
(Tables  41.4  and  41.5 ). The classifi cation of VWD has been 
examined many times and extensive guidelines are available, 
detailed in the bibliography. What follows is necessarily a 
limited summary of much work.     

 Type 1 VWD is defi ned as a simple quantitative defi ciency of 
VWF and the VWF present should be functionally normal. This 
means that the VWF:Ag and VWF:RCo should be concordant 
and the VWF should have an essentially normal multimeric 
pattern. In practice it is acceptable that the ratio of antigen to 
function should be in excess of 0.7 and there should be no 
signifi cant loss of high - molecular - weight multimers, although 
on close inspection many subtle abnormalities of multimer 
pattern can be discerned. 

binding interactions provide many ways in which mutations of 
the VWF gene can give rise to varying types of disease. In par-
ticular, the multimeric structure is susceptible to dominant -
 negative effects of mutant alleles. The diagnosis of VWD is 
based on the recognition that for normal VWF function it must 
be (i) present in adequate amounts, (ii) have a normal mul-
timeric structure, and (iii) have intact functional domains 
(binding sites). When any of these properties is only slightly 
reduced, the presence or absence of a bleeding tendency may 
also depend on the quality and quantity of the other compo-
nents, particularly platelets and collagen, with which VWF must 
interact.    

  Clinical  f eatures 

 The clinical features vary according to the severity of the defi -
ciency. The most common clinical picture is of an autosomal 
dominant, mild to moderately severe bleeding tendency. 
However, we now understand that the inheritance of VWD may 
be more complex than a simple autosomal dominant pattern 
(see below). Patients suffer from bruising, epistaxes, prolonged 
bleeding from minor cuts, menorrhagia and excessive, but not 
often life - threatening, bleeding after trauma or surgery. Patients 
often present for investigation in the second or third decade 
after prolonged bleeding from dental extraction or surgery has 
aroused clinical suspicion. Menorrhagia, unexplained by local 
or hormonal factors, can also be the presenting symptom: an 
estimated 20% of women with menorrhagia have VWD. The 
distribution of bleeding in VWD can be explained on the basis 
that VWF is required for platelet adhesion at high shear rate, 
which is the condition of fl ow found in the smallest blood 
vessels exposed to trauma in skin and mucous membranes. 
Haemarthroses do not occur in typical mild dominant VWD. 
Much less common is autosomal recessive (type 3) VWD, 
where VWF is completely absent and FVIII:C levels are usually 
around 1 or 2 units/dL. These patients have a bleeding tendency 
that clinically resembles severe haemophilia A, with haemar-
throses, muscle bleeds and life - threatening haemorrhage after 
trauma, as well as proneness to small - vessel bleeding, which is 
not a feature of haemophilia A. 

 Mild bleeding symptoms of the type typical of VWD are very 
common in the general population and thus are not specifi c for 
the presence of a bleeding disorder. It is now recommended that 
a simplifi ed bleeding score (e.g. Bowman) is used to assess the 
likelihood of a signifi cant defect in haemostasis and that the 
result is borne in mind when interpreting the results of labora-
tory investigations.  

  Laboratory  d iagnosis 

  Preliminary  d iagnosis 
 After obtaining a suggestive personal history and a family 
history, the preliminary tests required are a full blood count, 
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     Figure 41.7     Multimer analysis of VWF from patients with VWD and normal control subjects. Note that many cases classifi ed at present 

as type 2A were previously subdivided according to the details of the abnormality of triplet pattern.  
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as part of the diagnostic work - up, as it is important to detect 
this variant (see below), which does not always show up in the 
other tests. Indeed a recent analysis showed that many patients 
with type 2B VWD have normal platelet counts and VWF mul-
timer patterns. 

 A fourth type 2 variant, called type 2N (for Normandy), has 
been described. This is characterized by reduced affi nity for 
FVIII but it is normal in other respects. Thus, laboratory inves-
tigations reveal only a reduced FVIII level (5 – 35%), which is 
easily mistaken for mild haemophilia. A clue to the correct 
diagnosis may come from the family history, and confi rmation 
requires an assay of VWF FVIII - binding capacity or genetic 
analysis of FVIII and the VWF FVIII - binding site in the D ′  
domain. The majority of patients are found to be type 1, which 
accounts for 75% of kindreds. Types 2A and 2B are fairly 
common, together accounting for about 15% of kindreds. 
Although classifi cation has proved useful in understanding 
VWD and can help in planning treatment, some forms remain 
diffi cult to classify and may show features of more than one 
type.  

  Problems in  d iagnosis of  t ype 1  VWD  
 The diagnosis of type 1 VWD implies that the patient has a 
signifi cantly low level of VWF, which is responsible for an 
increased tendency to bleed. It is often not easy to be certain of 
this conclusion for the following reasons. 
  1     Slightly low levels of VWF are common in the population. 
Although the lower end of the normal range for VWF in the 
general population is approximately 50 units/dL, most of the 
2.5% of the population who have levels below this have normal 
haemostasis. In particular, individuals with blood group O have 
VWF levels on average 30% lower than those with non - O blood 
groups and the lower end of a  ‘ blood group O normal range ’  is 
approximately 35 units/dL. Thus the lower limit of the normal 
range is not the minimum level required for normal haemosta-
sis (Table  41.6 ). Nonetheless, individuals with blood group O 
are over - represented in the group with type 1 VWD and there 
is a continuous relationship between bleeding tendency and 
VWF level that extends into the normal range without a clear 
cut - off between normal and abnormal.  
  2     A history of minor bleeding episodes (e.g. easy bruising, 
epistaxes) is very common in the population and is not a good 

  Table 41.4    Primary classifi cation of von Willebrand disease. 

   Subclassifi cation     Type of VWF 

defi ciency  

   VWF protein 

function  

  Type 1    Quantitative partial 

defi ciency  

  Normal  

  Type 2    Qualitative functional 

defi ciency  

  Abnormal  

  Type 3    Quantitative complete 

defi ciency  

  Undetectable  

  Table 41.5    Secondary classifi cation of type 2 von Willebrand disease. 

   Subtype     Platelet - associated function     FVIII - binding capacity     High - molecular - weight VWF multimers  

  2A    Decreased    Normal    Absent  

  2B    Increased affi nity for GPIb    Normal    Usually reduced/absent  

  2M    Decreased    Normal    Normal and occasionally ultra - large forms  

  2N    Normal    Markedly reduced    Normal  

 The characteristic of the 2A, 2B and 2M variants is a func-
tional defi ciency of VWF activity, which is reduced to below 0.7 
of the antigenic measure. In type 2A, this results from a lack of 
high -  and intermediate - size VWF multimers, whereas in type 
2M a similar loss of platelet - binding activity is seen despite the 
presence of normal VWF multimeric composition and is caused 
by mutations in the VWF GPIb - binding site. Loss of high -
 molecular - weight multimers in type 2A may arise from failures 
of intracellular processing or from accelerated proteolysis in the 
circulation due to mutations close to the ADAMTS - 13 cleavage 
site. VWD due to an isolated collagen - binding defect without 
loss of high - molecular - weight multimers is rare, although a 
handful of cases have been reported. The associated bleeding 
disorder is mild, perhaps because VWF contains two collagen -
 binding sites. 

 In type 2B, VWF binds prematurely with platelets in the 
circulation and in the laboratory will agglutinate platelets at a 
low concentration of ristocetin (0.5   mg/mL) that has no effect 
with normal VWF (i.e. positive RIPA). If normal washed plate-
lets are resuspended in the patient ’ s plasma, the phenomenon 
is reproduced, demonstrating that the abnormality is in the 
plasma. Studies with purifi ed type 2B VWF show that, unlike 
normal VWF, it binds directly to platelets without prior activa-
tion.  In vivo  this results in the loss of high - molecular - weight 
multimers and platelets from the circulation due to  in vivo  
formation of platelet aggregates and also to increased cleavage 
of VWF by ADAMTS - 13. Thus routine platelet aggregation 
studies with a range of ristocetin dosages should be performed 
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  Treatment 

 Patients with mild or moderate VWD attend infrequently for 
treatment. The fi rst - line treatment for minor bleeding after 
local measures have failed in type 1 VWD is desmopressin. This 
will produce a brisk rise in VWF and FVIII levels (30   min after 
intravenous infusion) and a shortening of the bleeding time (for 
details of therapy see discussion of mild haemophilia A; see p. 
 800 ). Desmopressin is much less effective in types 2A and 2M, 
presumably because the patient ’ s released VWF is highly abnor-
mal and still unable to promote platelet adhesion. Desmopressin 
is generally regarded as contraindicated in type 2B VWD, as the 
released abnormal VWF will cause circulatory platelet aggre-
gates to form, with a further fall in the platelet count. Before 
relying on desmopressin for therapy, patients should be given 
a test dose of DDAVP in order to determine the response at 
30 – 60   min because it varies considerably. In addition, the dura-
tion of the response is also variable and further samples at 6 – 8 
hours should be taken: some forms of type 1 VWD (e.g. VWF 
Vicenza) are characterized by a much shortened survival of 
VWF. A therapeutic trial may also be worthwhile in type 2A as 
some families do respond. In type 2N, the FVIII response is of 
normal magnitude but is of limited effi cacy due to its short 
duration, emphasizing the importance of making the correct 
diagnosis. It may still be useful for minor procedures. 
Desmopressin is best avoided in small children ( <    2 years) as 
there is a risk of hyponatraemia and consequent seizures. It is 
also contraindicated in elderly patients or those with arterial 
disease as there is a risk of arterial thrombosis. Desmopressin 
therapy is often combined with tranexamic acid. However, 
tranexamic acid may be effective on its own in some circum-
stances such as menorrhagia or as a mouthwash for oral cavity 
bleeding. 

 In patients in whom desmopressin is ineffective or contrain-
dicated, the next line of treatment is a concentrate containing 
adequate amounts of functionally active VWF with preservation 
of the high - molecular - weight multimers. As with all concen-
trates, the source of plasma and viral inactivation are also 
important. Recombinant VWF concentrate is not yet licensed 
but is in early clinical trials. Cryoprecipitate has been used in 
these circumstances but cannot be subjected to viral inactiva-
tion procedures and is therefore not recommended as fi rst - line 
therapy. Factor concentrates will always be required for treat-
ment of type 3 VWD. Depending on the responses obtained 
with desmopressin, the duration of treatment and the presence 
of other contraindications, they may also be required in other 
type 2 and type 1 variants. FVIII concentrates vary considerably 
in the amount of VWF they contain and in the extent to which 
this is degraded or remains in the form of functionally active 
high - molecular - weight multimers. Those that contain signifi -
cant amounts of VWF that were effective in treating VWD were 
initially of intermediate purity, but high - purity more specifi -
cally designed VWF concentrates are now available that contain 

predictor of bleeding in other circumstances such as operations. 
Equally, the patient may not yet have been exposed to a signifi -
cant test of haemostasis.  
  3     As a result of the two points above, a history of, say, easy 
bruising and slightly low VWF levels will often be found 
together. However, this does not mean that the patient has 
VWD and caution should be exercised in drawing this conclu-
sion as it has many consequences for the patient.  
  4     Intercurrent events such as stress, exercise, illness and preg-
nancy may all elevate the VWF level, making it diffi cult to be 
certain that a representative measure of VWF levels has been 
obtained. It is therefore necessary to perform carefully stand-
ardized sets of assays with concordant results on at least two 
occasions to be sure of the diagnosis and its severity.  
  5     The family history is often unhelpful, particularly in mild 
cases where penetrance is weak or variable. This is probably the 
result of the modifying effects alluded to in (1) above. It is now 
evident that in some families, VWD does not segregate with the 
VWF gene. By inference, therefore, some of the mutations 
responsible for the type 1 phenotype will occur at loci other 
than the VWF gene, although what these are remains to be 
determined.  
  6     Finally, review of many cases previously diagnosed as type 1 
VWD has concluded that many are in fact better categorized as 
type 2M after better assessment of the VWF antigen - activity 
ratio.      

 When there is a clear bleeding history and FVIII, VWF:Ag 
and VWF:RCo are all clearly reduced (e.g.  <    25 units/dL) and 
the platelet count is normal, the diagnosis is easily made (see 
Tables  41.4  and  41.5 ). However, in the absence of a clear bleed-
ing history, individuals with VWF activity in the range 25 – 50 
units/dL are best regarded as simply being at slightly increased 
risk of bleeding. When VWF levels in the range 25 – 50 units/dL 
are associated with bleeding, it is very likely that other factors 
such as mildly impaired platelet function play a contributory 
role. This is especially true of the milder cases of type 1 VWD 
(see below).   

  Table 41.6    Infl uence of  ABO  blood group on  VWF   : A  g  values 

(u/dl) in volunteer blood donors. 

   ABO type      N      VWF:Ag geometric 

mean  

   VWF:Ag geometric 

mean  ±  2SD  

  O    456    74.8    35.6 – 157.0  

  A    340    105.9    48.0 – 233.9  

  B    196    116.9    56.8 – 241.0  

  AB    109    123.3    63.8 – 238.2  

   Note the signifi cantly lower levels in donors of blood group O 

compared with non - O donors.  

   Source :    Gill  et al .  (1987)  with permission .   
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  Type 1 
 In the last few years there have been extensive studies to deter-
mine the molecular basis of type 1 VWD and a number of 
important points have emerged. Firstly, in about 35% of cases, 
the disorder does not segregate with the VWF locus and is 
therefore presumably the result of the combination of other 
modifying genes, in particular the ABO locus. This phenome-
non is most common in individuals diagnosed with VWD and 
VWF levels above 30 units/dL and involves a disproportionate 
number of blood group O individuals. The likelihood of the 
disorder segregating with the VWF gene and of a causative 
mutation being identifi ed increases signifi cantly as the VWF 
level falls and a mutation is found in all cases where the VWF 
multimer pattern is abnormal. Among those with type 1 VWD 
and an identifi ed mutation, mutations are widely scattered 
throughout the molecule. Similarly, in the more severe cases a 
typical autosomal dominant pattern of inheritance with strong 
penetrance is seen, whereas in milder cases this is often not 
apparent.  

  Type 2 
 Mutations responsible for type 2 VWD affect the relevant func-
tional site in the molecule and the corresponding portion of 
the gene. Mutations causing types 2M and 2B both affect the 
binding site for platelet GPIb on VWF and are found within the 
A1 domain of the molecule. They are inherited dominantly. As 
discussed above, type 2A may arise from increased susceptibility 
to proteolysis by ADAMTS - 13 and this type is associated with 
mutations in the A2 domain. Otherwise, type 2A mutations are 
scattered throughout the gene but particularly in the propep-
tide, D ′  – D3 and the cysteine knot. In general, type 2A is domi-
nant but occasional recessive forms occur. Mutations causing 
type 2N are found in the FVIII - binding site in the D ′  domain 
but because the binding capacity of VWF greatly exceeds the 
FVIII concentration, the inheritance is recessive.  

  Type 3 
 Type 3 is characterized by the complete absence of VWF and so 
arises from inactivating or null mutations in both VWF alleles 
and is inherited in an autosomal recessive manner. The rare 
patients who develop antibodies to VWF nearly all have large 
deletions of their VWF gene.   

  Pseudo  v on Willebrand  d isease 
( p latelet -  t ype) 

 Several families have been described with a disorder closely 
resembling type 2B VWD, but in whom mixing experiments 
show the defect to be in their platelets rather than their plasma. 
Patients with pseudo VWD have moderately reduced levels of 
VWF:Ag and platelets, with an enhanced response of their 
platelet - rich plasma to low levels of ristocetin (0.5   mg/mL). The 
addition of normal cryoprecipitate to their washed platelets 

well - preserved VWF protein. The composition and VWF/FVIII 
ratio varies considerably between products. It is important to 
remember that following infusion of some high - purity VWF 
with low FVIII content there is a delay of approximately 12 
hours before the level of FVIII rises substantially and, if rapid 
correction is required, FVIII concentrate should also be given. 
In general, none of these replacement treatments is reliable 
in correcting the bleeding time, but this is not necessarily a bar 
to effective haemostasis. This seemingly paradoxical result may 
be because they do not correct the defi ciency of intraplatelet 
VWF or because the largest high - molecular - weight multimers 
are not present. In situations when concentrates fail to stop 
bleeding, cryoprecipitate and platelet concentrates may prove 
effective.  

  Clinical  c ourse and  c omplications 

 Patients with types 1 and 2 VWD lead relatively normal lives, 
with normal life expectancy. Menstruation is seldom a cause of 
severe blood loss, although menorrhagia is common. This can 
usually be managed satisfactorily with antifi brinolytics or by 
oral contraceptive estrogen/progesterone combinations. The 
Mirena coil is also effective. If these are not effective, then self -
 administration at home of desmopressin by intranasal or sub-
cutaneous routes can be useful. In later years, some patients 
require hysterectomy. During pregnancy, the VWF levels rise 
spontaneously to the normal or low - normal range in most 
patients with type 1 VWD. In type 2, the response is unpredict-
able and should be closely monitored: because of increased 
production of abnormal VWF, VWF:Ag may rise to normal 
levels but with VWF:RCo still signifi cantly low. Type 2B is par-
ticularly complicated in pregnancy because the rise in endog-
enous VWF production exacerbates the thrombocytopenia. 
Patients with severe type 3 disease have a clinical course resem-
bling severe or moderately severe haemophilia A, including the 
development of joint damage. A small number of patients with 
type 3 disease develop antibodies to VWF, which inhibit its 
platelet adhesion - promoting property and cause rapid removal 
from the circulation of infused material. Unlike anti - FVIII anti-
bodies, some anti - VWF antibodies may mediate anaphylactic 
shock.  

  Molecular  g enetics 

 The cloning of VWF cDNA and its gene has led to progress 
in identifying the underlying mutations responsible for the 
various phenotypes (Figure  41.8 ). As with the FVIII gene, the 
sheer size of the DNA region involved presents some problems 
of localization, but these are being overcome by powerful 
screening methods. A database of mutations responsible for 
VWD has been established at  http://www.shef.ac.uk/vwf/vwd.
html .   
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     Figure 41.8     (a) Mutations found in 

patients diagnosed with type 1 VWD 

in the Canadian and European studies. 

Note that not all these mutations have 

been shown to be causal and that 

classifi cation as type 1 may 

sometimes be contentious. (From 

James  et al .  2007  with permission.) 

(b) Distribution of mutations 

responsible for type 2 VWD. The 

domain structure of the monomer is 

shown, as well as the regions in which 

the mutations cluster in relation to the 

functional domains of the molecule. 

 (From Goodeve  et al .  2007  with 

permission.)   

   Disorder     Mechanism     Treatment  

  Hypothyroidism    Reduced synthesis    Correct thyroid status  

  Aortic stenosis    Shear stress    Replace aortic valve  

  Myeloproliferative    Adherence to platelets and 

increased cleavage  

  Restore platelet count to normal  

  IgG paraprotein    Immune    IVIG, chemotherapy to reduce 

paraproteins  

  IgM paraprotein    Immune    Chemotherapy (IVIG ineffective)  

  Wilms tumour    Adsorption    Tumour removal if possible  

   IVIG, intravenous immunoglobulin.   

  Table 41.7    Disorders associated with 

acquired von Willebrand syndrome 

and mechanism responsible. 
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causes spontaneous aggregation, whereas the reverse experi-
ment is without effect (compare with type 2B). Missense muta-
tions in platelet membrane GPIb, such that it spontaneously 
binds higher multimers of VWF, have been shown to be the 
underlying cause of this autosomally dominant mild bleeding 
syndrome. Treatment has not been extensively evaluated, but it 
should probably be with normal platelet concentrates, rather 
than desmopressin or cryoprecipitate. Thus this syndrome 
should be excluded by mixing tests as above or by genetic analy-
sis before diagnosing type 2B VWD.  

  Acquired  v on Willebrand  s yndrome 

 In a number of circumstances patients may acquire a defi ciency 
of VWF function that is not inherited. The commonest associa-
tion is with a paraprotein that binds to VWF and accelerates 
clearance, producing a type 2A or type 3 pattern. It is also asso-
ciated with myeloproliferative disease when thrombocytosis is 
present and in hypothyroidism (Table  41.7 ). Severe aortic ste-
nosis can cause suffi cient shear damage to VWF to cause an 
acquired von Willebrand syndrome that resolves after valve 
replacement. In the long term, treatment of the underlying 
disorder will improve the syndrome. If urgent treatment is 
required, then replacement therapy may be necessary (taking 
into account accelerated clearance) or IgG paraproteins will 
usually respond to intravenous immunoglobulin.     
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  Introduction 

 The rare bleeding disorders (RBDs), including the inherited 
defi ciencies of such coagulation factors as fi brinogen, factor (F)
II, FV, combined FV and FVIII, FVII, FX, FXI, FXIII and of 
multiple defi ciency of vitamin K - dependent factors, are usually 
transmitted in an autosomal recessive manner. The prevalence 
of RBDs in the general population is low, and homozygous or 
double heterozygous defi ciencies vary from 1 in 500   000 for 
FVII defi ciency to 1 in 2 million for prothrombin and FXIII 
defi ciencies (Table  42.1 ). The prevalence of RBDs is also 
strongly infl uenced by ethnicity and is signifi cantly increased by 
a high rate of consanguinity in the population.   

 Until 1980, only sparse information on RBDs was available, 
but in the last decade the number of reported studies has con-
siderably increased, particularly pertaining to the molecular 
aspects of RBDs. At the same time, interest in the worldwide 
distribution of RBDs led to the creation of large databases 
aimed at collecting epidemiological data and at providing infor-
mation to haemophilia organizations and treatment centres 
involved in reducing or preventing complications of bleeding. 
Two recent large data collections have helped to derive the 
worldwide distribution of RBDs (Figure  42.1 ), one by the 
World Federation of Haemophilia (WFH,  http://www.wfh.

org/ ) and the other by the International Rare Bleeding Disorders 
Database (RBDD,  www.rbdd.org ). The WFH started collecting 
information on haemophilia care throughout the world in 
1998, but collection of data on RBDs only started in 2004. The 
current global survey includes basic demographic information, 
data on care resources and treatment products, and informa-
tion on the prevalence of infectious complications such as HIV 
and hepatitis C in individuals with haemophilia, von Willebrand 
disease, platelet disorders and other RBDs. The RBDD, devel-
oped in 2004, has spearheaded the development of an interna-
tional network of care providers to work together to discuss 
prevalence, clinical manifestations, and need for coordinated 
and consistent data collection. The goal of this international 
community effort is to better identify the number of affected 
individuals throughout the world, to defi ne the clinical mani-
festations and sequelae associated with these disorders, and to 
share diagnostic and treatment expertise. Comparison of the 
data obtained by the two surveys shows similar results, confi rm-
ing that FVII and FXI defi ciencies are the most prevalent RBDs 
(representing about 29 – 33% of the total number of affected 
patients), followed by defi ciencies of fi brinogen, FV and FX 
(8 – 9%), FXIII ( ∼    6%) and combined FV and FVIII ( ∼    5%), 
while the rarest disorder was FII defi ciency with a prevalence 
of 2%.   

 It is not possible to defi ne a clear bleeding pattern among 
patients with RBDs, as symptoms are varied and heterogene-
ously distributed, but on the whole bleeding that endangers life, 
such as central nervous system (CNS) and musculoskeletal 
bleeding, appears to be less frequent than in haemophilia. 



Postgraduate Haematology

814

( MCFD2  and  LMAN1 ), and combined defi ciency of vitamin 
K - dependent proteins (FII, FVII, FIX and FX), caused by muta-
tions in genes that encode enzymes involved in post - transla-
tional modifi cation and in vitamin K metabolism ( GGCX  and 
 VKOR ). Genetic analysis is also important for prenatal and 
preimplantation genetic diagnosis, especially in those countries 
with a high rate of RBDs and consanguinity, particularly where 
genetic prevention by premature termination of pregnancy is 
not allowed. Since mutation detection became a relatively easy 
and available strategy in different laboratories worldwide, and 
it is not always clear whether the identifi ed mutation could be 
the cause of the severe defi ciency of a specifi c clotting factor, 
family history associated with allele frequency in the genetic 
population are important to determine if the identifi ed muta-
tions are common polymorphisms. 

 Treatment of RBDs is a diffi cult task, since information on 
the clinical management of RBDs is often scarce and replace-
ment therapy of coagulation factors may require the prescrip-
tion of unlicensed products that are not readily available. A 
patient ’ s personal and family history of bleeding are important 
guides for management. Dosages and frequency of treatment 
depend on the minimal haemostatic level of the defi cient factor, 
its plasma half - life and the type of bleeding episode. The main 
treatments in RBDs are represented by non - transfusional 
adjuvant therapies (antifi brinolytic amino acids, estrogen/pro-
gestogen) and replacement therapy of the defi cient coagulation 
factor. Unfortunately, information on the safety and effi cacy of 
the few available products is scarce and experience in their 
optimal use signifi cantly more limited than that available for 
haemophilia. 

 Particular care should be paid to women affected by RBDs. 
Since the latter are inherited in an autosomal recessive manner, 
roughly about 50% of patients are women. This implies that the 
global distribution of RBDs also refl ects the global distribution 
of affected women, posing important social and medical prob-
lems, such as excessive menstrual bleeding (or menorrhagia) 
and bleeding during pregnancy and childbirth. Affected women 
also suffer the secondary consequences of such events, such as 
chronic iron - defi ciency anaemia and a signifi cantly reduced 
quality of life, due mainly to a complicated reproductive life but 
also to limitations in social activities and work. Postpartum 
bleeding often occurs if replacement therapy is not adminis-
tered after delivery. Recurrent miscarriages are also described, 
but only in afi brinogenaemic and FXIII - defi cient women. In the 
end, pregnancy is not contraindicated in patients with RBDs 
but requires a multidisciplinary approach: the best manage-
ment of pregnancy should be decided through the coordinated 
action of a team composed of paediatricians, haematologists 
and obstetricians. In addition to female healthcare, the same 
team should ensure investigation and management of poten-
tially affected newborns, particularly in families already having 
one affected child, because severe FVII, FX and FXIII defi cien-

 The laboratory diagnosis of RBDs is currently carried out by 
means of coagulation screening tests, such as the activated 
partial thromboplastin time, the prothrombin time and the 
thrombin time, applied to subjects reporting a clinical and 
family history of bleeding. Abnormal results of screening tests 
should be followed by specifi c coagulation assays in order to 
make the specifi c diagnosis of an RBD. Molecular diagnosis is 
based on a search for mutation in the genes encoding the cor-
responding coagulation factors. Exceptions are combined defi -
ciency of FV and FVIII, caused by mutations in genes encoding 
proteins involved in FV and FVIII intracellular transport 

  Table 42.1    General features of autosomal recessive defi ciency of 

coagulation factors. 

   Defi ciency     Estimated 

prevalence  *    

   Gene (chromosome)  

  Fibrinogen    1 in 1 million     FGA ,  FGB ,  FGG  (all 

on 4q28)  

  Prothrombin    1 in 2 million     F2  (11p11 – q12)  

  Factor V    1 in 1 million     F5  (1q24.2)  

  Combined factor 

V and VIII  

  1 in 1 million     LMAN1  (18q21.3 – q22) 

  MCFD2  (2p21 – p16.3)  

  Factor VII    1 in 500   000     F7  (13q34)  

  Factor X    1 in 1 million     F10  (13q34)  

  Factor XI    1 in 1 million     F11  (4q35.2)  

  Factor XIII    1 in 2 million     F13A1  (6p24 – p25) 

  F13B  (1q31 – q32.1)  

  Vitamin - K 

dependent 

coagulation 

factors  

  Reported in 

about 30 

families  

   GGCX  (2p12) 

  VKORC1  (16p11.2)  

    * Including dysfunctional proteins.   

Fibrinogen 8%
FII 2%

FV 8%

FV+FVIII 5%

FVII 33%FX 9%

FXI 29%

FXIII 6%

     Figure 42.1     Worldwide distribution of rare bleeding disorders 

derived from two main large data collections (WFH and RBDD).  
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However, in the majority of patients no traditional thrombotic 
risk factors are present: one explanation for this predisposition 
is that even in the absence of fi brinogen, platelet aggregation is 
possible due to the action of von Willebrand factor and, in 
contrast to haemophiliacs, afi brinogenaemic patients are able 
to generate thrombin, both in the initial phase of limited pro-
duction and also in the secondary burst of thrombin generation. 
In an  in vivo  thrombosis model, the number of embolized 
thrombi was sixfold higher in fi brinogen knockout mice than 
in wild - type mice, with large emboli very often leading to vessel 
occlusion (Table  42.2 ).   

  Clinical  m anifestations and  t reatment 

 Dysfi brinogenaemic and hypofi brinogenaemic patients are 
usually asymptomatic, while those with afi brinogenaemia have 
a bleeding tendency that usually manifests in the neonatal 
period, with 85% of cases presenting umbilical cord bleeding. 
Bleeding may also occur in the skin, gastrointestinal tract, geni-
tourinary tract or the CNS, while persistent damage to the mus-
culoskeletal system and resulting handicap is less frequent. A 
milder symptom such as epistaxis is also frequent. Women may 
suffer from menometrorrhagia, but some have normal menses. 
First - trimester abortion is common in women with afi brinoge-
naemia but less common in those with dysfi brinogenaemia and 

cies present with a high risk of intracranial haemorrhage during 
the fi rst week of life.  

  Fibrinogen  d efi ciency 

 Fibrinogen defi ciency is heterogeneous and two main pheno-
types can be distinguished: plasma and platelet levels of the 
protein are not measurable or very low, leading to afi brinoge-
naemia and hypofi brinogenaemia. In other cases, low clottable 
fi brinogen contrasts with normal or moderately reduced fi brin-
ogen antigen leading to dysfi brinogenaemia and hypodysfi brin-
ogenaemia. Fibrinogen is produced in the hepatocyte from 
three homologous polypeptide chains, A α , B β  and  γ , which 
assemble to form a 340 - kDa hexamer. The three genes encoding 
fi brinogen B β  ( FGB ), A α  ( FGA ) and  γ  ( FGG ), ordered from 
centromere to telomere, are clustered in a region of approxi-
mately 50   kb on chromosome 4 in humans. 

 Experimental disruption of the  α  - chain gene makes mice 
completely defi cient in all the fi brinogen chains. There is no 
evidence of defective embryonic development, but the impor-
tance of fi brinogen in pregnancy is demonstrated in studies 
with fi brinogen knockout mice, which cannot maintain gesta-
tion to term. Both arterial and venous thromboembolic com-
plications have been reported in afi brinogenaemic patients. 

  Table 42.2    Knockout mouse models of coagulation factors and vitamin K dependent proteins. 

   Coagulation factor     Embryonic lethality     Compatible with 

survival to adulthood  

   Murine phenotype  

  Fibrinogen    No    Yes    Normal embryonic development, bleeding events 

in one - third of newborns, females with deletion 

of both alleles do not support pregnancy due to 

vaginal bleeding  

  FII    Partial    No    Neonatal haemorrhage, no survival beyond 

several days, loss of vascular integrity  

  FV    Partial    No    Death caused by haemorrhage in neonates, no 

survival beyond 2 hours, vascular defects  

  FVII    No    No    Normal embryonic development, death caused by 

haemorrhage in neonates, no survival beyond 

24 days, no vascular defects  

  FX    Partial    No    Death caused by haemorrhage in neonates, no 

survival beyond 20 days, no vascular defects  

  FXI    No    Yes    Normal life, no tendency to spontaneous bleeding  

  FXIII    No    Yes    Reproduction impaired and bleeding episodes 

associated with reduced survival  

  Vitamin K dependent 

( GGCX )  

  Partial    No    Massive intra - abdominal haemorrhage  

  Vitamin K dependent 

( VKORC1 )  

  No    No    Death caused by predominantly intracerebral 

haemorrhage 2 – 20 days after birth  
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and residue Arg275 in exon 8 on  FGG , which is important for 
fi brin polymerization.     

  Prothrombin  d efi ciency 

 Prothrombin defi ciency is perhaps the rarest inherited coagula-
tion disorder, with a prevalence of about 1 in 2 million. Based 
on the measurement of prothrombin (FII) activity and antigen 
level, two main phenotypes can be distinguished: hypopro-
thrombinaemia (both levels are concomitantly low) and 
dysprothrombinaemia (normal or near - normal synthesis of a 
dysfunctional protein); hypoprothrombinaemia associated 
with dysprothrombinaemia was also described in compound 
heterozygosity. FII, a vitamin - K dependent glycoprotein syn-
thesized by liver, is the zymogen of the serine protease  α  -
 thrombin and is encoded by a gene of approximately 21   kb 
located on chromosome 11. No living patient with undetectable 
plasma prothrombin has been reported so far, consistent with 
the demonstration that in mice complete prothrombin defi -
ciency obtained by gene knockout is incompatible with life, 
resulting in embryonic or neonatal lethality (see Table  42.2 ). 

  Clinical  m anifestations and  t reatment 

 Hypoprothrombinaemia, with plasma levels below 10%, is 
characterized by severe bleeding manifestations such as sponta-
neous haematomas and haemarthroses, intracerebral bleeding 
and gastrointestinal haemorrhages. Clinically, dysprothrombi-
naemia manifests as a variable bleeding tendency that is usually 
less severe than true defi ciency, while heterozygote subjects are 
usually asymptomatic although, occasionally, excessive bleed-
ing after surgical procedures can be observed. In homozygous 
women menorrhagia is frequent. 

 Replacement therapy is needed only in homozygous patients, 
in case of bleeding or to ensure adequate prophylaxis before 
surgical procedures. Since no FII concentrate exists, FFP, pro-
thrombin complex concentrate (PCC) or both are used for 
treating patients. In severe clinical settings, higher levels of pro-
thrombin may be achieved with PCCs without the risk of poten-
tial volume overload induced by FFP. However, most PCCs 
contain other vitamin - K dependent coagulation factors, which 
could potentially induce thrombotic complications.  

  Molecular  d efects 

 Genetic variants have been identifi ed all along the prothrombin 
gene, although frequently they involve the catalytic area, con-
sistent with the fact that they affect the enzymatic activity of the 
protein. Mutations in different exons may cause similar pheno-
typic expression of prothrombin. Most of the natural mutants 
derive from missense mutations (80%), although insertion/
deletions (10%), nonsense mutations (6%) and splice - site 

has not been reported in hypofi brinogenaemia. Postpartum 
bleeding is relatively frequent when no prophylactic replace-
ment therapy is given. 

 The conventional treatment is episodic and on - demand, in 
which fi brinogen is administered as soon as possible after onset 
of bleeding; however, effective long - term secondary prophy-
laxis with administration of fi brinogen every 7 – 14 days 
(particularly after CNS bleeds) has recently been described. 
Replacement therapy is effective in treating bleeding episodes 
in congenital fi brinogen disorders but, depending on the 
country of residence, patients receive fresh - frozen plasma 
(FFP), cryoprecipitate or fi brinogen concentrate. The latter is 
the treatment of choice because it is virally inactivated and 
thus safer than cryoprecipitate or FFP. In many countries 
fi brinogen concentrates remain inaccessible due to the cost of 
production.  

  Molecular  d efects 

 In 1999, a homozygous deletion of approximately 11   kb in the 
 FGA  gene was fi rst identifi ed as a cause of inherited afi brinoge-
naemia in four members of a Swiss family by Neerman - Arbez 
and colleagues. Since this report many other mutations, the 
majority in  FGA , have been identifi ed in patients with afi brino-
genaemia (in homozygosity or compound heterozygosity) or 
hypofi brinogenaemia. The relatively high number of mutations 
located in  FGA  led to the hypothesis that mutations tend to 
cluster in this gene, resulting in complete lack of production of 
fi brinogen A α  chain or of a severely truncated protein. Of par-
ticular interest are missense mutations that lead to complete 
fi brinogen defi ciency. These are clustered in the highly con-
served C - terminal globular domains of the B β  and  γ  chains. 
Recent functional studies of these mutations in transfected cells 
have demonstrated either impaired assembly or impaired secre-
tion of the fi brinogen hexamer, demonstrating the importance 
of these globular structures in quality control of fi brinogen 
biosynthesis. To date only two missense mutations, p.Cys64Phe 
and p.Met70Arg (Cys45Phe and Met51Arg, numbering without 
the signal peptide) located at the start of the coiled - coil in  FGA , 
have been found in fi brinogen defi ciency. 

 Among the large number of mutations identifi ed in patients 
with congenital afi brinogenaemia, two common mutations 
were found in individuals of European origin, both in  FGA : the 
Asp153SerfsX4 mutation (or c.510+1G → T according to the 
nomenclature guidelines of the Human Genome Variation 
Society,  www.hgvs.org ) and the  FGA  11 - kb deletion, both 
found on multiple haplotypes. Accordingly, the Asp153SerfsX4 
should be the fi rst mutation to be screened in all new patients 
of European origin. Figure  42.2  shows the mutations account-
ing for afi brinogenaemia and hypofi brinogenaemia identifi ed 
so far. Two further residues of prime interest in screening for 
dysfi brinogenaemia are residue Arg16 in exon 2 on  FGA , which 
is part of the thrombin cleavage site in the fi brinogen A α  chain, 
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     Figure 42.2     Schematic representation of the localization of the 

main mutations along the human fi brinogen genes, projected 

onto the exons encoding the domains of the protein. Exons 

(rectangles) are drawn to scale while introns (lines) are not to 

scale. Gross deletions are indicated by arrows.  
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to medical attention because of a positive family history or 
abnormal preoperative laboratory screen. On the whole, it 
appears that the clinical phenotype of patients with FV defi -
ciency is completely different from that seen in the mouse 
knockout model. Haemarthroses and haematomas occur in 
only 25% of patients, and life - threatening bleeding episodes in 
the gastrointestinal tract and the CNS are rare. There are no 
published data on management of pregnancy in women with 
FV defi ciency. Postoperative and oral cavity haemorrhages are 
common, but not fully predictable, as these symptoms also 
occur with plasma levels as high as 5 – 10%. This discrepancy is 
likely to be explained by the relatively poor sensitivity of FV 
bioassays, which do not measure those small amounts of the 
factor that are probably suffi cient to make the defi ciency com-
patible with life and a mild clinical phenotype. Replacement 
therapy with FV can be administered only through FFP, prefer-
ably virus inactivated, because no FV concentrate is available 
and FV is not contained in signifi cant amount in cryoprecipi-
tate or PCCs.  

  Molecular  d efects 

 Among rare coagulation disorders, FV defi ciency is one of the 
least characterized from the molecular point of view, with only 
56 genetic defects hitherto described, the majority of them iden-
tifi ed in the last 4 years (Figure  42.4 ). A total of 48 mutations 
seem to be responsible for the type I defi ciency, only one being 
recurrent (Tyr1702Cys, repeatedly found in Italian individu-
als), confi rming the remarkable allelic heterogeneity of the 
disease. A mild type I defi ciency (decrease in FV levels) has also 
been associated with two FV variants: the functional Met2120Thr 
polymorphism, demonstrated to cause about 25% reduction in 
FV levels, and the HR2 haplotype defi ned by a group of more 
than 10 polymorphisms; among these, the dominant contribu-
tion of the Asp2194Gly variant was demonstrated by expression 
experiments in eukaryotic cells. Only one genetic defect, 
Ala221Val, associated with type II defi ciency has so far been 
reported. Mutations causing FV defi ciency do not cover the full 
spectrum of possible genetic lesions, since mutations located in 
the promoter as well as large deletions are absent. Missense 
mutations are completely absent in the large exon 13, coding 
for the whole B domain. This can probably be explained by an 
increased tolerance of this domain to variations, as suggested 
by the fact that it is highly polymorphic and not evolutionarily 
conserved. Finally, no clear genotype – phenotype correlation 
emerges between the clinical phenotype, plasma FV levels and 
the corresponding associated mutations in FV defi ciency. In 
fact, despite carriership of the same mutations, some patients 
often present with a more severe bleeding pattern than others. 
Recently, the possibility that the severe FV - defi cient phenotype 
may be modulated by a concomitant procoagulant defect was 
investigated by Duckers and colleagues, who showed that con-
genital FV defi ciency associated with reduced plasma levels of 

mutations (4%) have also been described. The abnormalities 
may be classifi ed according to the site of the defect, i.e. in the 
activation mechanism or in the protease activity of thrombin. 
The latter group can be subdivided into two subtypes: one in 
which there is defective amidolytic activity and another where 
there is defective interaction of thrombin with substrates 
because of mutations in the molecular recognition domains. 
Other mutations indirectly affect the catalytic activity of 
thrombin, as they cause perturbation of the Na +  - binding site of 
the enzyme. However, while  in vitro  Na +  binding seems to play 
a major role in thrombin activity, the natural prothrombin 
mutants with altered Na +  binding described so far (Arg517Gln 
and Lys556Thr, in exons 13 and 14, respectively) had only a 
mild haemorrhagic phenotype. To date several functional 
studies have been performed to elucidate the structure – 
function relationship. However, recent biochemical characteri-
zation of natural prothrombin mutants (Des - Lys9/10 and 
Phe299(7)Val) has revealed an important role of the A - chain 
for correct function of the catalytic B - chain of thrombin. These 
natural mutations could affect the interaction of divalent 
metals with thrombin, recently localized at the interface between 
the A and B chains, which seem to stabilize the active conforma-
tion of thrombin. Figure  42.3  shows the mutations identifi ed 
so far.     

  Factor  V   d efi ciency 

 FV has a double role in the coagulation process: it is a protein 
cofactor required by the prothrombinase complex for thrombin 
generation, but also contributes to the anticoagulant pathway 
by downregulating FVIII activity, so that FV defi ciency may 
result in either haemorrhagic or thrombotic tendency. The 
majority of individuals with FV defi ciency are characterized by 
concomitant defi ciency of FV activity and antigen levels (type I 
defi ciency), but approximately 25% have normal antigen levels, 
indicating the presence of a dysfunctional protein (type II defi -
ciency). FV is mainly secreted by hepatocytes, but there is evi-
dence that it can also be synthesized  in vivo  in the megakaryocyte/
platelet lineage. FV is encoded by a large (80   kb) and complex 
(25 exons) gene located on chromosome 1. Experimental defi -
ciency of FV in gene knockout mice leads to defective embry-
onic development and early haemorrhagic death. However, 
mice expressing minimal FV activity below the sensitivity 
threshold of the detection assay ( <    0.1%) differ from the com-
plete knockout mice because they do survive (see Table  42.2 ). 

  Clinical  m anifestations and  t reatment 

 Symptomatic patients usually present with skin and mucous 
membrane bleeding; epistaxis and menorrhagia are relatively 
frequent, even in patients with measurable FV levels. Typically, 
FV - defi cient patients are diffi cult to diagnose and often come 
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tissue factor pathway inhibitor, which decreases the FV require-
ment for minimal thrombin generation to less than 1%, prob-
ably protects patients from severe life - threatening bleeding.     

  Combined  d efi ciency of  f actor  V  and 
 f actor  VIII  

 For many years the molecular mechanism for combined defi -
ciency of these two factors, each transmitted with different pat-
terns of inheritance (autosomal recessive for FV, X - linked for 
FVIII) and involving proteins encoded by different genes, was 
not understood. Finally, in 1998 combined FV and FVIII defi -
ciency (F5F8D) was causally associated with mutations in the 
 LMAN1  gene, encoding lectin mannose - binding protein (previ-
ously named  ERGIC - 53 ), a 53 - kDa type 1 transmembrane 
protein that acts as a chaperone in the intracellular transport of 
both factors. More recently, in 2003, another locus associated 
with the defi ciency was identifi ed in about 15% of affected 
families with no mutations in  LMAN1 ; this was named the 
 MCFD2  gene, encoding multiple coagulation factor defi ciency 
(MCFD)2 protein, which acts as a cofactor for LMAN1, specifi -
cally recruiting correctly folded FV and FVIII in the endoplas-
matic reticulum. Recent studies have failed to identify additional 
components of the LMAN1 – MCFD2 receptor complex, sup-
porting the idea that F5F8D might be limited to  LMAN1  and 
 MCFD2 . 

  Clinical  m anifestations and  t reatment 

 F5F8D is characterized by concomitantly low levels (usually 
5 – 20%) of the two coagulation factors, both as coagulant activ-
ity and as antigen. It appears that the concomitant presence of 
two coagulation defects does not enhance the haemorrhagic 
tendency observed in each defect separately (see section on 
FV defi ciency). The phenotypes associated with mutations in 
 MCFD2  and  LMAN1  are indistinguishable and manifested only 
by defi ciencies of FV and FVIII, although a selective delay in 
secretion of the cargo protein procathepsin C has been observed 
in HeLa cells overexpressing a dominant - negative form of 
LMAN1. 

 Symptoms are usually mild, with a predominance of easy 
bruising, epistaxis, and bleeding after dental extractions. 
Menorrhagia and postpartum bleeding have also been reported 
in affected women. More severe symptoms, such as haemar-
throses and umbilical cord bleeding, are observed very seldom 
and gastrointestinal and CNS bleeding have been reported in 
only a few patients. Soft - tissue haematomas are unusual. 
Because of the mild clinical pattern, bleeding episodes are 
usually treated on demand and do not require regular prophy-
laxis. Sources of both FV and FVIII are needed and their dif-
ferential plasma half - lives (FV 36 hours, FVIII 10 – 14 hours) 
have to be taken into consideration. 

 As there are no FV concentrates available and there is little 
or no FV present in cryoprecipitate or PCCs, replacement of FV 
can currently be achieved only through the use of FFP, prefer-
ably with virus - inactivated plasma. For FVIII replacement, a 
large number of products are available: the synthetic hormone 
desmopressin (DDAVP) can be successfully used for minor 
bleeding episodes to raise FVIII. However, the chemical effi cacy 
of DDAVP needs to be tested in each patient and more than 
three to four consecutive treatments should be avoided. For 
severe bleeding, plasma - derived FVIII or recombinant FVIII 
concentrates are the treatments of choice and include FFP, 
plasma - derived concentrates and recombinant FVIII.  

  Molecular  d efects 

 F5F8D is caused by mutations in LMAN1 or MCFD2 proteins. 
The fi rst is encoded by a gene of approximately 29   kb located 
on chromosome 18 and containing 13 exons, while the latter is 
encoded by a shorter gene of approximately 19   kb located on 
chromosome 2 and containing four exons. To date, a total of 
48 mutations (Figures  42.5  and  42.6 ) have been described (32 
in  LMAN1  and 16 in  MCFD2 ;  http://www.med.unc.edu/isth/
mutations - databases/FVandVIII_2006numbers.htm ). All the 
 LMAN1  mutations reported so far are null mutations, with the 
exception of a Cys → Arg mutation that disrupts a disulphide 
bond required for oligomerization and which also destabilizes 
the protein. In contrast, both null and missense mutations 
have been identifi ed in  MCFD2 ; in particular, fi ve of six mis-
sense mutations reported (Asp81Tyr, Asp89Ala, Asp122Val, 
Asp129Glu and Ile136Thr) disrupt LMAN1 binding, indicating 
that LMAN1 and MCFD2 must function as a unit to transport 
FV and FVIII. Recently, Zhang and colleagues have performed 
a genotype – phenotype analysis to evaluate if mutations in the 
two different genes are associated with differences in FV and 
FVIII plasma levels. Mean plasma levels of FV and FVIII in 
patients with  MCFD2  mutations were signifi cantly lower than 
those in patients with  LMAN1  mutations. These data suggest 
that MCFD2 may play a primary role in the export of FV and 
FVIII from the endoplasmatic reticulum.   

 Some mutations in both  LMAN1  and  MCFD2  recurred in 
more than one family, for example Met1Thr, 89insG and 
Lys302stop on  LMAN1  or IVS2+5G → A and Ile136Thr muta-
tions on  MCFD2 . In particular, the  MCFD2  IVS2+5G → A 
appears to be one of the most common mutations causing 
F5F8D and it has now been identifi ed in at least 13 unrelated 
families from different geographic regions (India, Italy, USA, 
Serbia and Germany).   

  Factor  VII   d efi ciency 

 FVII defi ciency is the most common autosomal recessive coagu-
lation disorder (1 in 500   000). A typical feature of this disease 
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  Clinical  m anifestations and  t reatment 

 The severity of symptoms of FVII defi ciency is variable and 
generally reported to be poorly correlated with plasma levels. 
Some patients do not bleed at all after major episodes of hae-
mostasis. Life -  or limb - endangering bleeding manifestations are 
relatively rare, the most frequent symptoms being epistaxis and 
menorrhagia. CNS bleeding was also reported to have high 
incidence (16%) in a series of 75 patients affected by FVII defi -
ciency, the study concluding that the greatest risk factor for 
development of bleeding was trauma related to the birth 
process. However, these data were not confi rmed by two sub-
sequent large series of Italian and Iranian patients. Thrombotic 
episodes (particularly deep vein thrombosis) have also been 
reported in 3 – 4% of patients with FVII defi ciency, particularly 

is its clinical heterogeneity, which ranges in severity from lethal 
to mild, or even asymptomatic forms. FVII is synthesized in the 
liver and is encoded by the FVII gene ( F7 ) located on chromo-
some 13, 2.8   kb upstream of the FX gene. Plasma levels of FVII 
coagulant activity (FVII:C) and FVII antigen (FVII:Ag) are 
infl uenced by a number of genetic and environmental factors 
(sex, age, cholesterol and triglyceride levels) and it is also well 
known that FVII levels are modulated by  F7  polymorphisms. 
The majority of patients have concomitantly low levels of 
FVII:C and FVII:Ag, but several cases are characterized by 
normal or low borderline levels of FVII:Ag contrasting with 
lower levels of FVII:C. Most gene knockout mice made experi-
mentally defi cient in FVII develop normally, which suggests 
that complete lack of FVII is compatible with life (see Table 
 42.2 ). 
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women with the severe form of FVII defi ciency. Pregnancy itself 
does not require special precautions and uncomplicated deliv-
ery is possible without prophylaxis. However, all cases of post-
partum bleeding reported so far occurred in women with low 
FVII coagulant activity ( <    15 units/dL) not receiving prophy-
laxis. Therefore, delivery should occur under the coverage of a 
short - term replacement.  

  Molecular  d efects 

 The molecular bases of FVII defi ciency are more extensively 
characterized than those of other defects, perhaps due to the 
relatively high frequency of this defect and small size of the 
gene. Mutations are very heterogeneous: missense variants are 
the most frequent lesions (70 – 80%), splice - site changes are also 
well represented, while nonsense mutations and small deletions 
are rare, particularly in the homozygous condition. Mutations 
are located throughout the gene, suggesting that all domains are 
important in maintaining the overall structure and function of 
FVII. The previously available online database  http://europium.
csc.mrc.ac.uk/  allowed rapid access for researchers to the entire 
listing of  F7  mutations but is currently under revision; however, 
an updated overview of mutations is shown in Figure  42.7 . The 
severe cases are all either homozygous or doubly heterozygous 

in the presence of surgery and replacement treatment, but 
spontaneous thrombosis may also occur. 

 Lack of correlation between measured FVII:C  in vitro  and the 
clinical phenotype is well known and is probably due to the fact 
that only trace amounts of FVIIa are required to initiate coagu-
lation  in vivo . Empirical studies and mathematical modelling 
suggest that as little as 5   pmol/L (0.05% of normal FVII concen-
tration) is suffi cient to induce clot formation. None of the  in 
vitro  tests could differentiate between null and extremely low 
levels of FVII:C capable of initiating coagulation  in vivo . 

 A number of therapeutic options can be offered to patients 
with FVII defi ciency, including FFP, still used in developing 
countries, PCCs, plasma - derived FVII concentrates and recom-
binant FVIIa, which has to be considered the optimal replace-
ment therapy because it can be used at very low dose (10 – 20    µ g/
kg). Prophylaxis has been a debated issue in FVII defi ciency, 
especially because of the very short half - life of infused FVII in 
blood.  Ex vivo  studies have shown that infused recombinant 
FVIIa disappears quickly from the circulation but persists 
extravascularly bound to pericytes. These observations would 
support the feasibility of prophylaxis in FVII defi ciency, but 
larger trials are needed to assess the optimal schedule. 

 The occurrence of frequent menorrhagic menses is almost 
invariably associated with iron defi ciency and anaemia in 
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  Clinical  m anifestations and  t reatment 

 In FX defi ciency the bleeding tendency may appear at any age, 
although the more severely affected patients (FX coagulant 
activity  <    1%) present early in life with, for instance, umbilical -
 stump, CNS or gastrointestinal bleeding. Patients with severe 
defi ciencies also commonly experience haemarthroses and hae-
matomas. The most common bleeding symptoms reported at 
all levels of severity are epistaxis and menorrhagia. In FX defi -
ciency there is reasonable correlation between the severity of 
clinical manifestations and residual FX activity, confi rming 
animal study results. 

 Data from the United Kingdom Haemophilia Centre 
Doctors ’  Organisation (UKHCDO) registry shows that the 
proportion of patients with this defi ciency who require treat-
ment is much higher than that of other rare coagulation defi -
ciencies. There is no specifi c FX product, plasma derived or 
recombinant, available as yet for treatment of patients with 
FX defi ciency; hence current treatment is based on the admin-
istration of FFP and PCCs. However, these treatments could 
be associated with some complications stemming from the 
use of large amounts of plasma, particularly in children and 
elderly patients with cardiac disease, or because of the high 
concentrations of FII, FVII and FIX in PCCs that could be 
associated with a risk of thromboembolic events. To overcome 
this problem, a freeze - dried human coagulation FIX and FX 
concentrate with specifi ed amounts of FX (and FIX) has 
been developed recently. Therapeutic options for the control of 
menorrhagia include both medical (e.g. antifi brinolytics, oral 
contraceptives, levonorgestrel intrauterine device and clotting 
factor replacement) and surgical (e.g. endometrial ablation 
and hysterectomy). Apart from menorrhagia, women with FX 
defi ciency, as well as women with other RBDs, are likely to 
develop other gynaecological problems, such as corpus luteum 
haemorrhage or haemoperitoneum associated with ovulation, 
that may warrant the adoption of prophylactic treatment. 
Even if pregnancy is accompanied by increased concentrations 
of FX, women with severe FX defi ciency and a history of 
adverse pregnancy outcomes, such as abortion, placental 
abruption or premature birth, may benefi t from continuous 
replacement therapy. Finally, heterozygotes have also been 
reported to have bleeding after delivery that required treatment 
with FFP.  

  Molecular  d efects 

 The gene structure and organization is homologous to that of 
the other vitamin - K dependent proteins, with the exception of 
prothrombin, suggesting evolution from a common ancestor by 
a process of duplication and divergence. To date, 105 mutations 
comprising 85 missense, 14 insertions/deletions (three gross 
deletions plus 11 micro insertions/deletions), six splice site, two 
nonsense, and one in the 5 ′  fl anking region have been reported 

for mutations that disrupt expression of the protein (e.g. dele-
tions, insertions, splice junctions and promoter mutations), 
resulting in FVII:C levels typically less than 2% of normal. 
Individuals with a mild/moderate clinical phenotype are 
homozygous or doubly heterozygous for missense mutations; 
however, some missense mutations are also associated with a 
severe phenotype.   

 Frequent mutations (Ala294Val, 11125delC, Arg304Gln, 
Cys310Phe) identifi ed among hundreds of patients with FVII 
defi ciency by different groups are associated with a range of 
clinical severity and neither FVII:C nor gender provide an 
explanation for this heterogeneity, suggesting that other modi-
fying factors may infl uence the different clinical manifestations 
in subjects carrying the same mutation. It is known that FVII 
levels are modulated by  F7  polymorphisms: different genotypes 
demonstrated up to fi vefold differences in mean FVII levels. 
Tightly linked polymorphisms in the 5 ′  regulatory region regu-
late FVII levels and differential promoter activity  in vitro ; 
the p.Arg353Gln substitution in the catalytic domain, tightly 
associated with the decanucleotide insertion (g. – 323 to 
 − 324insCCTATATCCT) and with the  − 401T allele in the pro-
moter region, decreases FVII secretion, therefore reducing its 
plasma levels. The same effect is shown by the g.11293 –
 11294insAA polymorphism in the 3 ′  untranslated region of  F7  
that negatively affects the steady state of mRNA levels, leading 
to a reduction in FVII mRNA by 40%, which subsequently 
reduces FVII protein levels. An additional polymorphism, 
located in intron 7, is characterized by the presence of a variable 
number of 37 - bp repeats. This polymorphism is reported to be 
associated with variable rates of FVII transcriptional activity 
according to the number of repeats present in the genotype. The 
peculiar presence of such repeated regions, and of polymorphic 
variation of repeats within  F7 , requires careful design of PCR 
primers to detect gene rearrangements when molecular diagno-
sis is performed.   

  Factor  X   d efi ciency 

 FX is a glycoprotein that plays a pivotal role in the coagulation 
cascade, being the fi rst enzyme in the common pathway of 
thrombin formation. FX is mainly synthesized by the liver and 
is encoded by the  FX  gene, comprising 22   kb and located on 
chromosome 13, a few kilobases downstream of the  F7 . The 
clinical phenotypes of FX defi ciency are characterized by con-
comitantly low levels of coagulant activity and antigen, or low 
coagulant activity contrasting with normal or low borderline 
antigen values. Mice rendered experimentally defi cient in FX by 
targeted inactivation of the  FX  gene showed frequent embry-
onic lethality. Those who survived bled to death intra - abdom-
inally at birth and in the CNS within the fi rst 3 – 4 weeks of life 
(see Table  42.2 ). 
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homozygous patients from Costa Rica; Pro343Ser (FX Friuli), 
associated with reduced FX coagulant activity (4 – 9%), was 
identifi ed in more than 10 patients from northern Italy. Other 
mutations, such as Gly – 20Arg, Gly94Arg and Gly222Asp, all 
associated with a severe laboratory phenotype, have been 
reported from different groups worldwide. 

 To assess whether genotypic variations could have an infl u-
ence on FX plasma level, four different polymorphisms located 
in the promoter region (a TTGTGA insertion between position 
 − 343A and  − 342G, a C/T polymorphism at position  − 222, a C/A 
polymorphism at position  − 220 and a C/T polymorphism at 
position  − 40) have been investigated but no association was 
found.   

(Figure  42.8 ). Although most mutations are located in exon 8, 
the number of mutations located in each exon is proportional 
to the length of the exon itself, indicating the absence of a 
hotspot region on  FX  gene. Among the 105 mutations so far 
reported, only two were nonsense, and only one (C61X) was 
identifi ed in the homozygous state in three unrelated patients.   

 Moreover, only a few of the entire group of missense 
mutations so far reported have been recurrent and found in 
more than one family from the same geographical area. In 
particular, Arg – 1Thr, associated with a severe phenotype 
(FX coagulant activity  <    1%), was identifi ed in the homozygous 
state in four unrelated patients from Iran, while Gly380Arg, 
associated with intracranial haemorrhages, was identifi ed in six 
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deletions are indicated by the arrows.  
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trauma. Patients with inhibitors treated with FFP or FXI con-
centrates can suffer from prolonged bleeding if the presence of 
inhibitors is not diagnosed prior to surgery. After being exposed 
to plasma, 7 of 21 FXI - defi cient Israeli patients homozygous for 
the Glu117stop mutation developed inhibitors to FXI. Recently, 
Zucker and colleagues showed that this also happened in an 
Italian woman homozygous for the same mutation after three 
injections of Rh immunoglobulin and without previous expo-
sure to blood products. 

 Treatment is based on the use of antifi brinolytic agents, FFP, 
FXI concentrate and recombinant FVIIa, but care should be 
taken to reduce the risk of complications such as thrombotic 
events (especially when FXI concentrate or recombinant FVIIa 
is planned), volume overload, allergic reactions and develop-
ment of inhibitors. Patients with partial defi ciency of FXI 
who have no bleeding history do not require prophylactic 
treatment.  

  Molecular  d efects 

 To date, more than 180 mutations affecting  FXI  gene have been 
identifi ed (Figure  42.9 ). These can be accessed on three differ-
ent online databases: 
   •        http://www.med.unc.edu/isth/mutations - databases/
FactorXI_2007.html   
   •       http://www.wienkav.at/kav/kar/texte_anzeigen.asp?ID=7137   
   •       http:www.factorxi.com .      
 The high allelic heterogeneity of FXI defi ciency is highlighted 
by the distribution of genetic defects throughout the whole 
gene. Missense mutations represent more than 60% of all vari-
ants, only seven of them being reported to lead to the dysfunc-
tional form of the defi ciency. 

 Two mutations are responsible for most cases of FXI defi -
ciency in Ashkenazi Jews, while mutations are more varied in 
non - Jews. The so - called type II Jewish mutation is a stop codon 
in exon 5, compatible with the observation that patients 
homozygous for this defect usually have undetectable levels of 
FXI. The so - called type III Jewish mutation is a missense muta-
tion in exon 9, leading to the Phe283Leu substitution. The 
mutation causes defective secretion of the protein from cells, 
but some FXI is ultimately produced so that these patients have 
measurable levels of FXI (about 10%). Type II/III compound 
heterozygosity is the commonest cause of severe to moderate 
FXI defi ciency in Ashkenazi Jews.   

  Factor  XIII   d efi ciency 

 FXIII is a transglutaminase, is the last enzyme to be activated 
in the blood coagulation pathway and functions to cross - link 
the  α  and  γ  fi brin chains, resulting in a stronger clot with an 
increased resistance to fi brinolysis. The plasma factor consists 
of two catalytic A subunits (FXIII - A) and two carrier B subunits 

  Factor  XI   d efi ciency 

 FXI defi ciency is characterized by a decrease in the functional 
activity of this plasma protein, usually accompanied by corre-
spondingly low FXI antigen levels. More rarely, normal or bor-
derline levels of plasma FXI antigen are associated with a 
dysfunctional form of the protein. The estimated prevalence of 
the severe defi ciency in most populations is about 1 in 1 million, 
but is reported to be much higher in Ashkenazi Jews, heterozy-
gosity for FXI defi ciency being as high as 8%. 

 FXI is mainly synthesized in the liver, although tiny amounts 
of transcript can also be detected in megakaryocytes and plate-
lets. The protein is encoded by the  FXI  gene, comprising 23   kb 
and located on chromosome 4. The existence of a platelet FXI 
transcript, originating from the skipping of exon 5, was hypoth-
esized for a long time but never confi rmed by subsequent work. 
Nonetheless, recent data support the view that FXI transcripts 
undergo alternative splicing, leading to the synthesis of FXI 
isoforms whose physiological role and importance still need to 
be demonstrated. In knockout mice the loss of the gene coding 
for this factor is compatible with life, with no tendency for 
spontaneous bleeding (see Table  42.2 ). 

  Clinical  m anifestations and  t reatment 

 The relationship between FXI levels in plasma and the bleeding 
tendency is not as clear - cut as for other coagulation factor defi -
ciencies. The phenotype of bleeding is not correlated with the 
genotype but with the site of injury. When a site of injury with 
local high fi brinolytic activity is involved (e.g. urogenital tract, 
oral cavity after dental extraction or tonsillectomy), the risk of 
bleeding is increased (49 – 67%) in comparison to sites with less 
local fi brinolytic activity (1.5 – 40%). Usually, patients with 
severe FXI defi ciency (1% or less) are mildly affected and most 
bleeding manifestations are injury - related. Surprisingly, patients 
with low but detectable levels of FXI are also mild bleeders, so 
that clinical phenotypes are not strikingly different in these two 
groups. This observation, already made for Jewish patients, was 
recently confi rmed in a series of Iranian non - Jewish patients 
with severe or moderate defi ciency (FXI coagulant activity  <    1 
to 5%) and in patients with mild defi ciency (6 – 30%). All 
patients were mild bleeders, but those symptoms that defi ne the 
severity of the bleeding tendency, such as muscle haematomas 
and haemarthrosis, showed a similar frequency in the two 
groups of factor - defi cient patients (about 25%). The most fre-
quent symptoms were oral and postoperative bleeding, which 
occurred in more than 50% of patients. Women with FXI defi -
ciency are prone to excessive bleeding during menstruation, but 
case series of women affected by severe FXI defi ciency showed 
that 70% of pregnancies were uneventful, despite no prophy-
lactic treatment. Also, patients with alloantibodies that inhibit 
FXI do not bleed spontaneously but only during surgery or 
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recessively transmitted coagulation factor defi ciencies (1 in 2 
million). In inherited FXIII defi ciency, plasma levels of FXIII - A 
measured as functional activity or immunoreactive protein are 
usually extremely reduced, whereas the FXIII - B subunit is 

(FXIII - B). FXIII - A is synthesized in cells of bone marrow origin, 
while FXIII - B is produced in the liver. The corresponding genes 
are located on chromosomes 6 and 1. FXIII defi ciency is prob-
ably, together with prothrombin defi ciency, the rarest of the 
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     Figure 42.9     Schematic representation of the localization of the 

main mutations along the human FXI gene, projected onto the 

exons encoding the domains of the protein. Exons (rectangles) 

are drawn to scale while introns (lines) are not to scale. Gross 

deletions are indicated by arrows.  
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 On the whole, the clinical impact of FXIII defi ciency can shift 
from that of a very severe disease to that of a mild one, depend-
ing on the adoption of prophylactic treatment. All these symp-
toms usually lead to an early diagnosis, so that patients who 
survive are often treated prophylactically, starting early in life. 
Monthly prophylactic infusions of FXIII concentrate are also 
recommended in FXIII - A - defi cient women who are pregnant 
in order to prevent bleeding and fetal loss. In fact, it was recently 
reported that among these women there were seven successful 
pregnancies and fi ve had received FXIII replacement. Moreover, 
it was found that all women with defi ciency of the FXIII - A 
subunit miscarried, with one exception, if replacement therapy 
was not given during pregnancy. These data suggest that imple-
mentation of replacement therapy is crucial for pregnancy and 
should commence as early as possible. 

 This approach to treatment is rendered simple and feasible 
by the fact that plasma levels of FXIII of 2 – 5% are suffi cient to 
prevent bleeding, and that the long  in vivo  half - life of the factor 
(11 – 14 days) makes it possible to infuse cryoprecipitate or con-
centrates at intervals of 1 month or longer. 

 Because of the risk of blood - borne diseases, FFP and cryo-
precipitate are less satisfactory for treatment or prophylaxis, 
and FXIII concentrate is recommended whenever available. A 
new recombinant FXIII - A 2  concentrate (rFXIII - A 2 ) has recently 
been manufactured in  Saccharomyces cerevesiae . The rFXIII - A 2  
homodimers associate in plasma with the endogenous FXIII - B 
to form the stable heterotetramer FXIII - A 2 B 2 . In a Phase I clini-
cal trial, rFXIII - A 2 , administered to 11 patients with FXIII defi -
ciency, seemed to have a similar half - life and pharmacokinetics 
to those of the native protein and appeared to be safe. Only four 
cases of FXIII - B defi ciency have been reported to date and the 
bleeding symptoms appear milder than in FXIII - A - defi cient 
patients.  

  Molecular  d efects 

 More than 70 mutations within  F13A  have been published 
(Figure  42.10 ) and most of them are missense/nonsense point 
mutations. Multiple missense/nonsense mutations have also 
been reported for a number of codons (77, 260, 326, 413 and 
541) with codon changes AAC/AAA and AAC/AAG. In the 
review by Ivaskevicius and colleagues, the two most frequent 

reduced but always at measurable levels. Table  42.3  shows the 
classifi cation of FXIII defi ciency according to activity and 
antigen determinations of the FXIII subunits.   

 Studies on homozygous null mice generated by deletion of 
exon 7 of the FXIII gene showed that these mice were fertile, 
although reproduction was impaired and bleeding episodes 
were associated with reduced survival (see Table  42.2 ). A new 
aspect of the relationship between FXIII and wound healing has 
recently been reported. Following an acute myocardial infarc-
tion in an experimental model, infarct expansion, heart failure 
and cardiac rupture were observed in FXIII - defi cient mice, 
probably due to inadequate healing of the myocardial tissue. 
Spontaneous haemorrhagic events with subsequent infl amma-
tion and fi brosis were also reported in the heart tissue of FXIII -
 defi cient mice, suggesting that low FXIII levels may impair 
cardiac healing and lead to complications in patients with acute 
myocardial infarction. 

  Clinical  m anifestations and  t reatment 

 Patients with FXIII - A defi ciency have a bleeding tendency that 
is usually severe, particularly because of the early onset of life -
 threatening symptoms such as umbilical - cord and CNS bleed-
ing. Bleeding from the umbilical stump in the fi rst few days of 
life occurs in approximately 80% of patients, and CNS bleeding 
in up to 30%. Ecchymoses, haematomas and prolonged bleed-
ing following trauma are also typical. Haemarthroses and intra-
muscular haematomas may appear unexpectedly, although less 
frequently. In a recent study made on the largest group of 
patients with severe FXIII defi ciency (93 Iranians), the most 
frequent mucosal tract bleeding symptom was bleeding in the 
oral cavity (lips, tongue, gum) followed by menorrhagia and 
epistaxis. Gastrointestinal bleeding is not unusual. Soft - tissue 
bleeding such as spontaneous haematoma and haemarthrosis 
occur in a large proportion of patients. In women of reproduc-
tive age, 20% had intraperitoneal bleeding that occurred at 
the time of ovulation, in some cases leading to hysterectomy; 
50% of women had at least one miscarriage during pregnancy. 
The same pattern of symptoms was also recently shown by 
Ivaskevicius and colleagues in an international registry formed 
mostly of European data, where joint bleeding is reported to be 
more commonly periarticular than intra - articular. 

  Table 42.3    Classifi cation of  FXIII  

defi ciency according to activity and 

antigen determinations of the  FXIII  

subunits. 

        FXIII - A defi ciency     FXIII - B defi ciency  

   Quantitative defect     Qualitative defect  

  Plasma activity    Reduced    Reduced    Moderately reduced  

  Plasma antigen A 2 B 2     Reduced    Normal/near normal    Reduced  

  Plasma antigen A    Reduced    Normal/near normal    Moderately reduced  

  Platelet antigen A    Reduced    Normal/near normal    Normal  

  Platelet antigen B     >    30%     >    30%    Reduced  
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     Figure 42.10     Schematic representation of the localization of the 

main mutations along the human FXIII - A gene, projected onto 

the exons encoding the domains of the protein. Exons 

(rectangles) are drawn to scale while introns (lines) are not to 

scale. Gross deletions are indicated by arrows.  

mutations affecting  F13A  were found to be the IVS5 – 1G → A 
splice - site defect and the Arg661stop mutation. Haplotype 
analysis in four patients with the IVS5 – 1G → A mutation 
suggested a founder effect, while the concentration 

of Arg661stop mutation in Finland, Arg77Cys in Switzerland 
and Arg77His in Iran might also be due to founder effects, 
although the occurrence of these mutations at CpG dinucle-
otides raises the alternative possibility of independent origin. 
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and Glu651Gln. The Val34Leu variant is the most studied 
polymorphism, with the amino acid substitution occurring in 
the activation peptide sequence, three amino acids upstream 
from the thrombin - cleavage site. Studies have shown that the 
Leu34 allele variant promotes accelerated cleavage of the activa-
tion peptide once activated by thrombin and has been associ-
ated with a decreased risk of myocardial infarction. However, 
controversy has surrounded the role of Val34Leu in coronary 
artery disease, with the literature supporting both sides of the 
debate. 

 Only four mutations have been identifi ed in  F13B  (Figure 
 42.11 ), a single - nucleotide deletion at the acceptor splice junc-
tion of intron A/exon 2 (IVS1( − 2)delA), a Cys430Phe missense 
mutation, a G deletion in exon 9 and an AAC triplet insertion 
within codon Tyr80 in exon 3.     

  Vitamin  K  -  d ependent  c oagulation 
 f actors  d efi ciency 

 The fi rst case of vitamin K - dependent coagulation factors defi -
ciency (VKCFD) was reported more than 40 years ago in a 
3 - month - old girl with multiple bruises and haemorrhages. The 
girl was studied further when she was 15 years old and was 
found to have immunologically measurable FII, FVII, FIX and 
FX that were lacking  γ  - carboxyglutamic acid residues. Vitamin 
K - dependent coagulation factors such as FII, FVII, FIX and FX 
require  γ  - carboxylation of glutamic acid residues at their 
Gla domains to enable binding of calcium and attachment to 
phospholipid membranes. The  γ  - carboxylation is catalysed 
by hepatic  γ  - glutamyl carboxylase (GGCX) and its cofactor 
reduced vitamin K (KH 2 ). During the reaction, KH 2  is con-
verted to vitamin K epoxide (KO), which is recycled to KH 2  by 
the vitamin K epoxide reductase (VKOR) enzyme complex. 
Heritable dysfunction of GGCX or the VKOR complex results 
in the secretion of poorly carboxylated vitamin K - dependent 
coagulation factors, leading to combined defi ciency of the 
vitamin K - dependent clotting factors. The  γ  - carboxylation of 
glutamic acid residues is also required for activity of the anti-
coagulant factors protein C, protein S and protein Z, and 
although protein S and protein C levels are low in VKCFD, 
there are no reports of venous or arterial thrombosis. Thus, the 
effect of VKCFD is clearly in the bleeding area. The GGCX and 
VKOR proteins are encoded by two corresponding genes: 
 GGCX  (13   kb, 15 exons) located on chromosome 2 and the 
unusually small  VKORC1  (5126   bp, three exons) located on 
chromosome 16; the latter gene was so named because of evi-
dence suggesting that VKOR is a multisubunit complex. Studies 
on heterozygous mice carrying a null mutation for  GGCX  
showed normal development and normal activity of the vitamin 
K - dependent coagulation factors, but only half of the  γ  -
 carboxylase - defi cient mice developed to term and those 
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     Figure 42.11     Schematic representation of the localization of the 

main mutations along the human FXIII - B gene, projected onto 

the exons encoding the domains of the protein. Exons 

(rectangles) are drawn to scale while introns (lines) are not to 

scale.  

Mutations are scattered throughout the  F13A  gene and in a few 
studies the mutant proteins were expressed in cultured mam-
malian cell lines, showing that introduction of the mutation 
caused destabilization of protein structure and intracellular 
degradation.   

 Several polymorphisms in  F13A  have been identifi ed. The 
most common are Val34Leu, Tyr204Phe, Pro564Leu, Val650Ile 
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  Concluding  r emarks 

  Molecular  d efects 

 In general, in these patients a defect in the DNA can be identi-
fi ed in the genes encoding the different coagulation factors. 
Combined FV and FVIII defi ciency, explained by defects located 
in genes encoding transport proteins, is a typical exception. In 
each coagulation defect the mutations are multiple and the 
majority of them are private mutations, unique for any given 
patient. The unique nature of the mutations complicates the 
approach to the control of these diseases through prenatal diag-
nosis in families with affected members, because it renders nec-
essary the actual identifi cation of the underlying mutation in 
each kindred. Prevention of rare coagulation disorders through 
prenatal diagnosis of the underlying mutations is feasible in 
couples who have already had affected children. Primary pre-
vention might be achieved by discouraging consanguineous 
marriages. Even though the cultural, religious and economic 
roots of this practice are deep in Muslim communities, consan-
guineous marriages are becoming much less frequent in large 
cities and among younger generations. 

 The relation between genotype and phenotype is not always 
clear - cut. Even though in general severe mutations predicting 
no protein production (stop codons, deletions, insertions, splic-
ing abnormalities) are associated with severe factor defi ciencies 
and severe clinical phenotypes, there are a number of cases with 
severe defi ciencies and phenotypes associated with missense 
mutations. Usually, missense mutations are associated with 
milder phenotypes despite unmeasurable factor levels, probably 
because some protein is produced in these cases that cannot be 
detected with the currently available assays. 

 Expression of the mutations in cultured cell lines and char-
acterization of the recombinant proteins has been useful for 
understanding how well - defi ned molecular lesions lead to 
structural abnormalities and to functional defects of the protein. 
In some cases expression studies have documented the mecha-
nism whereby a mutant protein is synthesized normally but is 
not ultimately secreted in plasma from cells. In most cases 
impaired folding and/or conformational changes of the mutant 
protein leads to both intracellular and extracellular instability, 
which in turn causes factor defi ciency in plasma. Expression 
work is still in its infancy and needs to be expanded, mainly in 
cases of missense mutations that appear of special functional 
interest when projected onto the crystal structure of the coagu-
lation factors.  

  Treatment 

 Treatment of rare coagulation disorders is with the most puri-
fi ed blood product available that contains the missing factor. 
Because of the rarity of each factor defi ciency, purifi ed factor 

delivered died due to massive intra - abdominal haemorrhages 
(see Table  42.2 ). 

  Clinical  m anifestations and  t reatment 

 VKCFD is a rare autosomal recessive bleeding disorder that 
often presents during infancy, although the routine administra-
tion of vitamin K may delay the diagnosis of VKCFD in 
neonates. Severe symptoms such as intracranial haemorrhage 
or umbilical stump bleeding are usually associated with factors 
levels below 5 units/dL. Severely affected children may also 
present with skeletal abnormalities such as nasal hypoplasia, 
distal digital hypoplasia, epiphyseal stippling and mild conduc-
tive hearing loss. Older patients can present with easy bruising 
and mucocutaneous or postsurgical bleeding. 

 Treatment with oral or parenteral vitamin K 1  should be 
started as soon as possible in all patients at diagnosis. However, 
some patients show insuffi cient response, and there are limited 
data on the effectiveness of prophylaxis with weekly administra-
tion of vitamin K 1  10   mg. In fact, massive parenteral doses of 
vitamin K do not always correct FII, FVII, FIX and FX activities, 
and there is clear biochemical evidence that the molecules are 
not fully carboxylated by such treatment. In this group of 
patients, factor replacement by virally inactivated FFP could 
also be used in cases of acute bleeding episodes or before 
surgery. PCC is the alternative choice when a rapid increase in 
clotting factor levels is necessary. However, PCCs have been 
associated with thrombosis and disseminated intravascular 
coagulation, and therefore should be used with caution in some 
patients.  

  Molecular  d efects 

 The rare VKCFD autosomal disorder arises from point muta-
tions in either the  GGCX  (type I) or  VKOR  (type II) genes, the 
only exception being a kindred with a 14 - bp deletion in intron 
1 of  GGCX . To date, few mutations have been described for the 
type I disorder: Asp31Asn, Trp157Arg, Leu394Arg, His404Pro, 
Arg485Pro, Trp501Ser, Thr591Lys and two recently identifi ed 
splice - site mutations: a G → T transversion of the fi rst nucle-
otide of intron 2 (c.1358 + 1G → T) and an A → G transversion of 
the third nucleotide of intron 11 (c.10363 + 3A → G). With regard 
to the Arg485Pro mutation, Rost and colleagues identifi ed it in 
two patients originating from the same region in western 
Germany. Since VKCFD represents a rare entity, they hypoth-
esized a founder effect that was strongly supported by further 
examination of three intragenic polymorphisms of  GGCX  
(c.44 – 140_ – 127dup14 and c.44 – 32G → A in intron 1, and 
c.215 – 385G → C in intron 2) and fi ve microsatellite markers 
surrounding the  GGCX  gene (D2S417, D2S2232, D2S388, 
D2S237 and D2S440). The only mutation identifi ed so far 
leading to type II is the homozygous Arg98Trp mutation.   
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and for surgery of patients with rare coagulation disorders are 
summarized in Tables  42.4 – 42.6 .   

 The avoidance of transmission of blood borne infectious 
agents is the primary requisite in the choice of replacement 
material. Solvent/detergent - treated plasma is an important 

concentrates are not as freely available as they are for haemo-
philia A and B. Dosages and frequency of treatment depend on 
minimal haemostatic levels of the defi cient factor, plasma half -
 life and type of bleeding episode. General recommendations for 
treatment on - demand, prophylaxis, pregnancy and delivery, 

  Table 42.4    Treatment of recessive coagulation disorders. 

   Defi cient factor     Recommended trough levels     Plasma half - life     On demand  

  Fibrinogen    50 – 100   mg/dL    2 – 4 days    Cryoprecipitate (5 – 10 bags) 

 SD - treated plasma (15 – 30   mL/kg) 

 Fibrinogen concentrate (50 – 100   mg/kg)  

  Prothrombin    20 – 30%    3 – 4 days    SD - treated plasma (15 – 20   mL/kg) 

 FIX concentrate and PCC (20 – 30 units/kg)  

  Factor V    10 – 20%    36 hours    SD - treated plasma (15 – 20   mL/kg)  

  Factor V and factor 

VIII  

  10 – 15%    FV 36 hours 

 FVIII 10 – 14 hours  

  As for FV  

  Factor VII    10 – 15%    4 – 6 hours    FVII concentrate (30 – 40   mL/kg) 

 PCC (20 – 30 units/kg) 

 rFVIIa (15 – 30    µ g/kg every 4 – 6 hours)  

  Factor X    10 – 20%    40 – 60 hours    SD - treated plasma (10 – 20   mL/kg) 

 PCC (20 – 30 units/kg) 

 FX/FIX concentrate (10 – 20 units/kg)  

  Factor XI    15 – 20%    50 hours    SD - treated plasma (15 – 20   mL/kg) 

 FXI concentrate (15 – 20 units/kg)  

  Factor XIII    2 – 5%    9 – 12 days    Cryoprecipitate (2 – 3 bags) 

 SD - treated plasma (3   mL/kg) 

 FXIII concentrate (50 units/kg for high 

haemorrhagic events)  

  Vitamin K dependent            Vitamin K (10   mg i.v. or s.c. for minor bleeding)  

   PCC, prothrombin complex concentrate; rFVIIa, recombinant activated FVII; SD, solvent/detergent.   

  Table 42.5    General recommendations for long - term prophylaxis. 

   Defi cient factor     Recommended 

trough levels  

   Plasma half - life     Reported dose schedule for successful long - term prophylaxis  

   Products     Dose     Frequency  

  Fibrinogen    50 – 100   mg/dL    2 – 4 days    Cryoprecipitate    1 unit    Three times per week  

  3 units    Every 7 – 10 days  

  Fibrinogen 

concentrate  

  30 – 100   mg/kg    Every week  

  Prothrombin    20 – 30%    3 – 4 days    PCC    25 – 40 units/kg    Once per week  

  Factor V    10 – 20%    36 hours    SD - treated plasma    30   mL/kg    Twice per week  

  Factor V and 

factor VIII  

  10 – 15%    FV 36 hours 

 FVIII 10 – 14 hours  

  No data    No data    No data  
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  Table 42.6    General recommendations for treatment during pregnancy and delivery and during surgery. 

   Defi cient factor     Pregnancy/delivery     Surgery  

   Minimum level     Treatment     Minimum level     Treatment  

  Fibrinogen     >    150   mg/dL    Successful pregnancy in 

afi brinogenaemia is diffi cult without 

fi brinogen replacement therapy 

 No strong data to support routine 

postpartum fi brinogen prophylaxis 

beyond the fi rst 1 – 2 days  

  100   mg/dL    Fibrinogen concentrate (50 –

 100   mg/kg) 

 Antifi brinolytic agents (dental 

extraction)  

  Prothrombin     >    25%    No data    20 – 40%    SD - treated plasma (15 – 20   mL/kg) 

 PCC (20 – 30 units/kg, higher 

doses for major surgery)  

  Factor V    15 – 25%    SD - treated plasma (15 – 20   mL/kg, until 

after delivery)  

  25%    SD - treated plasma (15 – 20   mL/kg)  

  Factor V and 

factor VIII  

      As for FV        As for FV  

  Factor VII     >    15 – 20%    Not required during preganacy, unless 

there is a bleeding history with 

previous pregnancies 

 If FVII  <    20%, peripartum prophylaxis 

should be considered  

  10 – 15%    FVII concentrate (30 – 40   mL/kg) 

 PCC (20 – 30 units/kg) 

 rFVIIa (15 – 30    µ g/kg every 4 – 6 

hours)  

  Factor X    10 – 20%    In severe FX defi ciency and history of 

adverse outcome, replacement 

therapy to cover delivery (up to 3 

days) is indicated  

  10 – 20%    SD - treated plasma (10 – 20   mL/kg) 

 PCC (20 – 30 units/kg) 

 FX(FIX) concentrate (10 – 20 

units/kg)  

   Defi cient factor     Recommended 

trough levels  

   Plasma half - life     Reported dose schedule for successful long - term prophylaxis  

   Products     Dose     Frequency  

  Factor VII    10 – 15%    4 – 6 hours    FFP    10 – 15   mL/kg    Twice per week  

  pdFVII    10 – 50 units/kg    Three times per week  

  rFVIIa    15 – 30    µ g/kg    Two to three times 

per week  

  Factor X    10 – 20%    40 – 60 hours    PCC    30 – 40 units/kg    Two to three times 

per week  

  FX/FIX concentrate    20 – 40 units/kg    One to two times per 

week in children  

  Factor XI    15 – 20%    50 hours    No data    No data    No data  

  Factor XIII    2 – 5%    9 – 12 days    Cryoprecipitate    2 units    Every 3 weeks  

  SD - treated plasma    15 – 20   mL/kg    Every 4 – 6 weeks  

  FXIII concentrate    10 units/kg    Every 4 – 6 weeks  

  Vitamin K            Vitamin K    10   mg    Once per week orally 

dependent  

   PCC, prothrombin complex concentrate; pdFVII, plasma - derived FVII; rFVIIa, recombinant activated FVII; SD, solvent/detergent.   

Table 42.5 Continued
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   Defi cient factor     Pregnancy/delivery     Surgery  

   Minimum level     Treatment     Minimum level     Treatment  

  Factor XI    15 – 20%    FXI levels 15 – 70 units/dL, with no 

bleeding history: give tranexamic 

acid for up to 3 days (fi rst dose 

during labour) 

 FXI levels  <    15 units/dL: replacement 

therapy should be considered at the 

onset of labour  

  15 – 20%    Antifi brinolytic agents (250   mg/

day)  

  Factor XIII    10%    FXIII concentrate: 250 units per 7 

days in early period, 500 units per 7 

days after 23 weeks 

 Factor replacement should be given at 

delivery to maintain FXIII levels 

 >    20%  

  5 – 10%    Cryoprecipitate (2 – 3 bags) 

 SD - treated plasma (3   mL/kg) 

 FXIII concentrate 

(10 – 20 units/kg)  

   PCC, prothrombin complex concentrate; rFVIIa, recombinant activated FVII; SD, solvent/detergent.   

Table 42.6 Continued

source of replacement that is recommended in the majority of 
these disorders; virus - inactivated concentrates, when commer-
cially available, are also safe but expensive especially for 
developing countries. Non - virus - inactivated plasma and cryo-
precipitate should be avoided if possible. Of course the treat-
ment of choice may change depending on the facilities of the 
country where the patient is resident. Cost is the next most 
important determinant. Virally inactivated factor concentrates 
are available for several defi ciencies and should be preferred 
when virally inactivated plasma is not available or repeated 
infusions causing fl uid overload are needed, as may occur 
during surgery or in cases of bleeding in the CNS. An updated 
registry of the available clotting factor concentrates is 
published by the WFH (available at  http://www.wfh.org/index.
asp?lang=EN ).   
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  Introduction 

 Acquired disorders of haemostasis are a heterogeneous group 
of conditions with varied and often complex aetiologies. Patients 
may have multiple and overlapping causes for haemorrhagic 
symptoms and distinct conditions often have similar patho-
physiologies. In order to manage acquired haemostatic failure 
it is important to understand the mechanisms by which haemo-
static disturbance occurs and how these apply in different ways 
to a variety of conditions. 

 Systemic disease may present to haematologists with symp-
toms of bleeding or bruising or abnormalities of coagulation 
tests. Alternatively, patients with known disorders may need 
haematological input to manage symptoms or at the time of 

invasive procedures. Assessment of patients with symptoms of 
bleeding or bruising requires clinical review and laboratory 
investigation. Serial laboratory testing is often required because 
the haemostatic disturbance may evolve rapidly. The possibility 
of a congenital disorder should also be considered. 

 Haematologists are also often involved in the management 
of acutely bleeding patients who may have complex medical 
conditions and in whom bleeding is usually multifactorial. 
Critical to optimizing the management of these patients is a 
well - organized multidisciplinary team approach. Hospitals 
should have systems in place to respond rapidly to massive 
haemorrhage and hospital transfusion committees should 
establish protocols for these medical emergencies. Laboratories 
should be geared to producing accelerated full blood count 
(FBC) and coagulation results. The rapid supply of blood prod-
ucts and effi cient transfer of these to the patient is vital to 
success.  ‘ Fire drills ’  to test profi ciency of response to emergen-
cies are good practice in areas where massive haemorrhage 
often occurs, such as on labour wards and in casualty 
departments.  
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coagulation factors. It has been used to guide blood product 
administration in patients undergoing liver transplantation and 
cardiopulmonary bypass. Other reported uses include the 
assessment of coagulation in liver disease, neonates, obstetrics 
and trauma as well as monitoring the effects of bypassing agents 
in haemophilia patients with inhibitors, although more studies 
are required to validate its role in these areas. The two main 
types of instruments are TEG and ROTEM, which measure the 
viscoelastic properties of an evolving clot in similar but distinct 
ways and then graphically display the changes to show all stages 
of the developing and dissolving clot. Different activators 
are available and heparinase cups can be used to investigate 
heparinized samples.    

  Thrombin  g eneration  a ssays 
 These tests measure the amount of thrombin generated over 
time following activation of a sample and may refl ect an 
individual ’ s coagulation potential. They are not available in 
routine practice. Assays are initiated by the addition of a trigger, 
usually tissue factor (TF), to recalcifi ed plasma in the presence 
of phospholipids and thrombin is detected via cleavage of a 
chromogenic or fl uorogenic substrate. When low concentra-
tions of TF are used, contact activation must be inhibited by 
maize trypsin inhibitor. Several variations of these assays have 
been developed by varying the concentrations of TF, maize 
trypsin inhibitor, phospholipid and protein C - sensitizing rea-
gents such as soluble thrombomodulin. Thrombin generation 
tests have been studied in the context of haemophilia, including 
monitoring of inhibitor bypass agent therapy. Other studies 
have examined thrombophilia and liver disease and monitoring 
of anticoagulant therapy and warfarin reversal. The clinical 
utility of many of these potential applications remains to be 
demonstrated.  

  Tests of  c oagulation and 
 p oint -  o f -  c are  t esting 

  Routine  t ests of  h aemostasis 

 To investigate a patient suspected of an acquired haemostatic 
defect, a platelet count will be required and examination of the 
blood fi lm is often useful. Routine coagulation tests include the 
prothrombin time (PT), activated partial thromboplastin time 
(APTT), thrombin time (TT) and Clauss fi brinogen level. It is 
important that derived fi brinogen assays are not used because 
results are likely to be misleading in the context of acquired 
haemostatic defects. 

 If screening tests are abnormal, correction studies help to 
distinguish factor defi ciencies from inhibitors. Comparison of 
TT with the reptilase time will establish whether abnormal 
results are due to heparin. Measurement of fi brin breakdown 
products, such as D - dimers, is required for investigation of 
possible disseminated intravascular coagulation (DIC). Further 
measurement of individual coagulation factor and von 
Willebrand factor (VWF) levels may be required. Assessment of 
platelet function may be useful in some circumstances through 
platelet aggregation studies, platelet nucleotides or a bleeding 
time, although these results may be diffi cult to interpret in the 
context of an acquired haemostatic defect. The role of global 
platelet function analysers remains to be defi ned but these are 
available in many hospitals. 

  Thromboelastography 
 This is a point - of - care test that assesses the viscoelastic proper-
ties of whole blood samples under low - shear conditions (Figure 
 43.1 ). Its main advantage is the global assessment of the 
different components of clot formation including platelets and 
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available, of which the commonest are thrombin – antithrombin 
complexes, prothrombin fragment 1+2 and plasmin – 
antiplasmin complexes. These assays are useful in a research 
context for understanding the pathogenesis of abnormal hae-
mostasis but have not been shown to be useful in clinical 
practice.    

  Disseminated  i ntravascular  c oagulation 

 DIC is characterized by the loss of localization or compensated 
control of intravascular activation of coagulation. Arising from 
diverse causes (Table  43.1 ), its pathology can manifest systemi-
cally and contribute to a worse prognosis for the patient. 
Uncoupling of the highly regulated balance between procoagu-
lant, anticoagulant, profi brinolytic and antifi brinolytic proc-
esses can result in simultaneous bleeding and microvascular 
thrombosis at different vascular sites (Figure  43.3 ). Removal of 
the inciting cause is the best means of restoring haemostatic 
control but may not always be possible. Sepsis and malignancy 
account for more than half the cases of DIC.     

  Pathophysiology 

 There are several important themes in the pathophysiology of 
DIC (Figure  43.3 ): fi rst is the central role played by the genera-
tion of thrombin; second, mechanisms that fuel and perpetuate 
thrombin generation become pathogenic in its dissemination; 
third is the parallel and concomitant activation of the infl am-
matory cascade; and fourth is the importance of the endothelial 
microvasculature in this process. 

 The excess bleeding in DIC is partly attributable to the deple-
tion of coagulation factors and platelets. However, several other 
factors may contribute, including abnormal platelet function 

   APTT   b iphasic  w aveform 
 The Multichannel Discrete Analyser is a coagulation analyser 
that generates an optical profi le charting changes in light trans-
mittance over time during the process of clot formation on the 
routine APTT. In contrast to the sigmoidal appearance of a 
normal APTT waveform, a  ‘ biphasic ’  appearance correlates 
with acquired haemostatic dysfunction (Figure  43.2 ). The reli-
ability of this method has been validated in several reports and 
correlates with the diagnosis of overt DIC according to the 
International Society for Thrombosis and Haemostasis (ISTH) 
criteria. This biphasic response is due to calcium - dependent 
complex formation between C - reactive protein and very low 
density lipoprotein, which has been shown to increase thrombin 
generation.    

  Activated  c lotting  t ime 
 This test is predominantly used by anaesthetists to monitor 
anticoagulation with heparin during cardiopulmonary bypass 
(CPB) surgery. It uses whole rather than citrated blood and has 
a linear response at the high concentrations of heparin used 
during CPB. The APTT cannot be used because plasma is 
unclottable using this method at these heparin concentrations. 
Measured using a specialized analyser, the activated clotting 
time (ACT) reference range varies according to the method and 
usually falls within 70 – 180   s. During heparinization for CPB, 
the goal is to exceed 400 – 500   s. Off - pump cardiac surgery has 
been described using less anticoagulation and lower ACT refer-
ence ranges of 200 – 300   s.  

  Measurement of  a ctivated  c oagulation  f actors 
 Many publications have reported the measurement of activated 
coagulation factors and inhibitors during various clinical 
situations. Numerous assays and markers of coagulation are 

100

60

40

20

Tr
an

sm
it

ta
n

ce
 (

%
)

0
12

80

24
Time (seconds)

36 4818 30 42

100

60

40

20

Tr
an

sm
it

ta
n

ce
 (

%
)

0
12

80

24
Time (seconds)

36 4818 30 42

     Figure 43.2     Representative normal and 

biphasic waveforms. Activated partial 

thromboplastin time waveform 

patterns: (a) normal; (b) biphasic. 
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(a) TL18   =   100; (b) TL18   =   63.  



842

Procoagulant
(factors VIII, V, XI)

Anticoagulant
(APC)

Profibrinolytic
(tPA)

Antifibrinolytic
(TAFI)

Increased D-dimers
Increased thrombin–
antithrombin complexes

Bleeding

Increased thrombin–
antithrombin complexes
Decreased protein C and AT

Thrombosis

Prolongation of PT and APTT
Thrombocytopenia and
hypofibrinogenaemia 

Bleeding

Increase in TAFI
and PAI levels 

Thrombosis

Activated protein C
Antithrombin
Heparin 

Antifibrinolytics

Normal coagulation

Disseminated intravascular coagulation

Thrombin

Clotting factor and platelet consumption

Anticoagulant consumption

Hyperfibrinolysis Excess antifibrinolysis
Excess

thrombin

FFP, platelets, cryoprecipitate
or fibrinogen concentrate

  Table 43.1    Clinical conditions associated with disseminated intravascular coagulation. 

   Sepsis/severe infection   

  Potentially any microorganism, including Gram - positive and 

Gram - negative bacteria, viruses, fungi and rickettsial infections  

  Malaria and other protozoal infections  

   Trauma   

  Serious tissue injury  

  Head injury  

  Fat embolism  

  Burns  

   Malignancy   

  Solid tumours  

  Haematological malignancies (e.g. acute promyelocytic leukaemia)  

   Obstetric complications   

  Placental abruption  

  Amniotic fl uid embolism  

  Pre - eclampsia  

  Intrauterine fetal demise  

   Vascular abnormalities   

  Giant haemangiomas (Kasabach – Merritt syndrome)  

  Large vessel aneurysms (e.g. aortic)  

   Severe toxic or immunological reactions   

  Snake bites  

  Recreational drugs  

  Severe transfusion reactions  

  Transplant rejection  

   Miscellaneous   

  Severe pancreatitis  

  Heat stroke  

  ABO mismatch transfusion  

     Figure 43.3     The changes in disseminated intravascular 

coagulation are compared with the normal coagulation. The 

excess thrombin generation in DIC leads to either bleeding or 

thrombosis (left) based on the predominant coagulation change 

(right) which has occurred. The therapeutic intervention in each 

setting is given by the arrow towards each double box. TAFI, 

thrombin activatable fi brinolysis inhibitor; PAI, plasminogen 

activator; AT, antithrombin.  
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generated during sepsis and trauma can lead to further recruit-
ment of neutrophils, cause lipid peroxidation and stimulate 
nuclear factor (NF) -  κ B to initiate the transcription of cytokine 
genes. An important role for the complement system has also 
been increasingly identifi ed. Thrombin can convert C5 to C5a 
and the mannan - binding lectin pathway triggers coagulation by 
converting prothrombin to thrombin. C4b - binding protein of 
the complement pathway also binds and thus depletes free 
protein S, the cofactor for activated protein C.  

  Endothelial  c ell  a ctivation and  d ysfunction 
 Dysfunction and failure of the endothelium beyond the host 
adaptive response can lead to the development of DIC. The 
degree to which this occurs and the dominance of thrombotic 
or bleeding sequelae depend on genetic and other host - related 
factors. Damage to and activation of the endothelium down-
regulates and depletes its anticoagulant receptors, such as 
thrombomodulin and endothelial protein C receptor, exposes 
subendothelial collagen that binds activated platelets, and 
releases plasminogen activator inhibitor (PAI) - 1 that inhibits 
fi brinolysis and ultra - large VWF multimers to increase platelet 
aggregation.  In vitro  studies show a downregulation of endothe-
lial TF expression.   

  Clinical  f eatures 

 The perturbed coagulation associated with DIC can manifest 
clinically at any point in the spectrum from bleeding to throm-
bosis. Although bleeding, ranging from oozing at venepuncture 
sites to major gastrointestinal or intracranial haemorrhage, is 
the archetypal and most obvious manifestation of DIC, organ 
failure due to microvascular thrombosis is much more common 
and often unrecognized. For example, in meningococcal septi-
caemia and rarely pneumococcal infection, thrombosis of the 
adrenal vessels can lead to adrenal insuffi ciency and Waterhouse –
 Friderichsen syndrome.  

  Diagnosis 

 DIC is a clinicopathological syndrome and, as such, there is no 
single laboratory test that can confi rm or refute the diagnosis. 
In clinical practice, the diagnosis is usually made by a combina-
tion of routinely available coagulation tests in a clinical situa-
tion where DIC is suspected. DIC must be differentiated from 
other acquired disorders of haemostasis (Table  43.2 ). The 
typical fi ndings are a prolonged PT and APTT, elevated prod-
ucts of fi brin breakdown (e.g. D - dimer), thrombocytopenia 
and reduced fi brinogen. However, results within the normal 
range for these tests do not exclude a signifi cant consumptive 
coagulopathy, especially because the acute - phase response 
results in shortening of the APTT and increased fi brinogen. A 
fall in platelet number within the normal range may also be 
signifi cant.   

due to renal dysfunction and decreased clotting factor synthesis 
due to liver impairment. Conversely, microvascular thrombosis 
can be precipitated by reduced levels of circulating anticoagu-
lant proteins as well as loss of receptors, such as thrombomodu-
lin, in the microvasculature. Endothelial dysfunction can also 
lead to the depletion of nitric oxide and result in uninhibited 
platelet activation. 

  Thrombin  g eneration  in  v ivo  
 The TF pathway plays a major role in initiating thrombin gen-
eration and different aetiologies promote this in different ways. 
In sepsis, the infecting microorganisms induce TF expression 
on monocytes and other infl ammatory cells, while in trauma 
thromboplastin - like substances can be released from injured 
tissues like the brain. During obstetric complications, the pla-
centa and amniotic fl uid act as rich sources of TF and phos-
pholipid while malignant cells release products with TF - like 
activity. Although the TF pathway is considered more impor-
tant in thrombin generation, the contact pathway through 
factor (F)XII activation contributes to the pathological state by 
activation of the kallikrein – kinin system, causing vasodilatation 
and hypotension and activation of fi brinolysis.  

  Mechanisms for  d isseminating and  s ustaining 
 t hrombin  g eneration 
 When the inciting insult is persistent or severe, the amount of 
thrombin generated becomes continuous and excessive. This 
can lead to consumption and depletion of both coagulation and 
anticoagulant factors. Increased exposure of negatively charged 
phospholipid surfaces facilitates the assembly and enhances the 
rate of coagulation reactions. Such surfaces, mainly rich in 
phosphatidylserine, are provided by externalization of the inner 
leafl et of cell membranes upon activation and apoptosis. Cell 
damage also leads to the generation of microparticles from 
platelets, monocytes and endothelial cells that increase the 
circulating surface area for coagulation reactions to occur. 
Phospholipid surfaces are also provided by very low density 
lipoprotein, which can increase several fold in severe sepsis to 
further enhance and sustain thrombin generation. Together, 
these mechanisms promote a spatially and temporally expanded 
response that is the hallmark of DIC.  

  Links  b etween  i nfl ammation and  c oagulation 
 Once activated, the infl ammatory and coagulation pathways 
interact to amplify the response. While cytokines and 
proinfl ammatory mediators such as tumour necrosis factor 
(TNF), interleukin (IL) - 1 and high mobility group box protein 
(HMGB) - 1 can induce activators of coagulation, thrombin and 
other serine proteases interact with protease - activated receptors 
(PARs) on cell surfaces to promote further activation and addi-
tional infl ammation. When this process becomes generalized, it 
escapes the well - developed local checks and balances and results 
in a dysregulated undirected response that fuels a vicious cycle 
between infl ammation and coagulation. Reactive oxygen species 
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controlled trials, it is a biologically rational option to replace 
both thrombin - promoting and thrombin - opposing proteins, 
particularly when there is signifi cant depletion of these factors 
in a patient who is either bleeding or at risk of bleeding. In those 

 It is also important to recognize that DIC is a dynamic 
process and thus interpreting a series of laboratory tests over 
time is more relevant than looking at a single set of results. The 
ISTH Sub - Committee of the Scientifi c and Standardization 
Committee on DIC has recommended the use of a scoring 
system for overt DIC (Table  43.3 ). This has been prospectively 
validated in various studies, indicating a very high sensitivity 
and specifi city. A strong correlation between an increasing 
DIC score and mortality has been demonstrated. The optical 
light transmittance profi le of the APTT, referred to as the 
biphasic waveform, has also been shown to correlate well 
with the overt DIC score. The biphasic waveform occurs inde-
pendently of prolongation in the clotting times in patients 
with DIC.   

 Markers of increased thrombin generation (thrombin – 
antithrombin complexes) and increased fi brinolysis (plasmin –
 antiplasmin complexes) as well as endothelial markers have also 
been investigated as laboratory markers for DIC but single 
determinations are neither sensitive nor specifi c for DIC. More 
importantly, their general availability is limited due to practical 
considerations.  

  Treatment 

 The mainstay of treatment of DIC is to remove the underlying 
cause. However, DIC often continues even after appropriate 
treatment for the underlying condition. Supportive therapy 
with blood products may be necessary. Although the effi cacy of 
blood product replacement has not been proven in randomized 

  Table 43.2    Differential diagnosis of 

disseminated intravascular coagulation 

( DIC ). 

  Table 43.3     ISTH  Sub - Committee of the Scientifi c and 

Standardization Committee on  DIC  recommended scoring 

system for overt disseminated intravascular coagulation ( DIC ). 

     1     Risk assessment: does the patient have an underlying disorder 

known to be associated with overt DIC? 

  If yes, proceed  

  If no, do not use this algorithm   

  2     Order global coagulation tests (platelet count, PT, fi brinogen, 

soluble fi brin monomers or FDPs)  

  3     Score global coagulation test results 

 Platelet count ( × 10 9 /L):  >    100, score 0;  <    100, score 1;  <    50, 

score 2 

 Elevated fi brin - related marker (e.g. soluble fi brin monomers or 

FDPs): no increase, score 0; moderate increase, score 2; 

strong increase, score 3 

 Prolonged PT (s):  <    3, score 0;  >    3 but  <    6, score 1;  >    6, 

score 2 

 Fibrinogen (g/L):  >    1, score 0;  <    1, score 1  

  4     Calculate score  

  5     Score  ≥    5 compatible with overt DIC. Repeat scoring daily     

   FDPs, fi brin degradation products; PT, prothrombin time.   

   Condition     Similarities     Differences  

  Liver disease    Bleeding common 

 PT, APTT abnormal 

 Platelet count low 

 Fibrinogen low  

  D - dimer usually 

normal  *   

 FVIII levels not 

affected  

  Microangiopathic haemolytic 

anaemia (e.g. HELLP, TTP)  

  Microthrombi common 

 Platelet count low  

  Bleeding uncommon 

 Coagulation tests 

normal   †     

  Hyperfi brinolysis    PT, APTT abnormal 

 Fibrinogen low  

  Platelet count normal  

  Catastrophic antiphospholipid 

antibody syndrome  

  PT, APTT abnormal 

 Platelet count low  

  Fibrinogen not low 

 D - dimer normal   ‡     

  Massive transfusion    PT, APTT abnormal 

 Fibrinogen low 

 Platelet count low  

  D - dimer normal  

    * Unless additional disorders which increase the D - dimer coexist.  

    †  Unless coexisting DIC.  

    ‡  Some antibodies can affect the D - dimer results.  

  HELLP, haemolysis, elevated liver enzymes, low platelet count (syndrome); TTP, thrombotic 

thrombocytopenic purpura.   
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not improved. Bleeding does not correlate with the clotting 
parameters but with a high white cell count. 

 The cause remains poorly understood and probably relates 
to enhanced proteolysis, including fi brinolysis and disruption 
of endothelial barrier integrity. APL blast cells express TF and 
can also stimulate the production of infl ammatory cytokines, 
which can further amplify TF levels and promote thrombosis. 
Cancer procoagulant, a cysteine proteinase detected on APL 
blast cells, can activate FX independent of FVII. Both these 
procoagulants are noted to be progressively reduced once 
patients have been commenced on ATRA. ATRA has also been 
demonstrated to inhibit vascular endothelial growth factor 
(VEGF) production, which indirectly limits TF production. 
Annexin II expression is enhanced on the surface of the blast 
cells and can act as a cell surface receptor for plasminogen 
and its activator, tissue plasminogen activator (tPA). Elastase, 
cathepsin - G and proteinase - 3 are present in the granules of the 
APL blasts and can directly degrade fi brinogen,  α  1  - antitrypsin, 
C1 esterase inhibitor and VWF, inducing the loss of high - 
molecular - weight multimers. 

 Management of the haemostatic abnormalities revolves 
around supportive care, including platelet transfusions to 
maintain a count of at least 30    ×    10 9 /L (or 50    ×    10 9 /L if the 
patient is bleeding) and the adequate replacement of fi brinogen 
to at least 1.5   g/L. The use of antifi brinolytic agents is supported 
by some evidence but remains controversial. Although markers 
of coagulation activation and fi brinolysis fall rapidly and com-
pletely following the start of ATRA therapy, there appears 
to be a slower resolution of procoagulant markers (up to 30 
days). This may partly explain the clinical observation of throm-
boembolic events occurring in patients on ATRA, and thus 
prophylactic use of low - molecular - weight heparin or other 
anticoagulants should be considered once bleeding manifesta-
tions have settled.  

  Vitamin  K  and  r elated  d isorders 

  Vitamin  K   m etabolism 

 Vitamin K ( ‘ K ’  denoting  Koagulation ) is a group of lipophilic 
and hydrophobic vitamins that are needed for the post - 
translational modifi cation of proteins, mostly required for 
blood coagulation. All forms of vitamin K share a methyl - naph-
thoquinone ring but differ in the structures of the side - chain. 
Phylloquinone (vitamin K 1 ) is derived from plants and has a 
phytyl side - chain, while menaquinones (vitamin K 2 ), which 
differ in the constituent of the side - chain, are synthesized by 
bacteria in human and animal intestine. Menadione (vitamin 
K 3 ), a synthetic water - soluble derivative without a side - chain, 
has been withdrawn because its use often resulted in haemolytic 
anaemia and kernicterus, especially in patients with glucose 
6 - phosphate dehydrogenase defi ciency. 

patients not bleeding, transfusion of platelets or plasma in 
patients with DIC should not be undertaken based on labora-
tory results. There are no clinical or experimental data to 
suggest that platelet or plasma transfusions worsen the throm-
botic process. 

 In patients with DIC and bleeding or at high risk of bleeding 
(e.g. after invasive procedures) and a platelet count less than 
50    ×    10 9 /L, transfusion of platelets should be considered, espe-
cially because platelet function may be impaired. In bleeding 
patients with DIC and prolonged clotting times, fresh - frozen 
plasma (FFP) should be administered. If fl uid overload is an 
issue, prothrombin complex concentrates (PCCs) could be con-
sidered but these will only correct vitamin K - dependent com-
ponents. Activated PCCs should not be used because these can 
precipitate DIC. Severe hypofi brinogenaemia ( <    1   g/L) requires 
the use of fi brinogen concentrate or cryoprecipitate to correct. 

 A recent large trial in patients with severe sepsis showed a 
non - signifi cant benefi t of low - dose heparin on mortality and 
suggested that this is continued in patients with DIC and abnor-
mal coagulation parameters, in the absence of overt bleeding. 
Notably, these patients are at highest risk of venous throm-
boembolism due to immobility, recent surgery and a proin-
fl ammatory state. However, the role of heparin remains 
controversial and unproven. 

 Treatment with recombinant human activated protein C in 
adults with severe sepsis signifi cantly reduced mortality at 28 
days from 30.8% to 24.7% and should be considered in sepsis -
 related DIC. It is used as a 96 - hour infusion and caution is 
required in patients with a platelet count less than 50    ×    10 9 /L 
due to the increased incidence of intracerebral haemorrhage. 
Although not licensed, (unactivated) protein C concentrate has 
been reported as useful in meningococcal septicaemia. No evi-
dence exists to support the use of antithrombin or tissue factor 
pathway inhibitor concentrates. 

 The use of pro - haemostatic agents may be necessary in 
certain instances. There are some reports of the successful use 
of recombinant (r)FVIIa in patients with DIC and life - threat-
ening bleeding. Antifi brinolytic agents, such as tranexamic acid 
and  ε  - aminocaproic acid, are not ideal treatments for DIC 
except if increased fi brinolysis with bleeding is observed (e.g. 
some cases of prostate cancer and giant haemangiomas).   

  Haemostatic  d ysfunction in  a cute 
 p romyelocytic  l eukaemia 

 Acute promyelocytic leukaemia (APL), in particular the micro-
granular variant (AML - M3v), is associated with major coagula-
tion disturbance including DIC in at least 80% of cases. 
Although the introduction of all -  trans  retinoic acid (ATRA) and 
arsenic trioxide as differentiation agents has markedly reduced 
the rate of early haemorrhagic death and almost 90% of patients 
are cured, the 10% mortality from bleeding complications has 
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     Figure 43.4     Vitamin K metabolism.  

  Table 43.4    Features of vitamin  K  - defi ciency bleeding ( VKDB ). 

        Early VKDB     Classical VKDB     Late VKDB  

  Presentation    First 24 hours of life    Days 2 – 7 of life    Day 8 to 6 months of life  

  Cause    Infants of mothers on vitamin 

K - inhibiting drugs  

  Inadequate feeding    Cholestasis or malabsorption 

syndromes  

  Clinical presentation    Severe, with intracranial and 

intrathoracic bleeds  

  Milder, with gastrointestinal 

or umbilical bleeds being 

common  

  Severe, with high incidence 

of intracranial bleeds with 

 ‘ warning bleeds ’  in up to 

one - third  

  Incidence of intracranial 

haemorrhage  

  High    Rare    Very high  

centa, breast milk has low levels and there is low colonic bacte-
rial synthesis. The clinical presentation of vitamin K defi ciency 
in infants is with bleeding. It was previously called  ‘ haemor-
rhagic disease of the newborn ’  but is now termed vitamin K 
defi ciency bleeding (VKDB). Supplementation of vitamin K is 
necessary to reduce the risk of bleeding, especially in exclusively 
breast - fed babies. A single intramuscular injection of vitamin K 
1   mg prevents VKDB; however, if oral replacement is used, pro-
longed administration is required, although the exact dose is 
still controversial. 

 In adults, vitamin K defi ciency is uncommon due to recycling 
of the vitamin and an adequate gut fl ora. However, a poor 
dietary intake in combination with antibiotic therapy can cause 
defi ciency. Other causes of vitamin K defi ciency include malab-
sorption, cholestatic liver disease (poor enterohepatic circula-
tion) and drugs such as anticonvulsants and warfarin. 

 Vitamin K - dependent coagulation factors in healthy full -
 term infants are about half of normal adult values. Adult values 
are reached by about 6 months except for protein C, which does 
not reach adult levels until adolescence. Coagulation tests 
should be compared with age - matched reference ranges to dis-
tinguish physiological and pathological defi ciencies. 

 VKDB in young children has been classifi ed into early, clas-
sical and late types. The clinical features are shown in Table 
 43.4 . The diagnostic criteria for VKDB includes a PT more than 
four times control in the presence of at least one of (i) a normal 
platelet count, normal fi brinogen level and absent fi brinogen 
degradation products, (ii) normalization of coagulation tests 
after parenteral vitamin K administration or (iii) the presence 
of proteins induced by vitamin K absence or antagonism 
(PIVKA) in plasma. The presence of PIVKA without a coagula-
tion defi cit is a marker of subclinical vitamin K defi ciency.   

 The treatment of a non - life - threatening bleed is with vitamin 
K 1  (phytomenadione) given slowly intravenously. A dose of 
1 – 2   mg is enough to fully correct the defi ciency in infants aged 
up to 6 months, higher doses offering no advantage in effi cacy 
or speed of reversal. There have been reports of anaphylactic 
reactions with the parenteral form although these are rare. The 

 Vitamin K is a cofactor for vitamin K - dependent carboxylase, 
an enzyme that catalyses the carboxylation of glutamic acid 
(Glu) residues in several proteins (Figure  43.4 ). A free cysteine 
residue in the carboxylase converts reduced vitamin K (KH 2 ) 
into a strong base that can extract hydrogen from the  γ  - carbon 
of glutamic acid. Subsequently, carbon dioxide is added to form 
 γ  - carboxyglutamic acid (or Gla). This reaction results in vitamin 
K 2,3 - epoxide, which is recycled to reduced vitamin K by 
vitamin K epoxide reductase (VKOR), the enzyme inhibited by 
coumarin anticoagulants.   

 The Gla domains of the vitamin K - dependent coagulant and 
anticoagulant proteins (FII, FVII, FIX, FX and proteins C and 
S) allow calcium - dependent binding to negatively charged 
phospholipids of activated cell membranes. This enhances the 
rate of the enzymatic reactions. In the bones, carboxylation of 
the Gla protein osteocalcin is essential for incorporation of 
calcium into hydroxyapatite crystals. Retrospective studies 
suggest that long - term therapy with coumarin - based antico-
agulants can affect vertebral bone density and fracture risk.  

  Vitamin  K   d efi ciency 

 Vitamin K defi ciency can occur at any age but is more 
common in infants because vitamin K does not cross the pla-
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  Haemostatic  d isturbance in  l iver  d isease  
 (Figure  43.5 )   

 Almost all procoagulant factors, natural anticoagulants and 
inhibitors of coagulation are synthesized in the liver. The liver 
is also involved in the clearance of activated clotting factors 
from the circulation. The effect of liver disease on haemostasis 
is therefore complex and a balance between procoagulant and 
antithrombotic changes (Figure  43.5 ; Table  43.5 ). Routine 
coagulation tests such as PT and APTT are commonly pro-

PT should improve within 48 hours and if this has not occurred 
after three doses, continuation of vitamin K in most cases is 
unlikely to help. Oral replacement may be used if there is no 
active bleeding and absorption is normal. Patients with severe 
bleeding should be treated with FFP or PCC. 

 Poisoning with warfarin follows the accidental ingestion of 
large doses of warfarin or compounds with similar properties. 
Diagnosis is suggested by poor correction of PT or International 
Normalized Ratio (INR) with normal doses of vitamin K. 
Serum assays of warfarin concentration can be undertaken for 
confi rmation.   

Procoagulant
(a)

(b)

Antifibrinolytic Profibrinolytic Anticoagulant

Procoagulant Antifibrinolytic Profibrinolytic Anticoagulant

Thrombosis

Bleeding

     Figure 43.5     Haemostatic disturbance 

in liver disease. The haemostatic 

system in liver disease (bottom) 

compared with normal haemostasis 

(top). In normal healthy adults, the 

procoagulant and anticoagulant 

systems and the profi brinolytic and 

antifi brinolytic systems form a balance 

that is not easily disturbed. In patients 

with liver impairment, all four 

components are variably reduced and 

additional stimuli like infections or 

renal failure can upset the balance very 

easily, leading to either bleeding or 

thrombosis.  

  Table 43.5    Causes of increased bleeding tendency or coagulation abnormalities in liver disease. 

  Hypofi brinogenaemia  

     Impaired synthesis  

     Loss into extravascular spaces (ascites)  

     Increased catabolism  

     Loss due to massive haemorrhage  

  Dysfi brinogenaemia: abnormal sialic acid content  

  Abnormal fi brinolysis  

     Increased release and decreased clearance of tissue 

plasminogen activator  

     Decreased synthesis of  α  2  - antiplasmin, plasminogen and 

thrombin - activated fi brinolysis inhibitor  

  Infections  

  Endogenous heparinoids: anti - FXa activity  

  Renal failure  

  Sinusoidal endothelial cell dysfunction  

  Hypothermia  

  Decreased coagulation factors  

     Decreased synthesis  

     Vitamin K defi ciency  

     Increased clearance  

     Abnormal coagulation factors due to hypocarboxylation  

  Decreased platelets  

     Sequestration in spleen or liver  

     Thrombopoietin defi ciency  

     Destruction due to toxins or antiplatelet antibodies or toxins  

     Toxic effect of alcohol on marrow  

  Dysfunctional platelets  

     Altered platelet arachidonic acid metabolism  

     Defective signal transduction  

     Storage pool defi ciency  

     Abnormalities of the platelet glycoprotein  

     Increased platelet inhibitors nitric oxide and prostacyclin  
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less than that of FII, FVII, FX and protein C. The levels of these 
factors, especially FVII, have been demonstrated to fall propor-
tionately with increasing severity of disease, with levels of FVII 
shown to be an independent predictor of survival (level below 
34% associated with 93% mortality). Chronic liver impairment 
also leads to vitamin K defi ciency, mainly by decreased absorp-
tion from the gut as a result of reduced bile salt secretion in 
cholestasis (parenteral vitamin K responsive) and decreased 
synthesis in parenchymal disease (parenteral vitamin K non -
 responsive). The PT, a test for the vitamin K - dependent factors, 
has been incorporated into prognostic indices of chronic liver 
disease, such as the Child – Pugh and Mayo End - Stage Liver 
Disease scores. Despite the prolongation of clotting tests such 
as PT and APTT, bleeding after liver biopsy or other potentially 
haemorrhagic procedure in patients with cirrhosis is rare, sug-
gesting that these tests are not on their own indicative of the 
haemorrhagic tendency. Both these laboratory tests were devel-
oped to investigate coagulation factor defi ciencies in patients 
with a bleeding history and as such they only measure the pro-
coagulant factors. Overall, haemostasis is a complex interrela-
tionship between endothelium, platelets, procoagulant proteins 
and inhibitors. The levels of such inhibitors (or anticoagulant 
proteins), antithrombin and proteins C and S are reduced in a 
similar manner to other clotting factors, thus potentially pro-
viding a net balance in haemostasis. Evidence for normal 
thrombin production in cirrhosis despite abnormal conven-
tional coagulation tests has been recently demonstrated by 
thrombin generation tests, which include the other haemostatic 
parameters including platelets. 

 It is common practice to use the INR instead of the PT to 
access patients with liver disease. However, the INR is standard-
ized for patients taking vitamin K antagonists and its use in 
patients who have liver disease requires determination of an 
international sensitivity index (ISI) relevant to liver disease. 
Recently, attempts have been made to use modifi cations of the 
INR called the INR liver,  which is free of the warfarin - based refer-
ence range. 

 Most patients with stable chronic liver disease have normal 
or increased fi brinogen, although in advanced disease fi brino-
gen falls. This may be due to impaired synthesis, loss into 
extravascular spaces (ascites), increased catabolism or massive 
haemorrhage. Some patients develop dysfi brinogenaemia due 
to increased activity of sialyltransferase expressed by immature 
hepatocytes generated during hepatic injury, which leads to 
low - molecular - weight fi brinogen with abnormal  α  - chains and 
higher sialic acid content. Dysfi brinogenaemia is refl ected by a 
prolonged TT and/or reptilase time, with the fi brinogen antigen 
level reduced less than the Clauss fi brinogen. Cirrhosis can 
also be associated with accelerated fi brinolysis due to decreased 
clearance of tPA, and decreased synthesis of  α  2  - antiplasmin, 
plasminogen and thrombin - activatable fi brinolysis inhibitor 
(TAFI). However, the level of TAFI defi ciency in cirrhosis is not 
associated with increased plasma fi brinolysis when a global test 

longed in liver disease but are only sensitive to decreases in 
procoagulant factors and hence are liable to overestimation of 
the haemostatic defect. Patients with liver disease have similar 
thrombin generation to healthy control individuals, when tests 
are performed in the presence of thrombomodulin to make 
them sensitive to protein C defi ciency.     

  Acute  h epatitis 

 Patients with acute hepatitis are often thrombocytopenic (plate-
lets 100 – 150    ×    10 9 /L). The mechanism for this may be immune, 
due to concurrent hypersplenism or DIC. Platelet function may 
be impaired in acute hepatitis, although this is unlikely to be of 
clinical signifi cance. In acute liver disease, hepatic biosynthesis 
of clotting factors is impaired and this may be refl ected in a 
prolongation of coagulation tests. The PT and FV, FVII, anti-
thrombin and protein C levels are the most sensitive to hepatic 
biosynthetic dysfunction. The PT and FVII level predict survival 
in acute liver disease. The plasma fi brinogen may be raised in 
acute hepatic disturbance as part of an acute - phase response. A 
low fi brinogen level is associated with a poor prognosis in this 
context. A pattern of reduced fi brinogen and increased fi brin 
degradation products seen in acute liver disease may be due to 
hyperfi brinolysis.  

  Chronic  l iver  d isease 

 Low platelet count and abnormal platelet function are also 
common in liver disease and have been thought to lead to 
bleeding. Mild to moderate thrombocytopenia is noted in up 
to 30% of patients with chronic liver disease and in up to 90% 
of patients with terminal liver disease. In patients with cirrhosis, 
this is frequently related to hypersplenism, secondary to portal 
hypertension. In addition, dietary problems, such as folate defi -
ciency and the direct toxic effect of ethanol on megakaryocyte 
function, may contribute to thrombocytopenia. A more pro-
found thrombocytopenia in patients with hepatitis C virus 
(HCV) infection may be autoimmune, although the response 
to steroids is poor; however, approximately half of adult such 
patients treated with interferon alfa responded with a rise in 
platelet count. Recently, a Phase II study using eltrombopag, 
an oral thrombopoietin receptor agonist, increased platelet 
counts in the majority of patients with cirrhosis associated with 
HCV infection to more than 100    ×    10 9 /L in a dose - dependent 
manner. Several platelet function abnormalities have also been 
demonstrated in liver disease. Despite this, recent evidence 
shows that VWF which binds to platelet glycoprotein is found 
to be increased tenfold and has been shown to support platelet 
adhesion despite reduced functional capacity. In addition, 
desmopressin did not show any effi cacy in reducing blood 
loss in patients undergoing partial liver resection or liver 
transplantation. 

 Coagulation factor and natural anticoagulant synthesis is 
affected by chronic liver disease. FIX synthesis is usually reduced 
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presence of active bleeding. Large volumes of FFP may be 
required and this may present a management problem in 
patients with hepatic disease who are at risk of fl uid overload. 
Platelet transfusion may be necessary, although platelet recov-
ery may be reduced because of hypersplenism or immune -
 mediated destruction. There are no evidence - based guidelines 
to establish safe coagulation levels for liver biopsy and similar 
procedures and as such it is important to allow these only 
when the benefi ts outweighs the risks (transjugular route safer 
than percutaneous for liver biopsy). However, correction of 
the coagulopathy is particularly important before the placement 
of an intracranial pressure transducer in patients with hepatic 
encephalopathy. Spontaneous intracranial bleeding has been 
reported in such patients, though rarely, and this remains 
one of the principal concerns regarding abnormal coagulation 
in liver disease. In patients with evidence of increased fi brinoly-
sis, antifi brinolytic drugs such as tranexamic acid should be 
considered.  

  Liver  t ransplantation 

 The changes in the balance of haemostasis seen during liver 
transplantation are complex and multifactorial and can be due 
to surgical and non - surgical causes. Traditionally, the process 
of liver transplantation is split into three stages: stage I, the pre -
 anhepatic stage, which ends with the occlusion of the recipient ’ s 
hepatic blood fl ow; stage II, the anhepatic phase, which ends 
with the reperfusion of the donor liver; and stage III, the reper-
fusion and neohepatic period. The risk of bleeding in the 
pre - anhepatic stage is related directly to the preoperative haem-
orrhagic risk related to the underlying liver disease. A reduction 
in procoagulant factors may also be seen, especially if large 
blood losses necessitate transfusion, leading to the dilution of 
clotting factors. During the second anhepatic stage, many 
studies have reported enhanced fi brinolytic activity. The lack of 
tPA clearance and the reduction in  α  2  - antiplasmin may be 
responsible for this enhanced primary fi brinolysis. The mecha-
nism of the increase in tPA levels is most likely due to lack of 
hepatic clearance. Reperfusion of the liver during the post -
 anhepatic phase is the crucial point of the intervention where 
once again fi brinolysis seems to play a pivotal role. There is a 
dramatic increase after reperfusion in almost three - quarters of 
patients who undergo liver transplantation. Usually, hyperfi bri-
nolysis subsides within an hour, but in damaged donor liver 
sustained increased fi brinolytic activity may be observed. The 
endothelium of the donor liver is an important source of tPA; 
the ischaemic damage to the graft during preservation may 
explain the dramatic increase in plasminogen activators. 
Trapping of platelets in the graft may also play a role in the 
bleeding tendency. After reperfusion, the release of heparin - like 
compounds has also been shown. In the postoperative period, 
a reduction in platelet count is related to platelet activation and 
blood loss in addition to low thrombopoietin levels. The levels 

of fi brinolysis is employed. Also, the levels of plasminogen (a 
fi brinolytic) are reduced and those of PAI - 1 (an antifi brino-
lytic) are high in liver disease, ultimately providing a balance 
for the fi brinolytic system. However, hyperfi brinolysis has been 
found to be a predictor of the fi rst episode of upper gastroin-
testinal bleeding in cirrhotic patients with portal hypertension. 
This is due to delayed clotting activation because of the con-
sumption of clotting factors and inhibition of fi brin polymeri-
zation and also secondary to reduced platelet adhesion and 
induction of platelet disaggregation. 

 Recent experiments have thrown light on non - haematologi-
cal factors contributing to the bleeding diathesis in liver disease. 
These include bacterial infections, endogenous heparinoids, 
sinusoidal endothelial dysfunction and renal failure. Bacterial 
infections are a frequent coexisting problem in cirrhotic patients 
and are related to the degree of liver dysfunction. Infection 
is also an independent risk factor for variceal bleeding, with 
spontaneous bacterial peritonitis commonly preceding variceal 
bleeding and prophylactic antibiotic therapy shown to prevent 
early rebleeding. The endotoxins and infl ammation due to 
infection can also release endogenous heparinoids from the 
endothelium and mast cells. These substances can have anti - FX 
activity that could in theory lead to bleeding. The dysfunction 
in sinusoidal endothelial cells makes them unable to respond to 
abrupt repeated increases in portal pressure (e.g. postprandial 
situations), which can lead to progressive dilatation of varices 
in cirrhosis. Life - threatening haemorrhage in patients with liver 
disease is often related more to portal hypertension (the local-
ized coagulation problem is termed  ‘ accelerated intravascular 
coagulation and fi brinolysis ’ ) than to net dysfunction of the 
clotting cascade, wherein the varices play a major part. Renal 
failure is also common in advanced liver disease (hepatorenal 
syndrome), which can impart a bleeding risk due to various 
reasons discussed separately. Hypothermia used as a therapeu-
tic measure to prevent hepatic encephalopathy can reduce the 
enzymatic activity of plasma coagulation proteins and also has 
an effect on preventing the activation of platelets. Reduced 
hepatic clearance of activated clotting factors and lower synthe-
sis of natural anticoagulants may predispose individuals with 
hepatic disease to DIC. This may occur following Gram - negative 
infection or in association with the insertion of a peritoneo -
 venous shunt. Ascitic fl uid should be discarded at the time of 
shunt insertion to prevent this complication. 

 The management of a bleeding patient with hepatic dysfunc-
tion depends on the site of bleeding and the haemostatic dys-
function. Clotting function should be assessed by means of the 
PT, APTT, TT, and fi brinogen and D - dimer levels, although the 
results should be interpreted in the clinical context before trans-
fusions are undertaken. Vitamin K should be administered 
intravenously (10   mg daily for 3 days) to aid biosynthesis of 
vitamin K - dependent factors. The widespread practice of man-
aging the coagulopathy of liver disease with transfusions of FFP, 
cryoprecipitate or platelets should only be considered in the 
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carditis are also seen but bleeding at the time of renal biopsy is 
rare. Bleeding is seen despite normal or elevated circulating 
levels of coagulation factors, suggesting that platelet abnormali-
ties are the likely cause. This is supported by the fi nding of 
a prolonged bleeding time and reduced platelet aggregation 
to various agonists. Severe thrombocytopenia (platelets 
 <    50    ×    10 9 /L) secondary to renal failure is rare and its presence 
should suggest concomitant conditions such as HCV infection 
or vasculitis. 

 Platelet dysfunction with renal failure is multifactorial and 
can be divided into (i) intrinsic platelet defects, (ii) abnormal 
interaction of platelets with the endothelium, (iii) effects 
of uraemic toxins, (iv) effects of anaemia on platelets and 
(v) dialysis - related. Intrinsic platelet abnormalities reported in 
association with uraemia are shown in Table  43.6 . The interac-
tion between uraemic platelets and the endothelium can be 
markedly reduced, due partly to impaired VWF binding to 
platelets. As a result of excess urea,  l  - arginine is shunted to 
form guanidinosuccinic acid, which can upregulate endothelial 
production of nitric oxide, an inhibitor of platelet aggregation. 
Uraemic patients with prolonged bleeding times also have 
raised prostaglandin (PG)I 2  levels.   

 Anaemia - related haemostatic dysfunction is primarily a 
result of reduced displacement of platelets to the vessel wall by 
red cells. Decreased red cell number also results in reduced ADP 
release and decreased platelet interaction with collagen. Dialysis 
can improve bleeding symptoms and a likely explanation is the 
chronic low - level platelet activation associated with the proce-
dure. Antifi brinolytic agents can help because fi brinogen frag-
ments of fi brinolysis can interfere with platelet receptors. 
Antiplatelet drugs, antibiotics (especially those which can accu-
mulate in renal failure) and heparin may contribute to the 
bleeding risk. 

 The bleeding time better correlates with clinical bleeding 
than tests of renal function, although measurement is rarely 
clinically useful. Adequate dialysis will improve symptoms and 
the bleeding time in most patients. Intravenous or intranasal 

of this hormone increase signifi cantly on the fi rst day after liver 
synthetic function is restored, with the platelet count normal-
izing in 2 weeks. 

 There is little evidence that one can predict the transfusion 
needs of a patient by examining the preoperative coagulation 
results. The profound coagulation abnormalities seen in 
fulminant hepatic failure should be corrected preoperatively. 
However, the correction of a mild coagulopathy in a patient 
with chronic liver disease prior to the operation is less likely to 
be of benefi t. During surgery, the aim is to transfuse blood 
components to prevent the development of intractable coagu-
lopathy. Whole - blood near - patient tests of haemostasis are 
often used in theatre to complement the tests performed in the 
coagulation laboratory. Many departments use algorithms 
based on coagulation and near - patient testing to guide FFP, red 
cell, cryoprecipitate and platelet transfusion during the proce-
dure. Aprotinin can be administered to counteract the increase 
in fi brinolysis observed.  

  Hypercoagulability in  l iver  d isease 

 Tipping of the balance in the complex interplay between endog-
enous procoagulants and the anticoagulant system in liver 
disease can also lead to a hypercoagulable state that negates the 
generally believed notion of an  ‘ autoanticoagulated state ’ . The 
hypercoagulable events may be clinically evident disease, as with 
portal vein thrombosis and venous thromboembolism, but in 
the microvasculature can be a major pathophysiological con-
tributor to portopulmonary hypertension, liver fi brosis (termed 
 ‘ parenchymal extinction ’  in this setting), thrombosis of extra-
corporeal circuits and progression of non - alcoholic steatohepa-
titis to cirrhosis. Hypercoagulation in liver disease may be 
related to poor fl ow, endothelial dysfunction and vasculopathy 
associated with a chronic infl ammatory state, increased levels 
of FVIII and VWF, or decreased synthesis of the naturally 
occurring anticoagulant proteins. Hepatic fi brogenesis may be 
caused by tissue ischaemia and direct thrombin - mediated stel-
late cell activation by PAR - 1 cleavage. FV Leiden mutation, 
protein C defi ciency and increased expression of FVIII were 
associated with rapid progression to cirrhosis in chronic HCV. 
The association between hypercoagulation and increased fi bro-
sis has led to experiments which have shown that interference 
with either the generation of thrombin or its downstream activ-
ity may reduce hepatic fi brosis.   

  Haemostatic  d isturbance in  r enal  d isease 

 Bleeding was a frequent cause of morbidity and mortality in 
patients with renal failure before the advent of dialysis. Common 
manifestations are gastrointestinal bleeding from angiodyspla-
sia and peptic ulcers as well as prolonged bleeding from skin 
puncture sites. Subdural haematomas and haemorrhagic peri-

  Table 43.6    Platelet abnormalities reported in uraemia. 

  Decreased GPIb complexes  

  Reduced serotonin and ADP in the granules  

  Increased levels of cyclic AMP  

  Defective ristocetin - induced platelet aggregation  

  Abnormal mobilization of free cytoplasmic calcium in response 

to agonists  

  Reduced release of arachidonic acid from membrane 

phospholipids  

  Decreased conversion of arachidonic acid to thromboxane A 2   

  Abnormal dense - granule and  α  - granule secretion  

  Abnormal cytoskeletal assembly  

  Defi cient tyrosine phosphorylation  
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replacement therapy may be necessary. In patients with severe 
haemostatic failure, a standard dose of FFP (15   mL/kg) is 
unlikely to be adequate to correct the haemostatic defect and 
the use of larger volumes should be anticipated. Fibrinogen 
should be maintained above at least 1.5   g/L and platelets above 
50    ×    10 9 /L. Some centres now routinely use fi brinogen concen-
trate in obstetric haemorrhage to rapidly correct this clotting 
factor, although this product is not licensed in the UK. rFVIIa 
may be used if haemostasis cannot be secured by standard 
methods but will not be useful in the presence of low fi brinogen 
or thrombocytopenia. 

 As soon as bleeding has been controlled the patient is likely 
to be at high risk of venous thromboembolism; this should be 
assessed and appropriate prophylaxis started.  

  Haemostatic  d ysfunction  a ssociated with 
 c ardiopulmonary  b ypass  s urgery 

 Coronary artery bypass graft (CABG) surgery is associated 
with excessive bleeding in about 5% of cases. Reoperation 
for bleeding is required in 3 – 10% of cases, with a mortality of 
about 30%. Bleeding is more common with revision proce-
dures. A surgically correctable source of bleeding is found in 
over half of cases. Bleeding due to haemostatic disturbances 
can be patient related or CPB related. Antiplatelet, anticoagu-
lant or fi brinolytic drugs, particularly at the time of emergency 
CABG after stenting procedures, commonly contribute to peri-
operative bleeding. Despite its antiplatelet activity, aspirin has 
not been demonstrated to cause increased blood loss after 
CABG, and has been shown to reduce the risk of death by 
one - third. 

 Haemostatic abnormalities associated with CPB are related 
to the interaction of blood with the extensive non - endothelial 
bypass surfaces and retransfusion of pericardial blood. CPB 
decreases both the number and function of platelets. Platelet 
counts fall by 25 – 60% within 15   min of fi rst passage of blood 
through the primed CPB circuit, in association with a pro-
longed bleeding time. This is due to the exposure of platelets to 
the high concentration of unfractionated heparin, the haemodi-
lution caused by by the oxygenator primer and the non - biolog-
ical extracorporeal surface. The platelet count rarely falls below 
100    ×    10 9 /L and persistent or profound thrombocytopenia 
should prompt consideration of alternative causes including 
heparin - induced thrombocytopenia. 

 The observed changes in platelet function in patients under-
going CPB are due to modifi cation of membrane components 
with loss of receptors, decrease in granule contents, aggregation 
to fi brinogen adsorbed onto the bypass circuit, mechanical 
trauma, exposure to hypothermia and heparin. CPB also results 
in increased numbers of platelet fragments and microparticles, 
denoting platelet activation. Following CPB, platelet function 
returns to normal within 1 hour, although the platelet count 

administration of desmopressin in conjunction with antifi bri-
nolytics has also been used successfully to control uraemic 
bleeding. Although the response is brief (4 – 8 hours), the rapid 
onset of action is benefi cial. Care is required to avoid hyponat-
raemia and fl uid retention. Desmopressin is also thought to 
improve platelet function by the enhanced release of endothelial 
VWF multimers and also by increasing the levels of platelet 
glycoprotein (GP)Ib/IX. 

 Estrogen preparations have been used for a more prolonged 
effect, although the mechanism of action is not well under-
stood. Correction of anaemia with recombinant human eryth-
ropoietin so that the haematocrit exceeds 30% improves platelet 
interaction with the vessel wall and has also been shown to 
increase the number of reticulated platelets. Other potentially 
benefi cial effects of recombinant human erythropoietin include 
improved platelet intracellular calcium mobilization, increased 
expression of GPIb and improved platelet signal transduction. 
Cryoprecipitate transfusion for uraemic bleeding is going out 
of favour, although it may be tried if the patient is haemody-
namically unstable.  

  Pregnancy -  r elated  h aemostatic 
 d ysfunction 

 Normal pregnancy is associated with physiological changes in 
haemostasis, with increased levels of procoagulant proteins 
such as fi brinogen, VWF and FVIII and a fall in anticoagulants 
such as protein S. These changes partly contribute to the 
increased risk of venous thromboembolism during pregnancy. 

 Obstetric haemorrhage is the third most common cause of 
maternal death in the UK after venous thromboembolism and 
pre - eclampsia. The cause of bleeding is often multifactorial, 
with a combination of physical and acquired haemostatic 
defects. Consumption leads to depletion of platelets and coagu-
lation factors, particularly fi brinogen. A particularly aggressive 
consumptive coagulopathy is seen with amniotic fl uid embolus 
triggered by TF and phosphatidylserine, and is often fatal. 
Consumptive coagulopathy may also be triggered by placental 
abruption, intrauterine fetal death, pre - eclampsia and acute 
fatty liver of pregnancy. Once bleeding and resuscitation has 
started, a dilutional coagulopathy may exacerbate the haemo-
static failure and contribute to the ongoing bleeding. 

 Treatment requires rapid recognition of bleeding and a coor-
dinated response from obstetricians, midwives, anaesthetists 
and haematologists. Physical methods to control bleeding 
include the use of oxytocins to contract the uterus, B Lynch 
sutures, intrauterine balloon tamponade and uterine artery 
embolization. Assessment of haemostatic failure requires an 
urgent FBC and a coagulation screen that includes a Clauss 
fi brinogen because the PT and APTT may be normal despite a 
low fi brinogen. Blood product replacement is often required 
before the results of the blood test are available and empirical 
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 The presence of an abnormal coagulation test on arrival in 
the emergency department correlates with the severity of injury 
and the mortality rate. A raised PT is the most frequent abnor-
mality (12.4% of patients) while a low platelet count is least 
frequent (5.6%). An abnormal PT and APTT increased the risk 
of mortality by 6.3 - fold and 10.7 - fold, respectively. 

 A guide to blood product support, with transfusion triggers, 
that may be used in conjunction with repeated laboratory tests 
is given in Table  43.7 . Delay in obtaining coagulation and plate-
let count results dictates that empirical blood product replace-
ment is often required. Recent observations, predominantly 
based on experience of battlefi eld trauma, have prompted rec-
ommendations for aggressive and early plasma and platelet 
replacement. This has been termed  ‘ damage limitation resusci-
tation ’  (ratio of 1   :   1   :   1 for red cells, plasma and platelets). This 
strategy has been reported in non - randomized studies to 
improve outcome but defi nitive evidence is lacking for this 
approach. Issues such as hypothermia and acidosis need to be 
addressed by using prewarmed fl uids and extracorporeal 
warming devices and appropriate resuscitation.   

may take several days to normalize. Coagulation factors fall 
because of haemodilution, which can be exacerbated by use of 
cell - salvage systems. Fibrinolysis is also enhanced by returned 
blood from the pericardiotomy suction. 

 Blood component administration in patients with excessive 
bleeding related to CABG is generally empirical, with replace-
ment of FPP and platelets. Near - patient whole - blood testing 
has been used to assess haemostasis and fi brinolysis in the 
context of cardiac surgery and has been shown to help rational-
ize blood product usage. The time delay in obtaining routine 
laboratory tests often limits their use in the acute management 
of bleeding patients. The off - licence use of PCCs and fi brinogen 
concentrates has also been reported. Case reports suggest that 
off - licence use of rFVIIa may be considered in patients who 
have failed standard treatment but randomized studies have not 
supported a role for its use as prophylactic treatment. 

 Aprotinin has been used to reduce bleeding during CPB 
by inhibition of fi brinolysis. Double - blind studies have con-
sistently shown its effectiveness in reducing blood loss in 
com parison with tranexamic acid,  α  - aminocaproic acid and 
desmopressin. However, recent reports have shown a doubling 
of the risk of renal failure requiring dialysis in patients undergo-
ing complex coronary artery surgery and a 55% increase in 
cardiovascular and cerebrovascular events. The current use of 
aprotinin is contentious and under intense debate.  

  Haemostatic  d ysfunction  a ssociated 
with  t rauma 

 Coagulopathy associated with trauma is multifactorial and the 
important initiators include tissue injury, loss of procoagulant 
factors and platelets, physiological and therapeutic haemodilu-
tion, infl ammation, hypothermia and acidosis. The localization 
of coagulation to the sites of injury (in contrast to DIC of sepsis) 
has made some experts use the term  ‘ acute coagulopathy of 
trauma - shock ’ . Tissue damage in trauma initiates coagulation 
via TF, with head injury causing release of brain - specifi c throm-
boplastins into the circulation. Increased fi brinolysis due to the 
direct release of tPA from the endothelium is also seen, together 
with abnormal fi brin polymerization that increases susceptibil-
ity to cleavage by plasmin. 

 Massive blood loss leads to defi ciencies of haemostatic factors 
and up to half of the fi brinogen and one - third of platelets 
may be lost before treatment of the injury has begun. Tissue 
under - perfusion contributes to the coagulopathy by enhancing 
anticoagulation through activated protein C and fi brinolysis 
through reduced TAFI. Physiological fi lling of the vascular 
space with fl uid from cellular and interstitial spaces, along with 
the administration of intravenous fl uids and plasma - poor red 
cells, causes haemodilution to worsen the coagulopathy. Plasma 
expanders are also associated with anticoagulant effects such as 
reduced VWF levels and their use should be limited. 

  Table 43.7    Guide to blood product replacement in massive 

blood loss. 

     1     Control bleeding using surgical and/or radiological 

interventions  

  2     Restore an appropriate circulating blood volume  

  3     Control exacerbating factors: hypothermia and acidosis  

  4     Blood product support as detailed below    

  Red cells  

 Use O - negative red cells fi rst 

 If no record of red cell antibodies, ABO -  and Rh - compatible 

cross - matched blood should be available within 30   min 

(maximum 45   min) 

 Replace red cells as required to maintain circulating blood 

volume 

 Use blood warmer to avoid hypothermia 

  Fresh - frozen plasma  

 Transfuse FFP early to prevent coagulopathy to maintain PT and 

APTT  <    1.5 times normal 

 If PT and APTT  >    1.5 times normal FFP at doses   >    15   mL/kg 

will be required 

  Platelet transfusion  

 One to two adult doses after 1.5 – 2 blood volume replacement 

(equivalent to 8 – 10 bags of red cells) 

 Aim for platelet count  >    50    ×    10 9 /L 

  Fibrinogen  

 Cryoprecipitate (dose: two donation pools) 

 Fibrinogen concentrates (30 – 50   mg/kg) 

 Aim for fi brinogen level  >    1.5   g/L  
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  Non -  a ccidental  b ruising 

 Bruising is a common feature of non - accidental injury in 
both children and adults. Bruises that affect unusual sites, are 
in different stages of maturation or shaped like a hand or instru-
ment should raise concern. In the case of children, appropriate 
liaison with child protection agencies should be undertaken, 
although the possibility of an underlying congenital or acquired 
bleeding disorder should also be thoroughly investigated. Self -
 harm may also present with bruising and should be suspected 
if the pattern of bruising is atypical. Deliberate ingestion of 
anticoagulants and long - acting vitamin K antagonists is also 
possible.  

  Senile  p urpura ( a trophic or  a ctinic  p urpura) 
and  s teroid -  r elated  p urpura 

 Bruising is more common in elderly people due to atrophy of 
subcutaneous tissues and loss of collagen and elastin fi bres in 
subcutaneous tissues. Blood vessels in the skin can be broken 
by minor trauma or shearing forces and typically purpura are 
seen on hands and forearms. If routine tests of platelet number 
and coagulation are normal, no further investigation is required. 
Long - term steroid use is also associated with bruising secondary 
to atrophy of collagen fi bres supporting blood vessels.  

  Psychogenic  p urpura 

 Psychogenic purpura or Diamond – Gardner syndrome is a rare 
condition usually seen most commonly in women with psycho-
logical problems. It presents with painful ecchymotic lesions, 
mostly on the extremities and the face and rarely on less acces-
sible parts of the body. The skin lesions can be preceded by 
paraesthesia or pain and are usually reported after surgery or 
minor trauma. The usual tests for haemostasis reveal no abnor-
malities. Diamond and Gardner suggested the possibility of a 
local reaction to the patient ’ s own red cell stroma and gave it 
the name  ‘ autoerythrocyte sensitization syndrome ’ .  

  Scurvy 

 Scurvy is caused by a lack of vitamin C (ascorbic acid), which 
is required for the hydroxylation of prolyl and lysyl residues in 
the formation of mature collagen. Vitamin C defi ciency renders 
the collagen unable to self - assemble into rigid triple helices, 
resulting in blood vessel fragility and poor wound healing. The 
characteristic clinical fi nding is perifollicular haemorrhage but 
large ecchymoses can occur on the legs and trunk. Follicular 
hyperkeratosis and corkscrew hairs are other cutaneous fea-
tures. Bleeding gums are also common. Scurvy is more common 
in people with poor nutrition, especially alcoholics. The diag-
nosis is made clinically although levels of plasma or leucocyte 

 A randomized controlled trial of rFVIIa versus placebo in 301 
patients with blunt and penetrating injuries showed a reduction 
in 2.6 RBC units transfused for the blunt trauma subgroup and 
a similar though non - signifi cant trend in the penetrating injury 
subgroup. The incidence of adult respiratory distress syndrome 
was decreased in patients with blunt injury who received rFVIIa, 
although there were no differences in survival or in the inci-
dence of thromboembolic events and multiorgan failure. In 
view of these data, use of rFVIIa in the management of trauma 
has to be considered on an individual basis.  

  Coagulopathy in  m assive  b lood  l oss 

 Massive blood loss is usually defi ned as 1 blood volume (about 
5   L in an adult) in 24 hours or 50% blood volume in 3 hours or 
more than 150   mL/hour. The associated coagulopathy is 
complex and multifactorial. It is partly dilutional as blood is 
replaced with volume expanders and red cells but DIC, hypoxia, 
hypothermia and acidosis contribute in some clinical situations. 
Haemostatic management should be to maintain a platelet 
count of at least 75    ×    10 9 /L, a threshold that is likely to be 
reached after a 2 - blood - volume transfusion. A higher platelet 
count of about 100    ×    10 9 /L will be needed in major trauma or 
central nervous system bleeding. Fibrinogen should be main-
tained above at least 1.5   g/L, a level that is likely to be reached 
after about a 1.5 - blood - volume transfusion, assuming no sig-
nifi cant additional consumptive coagulopathy. 

 Haemostatic therapy is to infuse platelets and FFP in volumes 
likely to maintain a safety margin above these critical levels. 
Hypofi brinogenaemia unresponsive to FFP may require cryo-
precipitate or fi brinogen concentrate. It is important to predict 
ongoing dilution and consumption of coagulation factors and 
to replace these expectantly if bleeding continues. Regular 
measurement of FBC and coagulation screens (including Clauss 
fi brinogen) are important for monitoring replacement treat-
ment, although often these are not available rapidly enough to 
guide initial management and empirical treatment may be 
required in the early phases (see Table  43.7 ).  

  Bruising 

  Purpura  s implex ( n ormal/easy  b ruising) 

 Distinguishing normal from pathological bruises may be diffi -
cult and individuals have variable thresholds for presenting for 
medical review. If bruising is not associated with other symp-
toms suggestive of a bleeding disorder and routine tests of 
coagulation (including VWF levels and platelet number) are 
normal, the patient can be reassured. Drugs such as non - ster-
oidal anti - infl ammatory agents or selective serotonin reuptake 
inhibitors are sometimes implicated.  



Postgraduate Haematology

854

ria are present,  ‘ suspected HHT ’  when two criteria are present, 
or  ‘ HHT unlikely ’  when only one criterion is present. All the 
offspring of an affected individual are at risk of having the 
disease since HHT may not manifest until late in life. 

 Mutations in the  ENG  gene (encoding endoglin) and  ALK1  
gene (encoding activin receptor - like kinase 1) have been 
described. These genes encode proteins that are involved in 
signalling by the transforming growth factor (TGF) -  β  super-
family. In healthy endothelial cells, ALK - 1 and endoglin coop-
erate in the TGF -  β /Smad pathway. In HHT types 1 and 2, either 
endoglin or ALK - 1 fail in cooperative signalling resulting in 
impaired TGF -  β  signalling. The latter can lead to a decreased 
capacity to form cord - like structures typical of the angiogenic 
process. This leads to dysregulation in the organization of the 
capillary network and arteriovenous malformation. Recently, it 
has also been shown that TGF -  β 1 has a biphasic effect on ang-
iogenesis depending on its concentration. At high concentra-
tions TGF -  β 1 inhibits VEGF - induced endothelial cell invasion 
and capillary lumen formation, whereas lower TGF -  β 1 concen-
trations potentiate VEGF activity. Increased levels of VEGF 
have been demonstrated in HHT (especially in patients who 
have frequent bleeds) and agents that inhibit VEGF, like tha-
lidomide and bevacizumab, have been successful in treating 
severe HHT. 

 Cerebral, pulmonary and neurological involvement is 
described more commonly with  ENG  mutations, whereas 
liver involvement has been associated with  ALK1  mutations. 
Telangiectasia usually appears during the second and third 
decades of life but presentation at all ages has been described. 
Typical lesions are red 0.5 – 3   mm spots that blanche with pres-
sure and are often noted on the skin of face and lips and mucosal 
surfaces of the tongue and mouth. Symptoms range from cos-
metic and recurrent epistaxis and mouth bleeding to iron defi -
ciency and intracranial haemorrhage. Epistaxis is seen in the 
majority of patients and is usually recurrent. Gastrointestinal 
bleeding from both upper and lower bowel and haematuria are 
also seen. Emboli, including septic emboli, may occur and anti-
biotic prophylaxis at the time of invasive procedures such as 
dental extraction is recommended. Occasionally bleeding can 
occur from internal organs without visible lesions. 

 Virtually all internal organs can be affected. The lungs 
develop pulmonary arteriovenous fi stulae in about 30% of 
patients leading to haemoptysis, sometimes catastrophic, 
hypoxia, dyspnoea, high - output cardiac failure and clubbing. 
Transient ischaemic attacks, cerebral infarction and systemic 
emboli due to right - to - left shunting occur in about half of the 
patients with pulmonary arteriovenous fi stulae. Pulmonary 
arteriovenous fi stulae may worsen during pregnancy. Liver 
involvement is present in the majority of patients and, though 
often asymptomatic, can lead to cirrhosis, portal hypertension 
and high - output cardiac failure. Conjunctival telangiectasia 
may cause benign bleeds while more serious retinal bleeds can 
occur. Intracranial haemorrhage is associated with arteriov-

vitamin C can be measured. A prompt response to vitamin C 
treatment is also diagnostic.  

  Inherited  d isorders of  c ollagen and 
 e lastic  fi  bres 

 Ehlers – Danlos syndrome (EDS) is a group of dominantly inher-
ited disorders of connective tissue characterized by lax hyper-
elastic skin, joint laxity and poor wound healing. There are six 
subtypes and subtype IV is associated with severe varicosities 
and spontaneous rupture of major blood vessels. Bruising is 
seen in 90% of patients with EDS and has also been reported in 
people with lax joints who do not fulfi l the criteria of EDS. 
Although mild platelet and coagulation factor dysfunction has 
been reported in association with EDS, it is likely that these are 
coincidental. Some patients have a prolonged bleeding time and 
this can respond to DDAVP. Other disorders such as osteogen-
esis imperfecta and Marfan syndrome may also be associated 
with bruising. Recently, a pseudoxanthoma elasticum - like dis-
order has been described where defi ciency of the vitamin 
K - dependent clotting factors was noted along with the typical 
excessive skin folding (or cutis laxa).   

  Haemostatic  d ysfunction  a ssociated 
with  v asculitis 

 The vasculitides are a heterogeneous group of disorders char-
acterized by infl ammation within blood vessel walls of different 
organs. It is classifi ed by the size of the blood vessel involved 
and can be associated with both thrombosis, for example 
Beh ç et ’ s disease (see Chapter  46 ), and haemorrhage. The classic 
presentation of Henoch – Sch ö nlein purpura is palpable purpura 
without thrombocytopenia or coagulopathy, arthritis/arthral-
gia, abdominal pain and renal disease. Henoch – Sch ö nlein 
purpura is more commonly associated with bleeding than 
thrombosis.  

  Arteriovenous  m alformations 

  Hereditary  h aemorrhagic  t elangiectasia 

 Hereditary haemorrhagic telangiectasia (HHT) is a dominantly 
inherited, highly penetrant, familial disease in which tel-
angiectasia develop on the skin and mucous membranes. 
Associated large arteriovenous malformations may occur in 
solid organs. International consensus diagnostic criteria have 
been developed based on epistaxis, mucocutaneous telangiecta-
sia, visceral lesions and an affected fi rst - degree relative. A 
patient is diagnosed as having  ‘ defi nite HHT ’  when three crite-
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venous plexus becomes visible because of increased amounts of 
desaturated venous blood. Organ involvement from cholesterol 
emboli is dependent on the vascular supply, with renal ischae-
mia being the commonest. The diagnosis of this condition is 
often missed unless the occurrence of the clinical features is 
related to the triggering procedure. Fundoscopy can reveal the 
presence of retinal cholesterol crystals (Hollenhorst plaques) in 
about 25% of cases. Biopsy of the cutaneous lesion or the 
affected organ is required for defi nitive diagnosis. The prosta-
cyclin analogue iloprost has been used successfully in painful 
cutaneous necrotic lesions and renal insuffi ciency in a single 
report.  

  Fat  e mbolism  s yndrome 

 Fat embolization is characterized by release of fat droplets into 
the systemic circulation after a traumatic or iatrogenic event. 
Its incidence depends on the bone involved (fractures of the 
femoral shaft    >    tibia or fi bula    >    neck of femur), isolated or 
multiple fractures, age (10 – 40 years) and gender (occurs more 
in males). Although more common after lower limb fractures, 
fat embolism syndrome can also occur after liposuction, bone 
marrow harvesting, total parenteral nutrition, sickle cell crisis 
and pancreatitis. Classically, it presents with the triad of respira-
tory distress, mental status changes and petechial rash 24 – 48 
hours after pelvic or long - bone fracture. The rash is pathogno-
monic and is seen usually on the conjunctiva, oral mucous 
membranes and upper body possibly due to embolization of fat 
droplets accumulating in the aortic arch. The diagnosis is made 
clinically because laboratory and radiographic diagnosis is non -
 specifi c and inconsistent. Thrombocytopenia is common due 
to platelet activation and consumption into the thrombi. 
Management is mainly supportive with intensive care manage-
ment to ensure haemodynamic stability. Aspirin and corticos-
teroids have also been shown to be helpful, although the use of 
heparin is controversial.  

  Warfarin -  i nduced  s kin  n ecrosis 

 Warfarin - induced skin necrosis is a rare condition that is due 
to microvascular thrombi provoked by a transient imbalance 
between procoagulant and anticoagulant factors. It most com-
monly affects the breasts, buttocks and thighs. It may occur on 
initiation of warfarin, especially in patients with heterozygous 
protein C or protein S defi ciency because of the relatively 
shorter half - lives of the vitamin K - dependent proteins C and S 
compared with prothrombin. It is also seen in association with 
heparin - induced thrombocytopenia. It is prevented by bridging 
the initiation of warfarin with heparin and avoiding high 
loading doses. Treatment requires discontinuation of warfarin 
and starting therapeutic heparin. Intravenous infusions of 
protein C concentrate may also be used in the short term. 
Surgical d é bridement may be required in extensive cases.   

enous fi stulae but embolization including septic emboli also 
commonly cause cerebral symptoms. 

 Screening tests in patients with mucocutaneous telangiectasia 
should include FBC, ferritin, liver function tests, chest radiog-
raphy, liver ultrasound and contrast echocardiography (to iden-
tify pulmonary shunts). The role of gastrointestinal endoscopy 
and CT angiography or MRI of lung or brain in asymptomatic 
patients is unclear. 

 Treatment options for symptomatic lesions include local 
options such as laser therapy of skin and mucosal telangiectasia 
and embolization of arteriovenous malformations in lung or 
nervous system. Systemic treatment with estrogens and tran-
examic acid may reduce bleeding symptoms.  

  Kasabach – Merritt  s yndrome 

 Kasabach – Merritt syndrome is a rare condition in which a 
vascular tumour (Kaposiform haemangioendothelioma) is 
associated with thrombocytopenia, hypofi brinogenaemia and 
bleeding, which can be life - threatening. The thrombocytopenia 
in Kasabach – Merritt syndrome is presumed to be due to plate-
let adhesion to the abnormally proliferating endothelium. This 
results in the activation of platelets with secondary consump-
tion of clotting factors, including VWF, leading to systemic 
haemostatic failure. Excessive fl ow and shear rates secondary to 
arteriovenous shunting also contribute. The platelet count is 
often less than 20    ×    10 9 /L and platelet half - life dramatically 
reduced. Intralesional bleeding can cause rapid enlargement 
of the haemangioma and can worsen the consumptive coagu-
lopathy. Intralesional thrombosis may rarely occur, causing 
spontaneous resolution of some lesions. In addition to the 
thrombocytopenia and abnormal coagulation, some degree of 
microangiopathic haemolysis may be seen, suggesting intravas-
cular coagulopathy. Management involves supportive care and, 
if possible, removal of the lesion. Steroids, interferon, chemo-
therapy with vincristine, radiotherapy and anti - angiogenic 
agents have been tried.   

  Microthromboembolic  d isease 

  Cholesterol  e mbolism 

 Cholesterol embolism is a complication of widespread athero-
sclerotic disease. Rupture of an atherosclerotic plaque can occur 
spontaneously or, more commonly, at the time of vascular 
surgery or invasive procedures. Anticoagulant or fi brinolytic 
therapy can also weaken thrombi that usually prevent the 
release of cholesterol crystals. The characteristic presentation is 
with small limb - vessel occlusion with well - preserved peripheral 
pulses, which may occasionally lead to gangrene. Another 
common skin fi nding is livedo reticularis, where the cutaneous 
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  Acquired  i nhibitors of  c oagulation  f actors 

 Inhibitory autoantibodies to all coagulation factors have been 
described, although those against FVIII and VWF are most 
common. 

  Acquired  h aemophilia  A  

 Acquired haemophilia A has an annual incidence of about 1.5 
per million and usually affects older patients with a median age 
of about 75 years. It affects males and females equally, except 
in younger patients where there is a female preponderance asso-
ciated with pregnancy. Acquired haemophilia A presents with 
a typical bleeding pattern that is distinct from that seen in con-
genital haemophilia. Widespread subcutaneous bleeding is 
common, as are muscle bleeds and gastrointestinal and geni-
tourinary bleeding. Neurovascular compression may be limb -
 threatening. Haemarthroses are relatively uncommon. Fatal 
bleeding, such as intracranial, pulmonary, gastrointestinal and 
retroperitoneal, occurs in 8 – 22% of cases (Table  43.8 ). Patients 
remain at risk of severe bleeding until the inhibitor has been 
eradicated even if they present with mild bleeding. Acquired 
haemophilia A is associated with an underlying autoimmune 
(systemic lupus erythematosus or rheumatoid arthritis), malig-
nant, lymphoproliferative or dermatological (pemphigoid) 
disease or pregnancy in about half of cases (Table  43.9 ). If 
acquired haemophilia A presents in association with pregnancy, 

  Haemostatic  d ysfunction  a ssociated with 
 p araproteinaemia and  a myloidosis 

  Paraproteinaemia 

 Bleeding and thrombotic complications both occur in associa-
tion with paraproteinaemias, although abnormalities in labora-
tory tests are found much more frequently than clinical effects. 
Bleeding is more common in Waldenstr ö m macroglobulinae-
mia and amyloidosis than multiple myeloma. Among myeloma 
patients, bleeding is most common in those with IgA parapro-
teinaemia. The circulating paraprotein in these conditions can 
(i) cause hyperviscosity and lead to arterial and retinal bleeds 
due to abnormal wall shear stress; (ii) inhibit or increase clear-
ance of FVIII and VWF leading to von Willebrand disease or, 
less commonly, acquired haemophilia; (iii) impair platelet 
aggregation; (iv) inhibit fi brin polymerization; and (v) have 
heparin - like anticoagulant function that can be reversed by pro-
tamine. Management of these conditions is directed towards the 
underlying cause. Plasma exchange is of help as a temporary 
measure.  

  Amyloidosis 

 The pathophysiology of bleeding associated with systemic amy-
loidosis is multifactorial. The type of amyloidosis and the 
pattern of organ involvement are important determinants of the 
haemorrhagic tendency. AL amyloidosis, where liver and spleen 
involvement is frequent, is the commonest type associated with 
bleeding. Although FX defi ciency is the most commonly found, 
decreased levels of all other factors, including VWF, have been 
reported. The coagulation factor defi ciencies in these patients 
are thought to be due to adsorption onto amyloid fi brils. 
Abnormal fi brin polymerization and hyperfi brinolysis can also 
contribute to bleeding. Prolongation of the TT is the most 
common abnormality, seen in up to 90% of patients. A pro-
longed PT and APTT suggests FX defi ciency. 

 Platelet dysfunction may also be seen, due to the binding of 
the amyloid light chains to the platelet membrane. Deposition 
of amyloid fi brils in the blood vessel wall and perivascular 
tissue may lead to impaired vasoconstriction and vessel fragility. 
This is exemplifi ed by cerebral amyloid angiopathy, which can 
lead to intracerebral haemorrhage especially in elderly non -
 hypertensive individuals. The microvascular involvement also 
explains the  ‘ raccoon eyes ’  (bilateral periorbital purpura 
from coughing or prolonged inverted positioning for lower 
gastrointestinal procedures) and the  ‘ pinch purpura ’  (skin 
pinching leading to purpura). Several treatments have been 
described, including factor replacement with FFP or PCCs, 
platelet transfusion, DDAVP and rFVIIa. Severe FX defi ciency 
can be diffi cult to manage and fi rst - line therapy is with PCCs 
or FFP.   

  Table 43.8    Bleeding symptoms in patients with acquired 

haemophilia  A .   *    

   Site of bleeding     All bleeds at 

presentation (%)  

   Bleeds requiring 

treatment (%)  

       N    =   172     N    =   65  

  Subcutaneous/skin    81    23  

  Muscle    45    32  

  Subcutaneous only    24    Not applicable  

  Gastrointestinal/

intra - abdominal  

  23    14  

  Genitourinary    9    18  

  Retroperitoneal/thoracic    9    5  

  Other    9    23  

  Postoperative    0    11  

  Joint    7    2  

  None    4    Not applicable  

  Intracranial haemorrhage    3    0  

  Fatal    9    No data  

    * Patients had often had multiple bleeds.  

   Source :    data from Collins  et al .  (2007)  and Morrison  et al . 

 (1993)  .   



Acquired coagulation disorders

857

it may recur in subsequent pregnancies and, if antenatal, the 
fetus may be affected.   

 Early diagnosis and urgent treatment of bleeding are key to 
successful management. The diagnosis is suggested by the clini-
cal presentation and an isolated prolonged APTT. FVIII inhibi-
tors are time and temperature dependent and in mixing studies 
normal plasma must be incubated for 1 – 2 hours otherwise the 
diagnosis may be missed. The diagnosis is confi rmed by a low 
FVIII and positive Bethesda titre (Figure  43.6 ). In some cases 
diagnosis is complicated because all the intrinsic factors may be 
low due to inhibition of FVIII in the factor - defi cient plasma 
used to assay other intrinsic factors. Dilution of the antibody 
will result in increased levels of the non - specifi cally reduced 
factors while FVIII remains low. It is important to exclude a 
lupus anticoagulant because this can also be associated with an 
apparently low FVIII and an APTT that does not correct with 
normal plasma. Acquired FVIII inhibitors have complex kinet-
ics, so that not all FVIII is inhibited in a Bethesda assay. It is 
therefore often not possible to measure the inhibitor titre accu-

  Table 43.9    Diseases associated with acquired haemophilia  A . 

        Green  &  

Lechner 

 (1981)   

   Morrison 

 et al . 

 (1993)   

   Collins 

 et al . 

 (2007)   

  Number of patients    215    65    150  

  Idiopathic (%)    46    55    63  

  Collagen, vascular and 

other autoimmune 

diseases (%)  

  18    17    17  

  Malignancy (%)    7    12    15  

  Skin diseases (%)    5    2    3  

  Possible drug reaction 

(%)  

  6    3    0  

  Pregnancy (%)    7    11    2  

    Source :    data from Green  &  Lechner  (1981) , Morrison  et al . 

 (1993)  and Collins  et al .  (2007)  .   

Isolated prolonged aPTT

aPTT correction

Suspect clotting factor deficiency

Measure FVIII, IX, XI, XII

Single factor deficiency

Measure FVIII, IX, XI, XII and inhibitor

Acquired haemophilia Lupus anticoagulant

Negative Positive

Tests for LA

Suspect acquired haemophilia or LA

Weak/no aPTT correction

Assess personal and family
history of bleeding

Suspect coagulation factor
deficiency or lupus
anticoagulant (LA)

Mixing tests with pooled normal
plasma (immediate and incubated)

Confirm prolonged aPTT

Exclude heparin contamination

Time and temperature dependent Not time and temperature dependent

     Figure 43.6     Diagnostic algorithm for an isolated prolonged APTT and possible acquired haemophilia A.  
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  Acquired  f actor  V   d efi ciency 

 Acquired inhibitors to FV may arise spontaneously but are 
usually associated with exposure to topical thrombin prepara-
tions that have trace amount of bovine FV. Laboratory fi ndings 
are of prolonged PT and APTT that do not correct with normal 
plasma. Patients may respond to FFP and, in resistant cases, 
platelets may be useful because surface - bound FV appears to 
bypass the inhibitor.  

  Acquired  p rotein  S   d efi ciency 

 Autoantibodies to protein S have been reported in association 
with infection, particularly chickenpox. Patients present with 
skin necrosis and DIC.  

  Prothrombin  d efi ciency  a ssociated with 
 l upus  a nticoagulant 

 Although lupus anticoagulants are typically associated with 
thrombosis, occasionally cross - reactivity with prothrombin can 
lead to a bleeding disorder. Acquired defi ciencies of other 
procoagulant and antifi brinolytic proteins have occasionally 
been described. Bleeding manifestations are variable and some 
patients with markedly abnormal laboratory tests do not bleed.   
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rately. The FVIII level and inhibitor titre are not predictive of 
the severity of the bleeding or response to treatment.   

 Treatment involves minimizing invasive procedures, protect-
ing the patient from trauma, treatment of bleeds and eradica-
tion of the inhibitor. At present, the available therapies to treat 
bleeds are with bypassing agents, namely rFVIIa or the activated 
PCC FEIBA (factor eight inhibitor bypassing activity). Both 
agents appear to be equally effi cacious. Multiple doses may be 
required to control bleeds and prevent recurrence. There is a 
risk of thrombosis associated with bypassing agents, particularly 
in elderly patients with risk factors for arterial thrombosis. 
FVIII is unlikely to be effi cacious in acquired haemophilia A, 
although mild bleeds in patients with low - titre inhibitors and 
measurable FVIII may respond to desmopressin. Porcine FVIII 
has been used with good success in the past but is no longer 
available. The results of trials with a recombinant B domain -
 deleted porcine factor are awaited. If standard haemostatic 
treatment with bypassing agents fails, FVIII and immunoad-
sorption has been used with good effect, although this treat-
ment modality is only available in a few specialized centres. 

 Immunosuppression should be started as soon as the diag-
nosis is made and is usually with either steroids alone or steroids 
plus a cytotoxic agent such as cyclophosphamide or azathio-
prine. A response is usually seen after 2 – 3 weeks but full remis-
sion takes a median of about 5 weeks. If fi rst - line therapy fails, 
rituximab or combinations of cytotoxic agents may be used. 
Occasionally responses have been reported with ciclosporin. 
Intravenous immunoglobulin does not increase the response 
rate to other immunosuppressive agents.  

  Acquired  v on Willebrand  d isease 

 Acquired von Willebrand disease may be associated with 
an autoantibody, typically in the context of monoclonal 
gammopathy of undetermined signifi cance, Waldenstr ö m 
macroglobulinaemia and other lymphoproliferative diseases, 
myeloproliferative disease and systemic lupus erythematosus. 
The antibody leads to either rapid clearance or functional inhi-
bition of VWF. Low VWF:Ag, VWF:RCo and VWF:CB are 
found and measurement of the VWF propeptide may be useful 
in demonstrating rapid clearance. Mixing studies can be used 
to demonstrate the inhibitor. 

 Low VWF levels are also seen in hypothyroidism probably 
due to decreased synthesis, whereas increased VWF is associated 
with hyperthyroidism. Increased proteolysis of VWF in high -
 shear environments such as leaking cardiac values leads to a 
syndrome of acquired type 2A von Willebrand disease. VWF has 
also been reported in association with malignancy and it is sug-
gested that it may be adsorbed onto malignant cells. Hydroxyethyl 
starches used as plasma expanders have been associated with 
bleeding secondary to VWF defi ciency. Treatment options 
include DDAVP, VWF concentrates and, in patients with an 
inhibitory antibody, high - dose intravenous immunoglobulin.  
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  Historical  i ntroduction 

 A brief historical sketch is useful for delineating the progress 
made in understanding these complex syndromes, which are 
diffi cult to diagnose. Thrombotic thrombocytopenic purpura 
(TTP) was fi rst described in 1924 by Moschowitz in a previously 
healthy 16 - year - old girl who died after an acute illness present-
ing with a pentad of signs and symptoms (anaemia, thrombo-
cytopenia, fever, hemiparesis and haematuria). Post - mortem 
examination showed widespread thrombi in the terminal circu-
lation of several organs, composed mainly of platelets. Over the 
next three decades, other cases were described, mainly, but not 
exclusively, in young or adult women. Some of these cases 
occurred in isolation (idiopathic), others in association with 
diseases or conditions (Table  44.1 ). It was understood that 
anaemia was due to massive intravascular haemolysis, in turn 
due to fragmentation (schistocytosis) of red cells that were 
forced by blood fl ow to pass through partially occluded vessels 
in the terminal circulation, and that thrombocytopenia was 
caused by consumption of platelets due to their widespread 
deposition in microvascular thrombi.   

 Thirty - one years after Moschowitz, the paediatric nephrolo-
gist Gasser described a syndrome that was called  ‘ haemolytic –
 uraemic syndrome ’  (HUS) and which, in common with TTP, 
exhibited microangiopathic haemolytic anaemia, consumption 
thrombocytopenia and microvascular thrombosis, but which 

differed because it occurred in very young children, with absent 
or minimal neurological symptoms but severe signs of renal 
damage. Subsequently, when larger series of patients with 
HUS and TTP were examined, it became apparent that a clear 
distinction between the two syndromes was often diffi cult. 
Although thrombocytopenia, microangiopathic haemolytic 
anaemia and ischaemic symptoms due to widespread formation 
of thrombi in the terminal circulation of several organs were 
consistent features, age and the prevalence of neurological 
over renal symptoms could not clearly differentiate TTP from 
HUS and vice versa. There were, for instance, recurrent forms 
which, in the same individual, presented sometimes with preva-
lent neurological symptoms (TTP) and on other occasions with 
renal symptoms (HUS). The term  ‘ thrombotic microangiopa-
thy ’  (TMA) was then proposed, intended to emphasize the 
common pathology of the two syndromes, with no implication 
on the prevalence of neurological or renal symptoms. 

 In the early 1980s, a major breakthrough in understanding 
the pathogenesis of TMAs strengthened the idea of the unitar-
ian terminology. Even though it had been postulated for a long 
time that massive thrombus formation in the terminal circula-
tion was due to the presence of  ‘ toxic ’  substance(s) that aggre-
gated platelets intravascularly, the putative aggregating agent 
had remained elusive. In 1982, Moake and others demonstrated, 
fi rst in TTP and subsequently also in HUS, that the plasma of 
these patients contained highly thrombogenic forms of the mul-
timeric glycoprotein von Willebrand factor (VWF), a major 
adhesive protein contained in endothelial cells, platelets and 
plasma. Abnormal VWF multimers of particularly high molec-
ular weight (ultra - large) bind more avidly to platelet glycopro-
tein (GP)Ib and aggregate platelets in conditions of high shear 



Thrombotic thrombocytopenic purpura and haemolytic–uraemic syndrome (congenital and acquired)  

861

independently showed that the link between ultra - large VWF 
multimers and TTP was a metal ion - dependent plasma metal-
loproteinase of 190   kDa, identifi ed in 2001 by Zheng and 
colleagues as a new (the 13th) member of the ADAMTS 
( a d isintegrin  a nd  m etalloprotease with  t hrombo s pondin - 1 
repeats) family of metalloproteases and therefore called 
ADAMTS - 13 (Figure  44.1 ). The only known physiological 
function of this protease, present in plasma and in platelets, is 
to regulate the size of VWF by cleaving ultra - large multimers 
as soon as they are secreted from endothelial cells into plasma 
(Figure  44.2 ), thereby preventing their circulation in plasma 
and role in platelet aggregation and thrombus formation. Most 
importantly, both the investigators made the intriguing obser-
vation that ADAMTS - 13 was defi cient in patients with TTP but 
measurable in normal amounts in those with HUS. This obser-
vation challenged the unitarian theory of TTP and HUS as 
different clinical manifestations of the same pathological 
process, and generated the paradigm that TTP is due to low 
levels of the VWF - cleaving protease, which however is not 
involved in the pathogenesis of HUS.   

 As often in clinical medicine, the paradigm was not sustained 
by the progress of knowledge. Not all cases of TMA diagnosed 

stress in the terminal circulation. Accordingly, it was postulated 
that ultra - large VWF was the  ‘ toxic ’  aggregating agent involved 
in the formation of occlusive thrombi in both TTP and HUS. 

 It remained to be explained why such ultra - large multimers, 
normally absent in the circulation, were present in patient 
plasma. The defi ciency or dysfunction of one or more enzymes 
disposing of them physiologically was postulated but it was not 
until the late 1990s that Furlan and Tsai with their associates 

  Table 44.1    Conditions and diseases associated with  TTP . 

  Pregnancy and post partum  

  Infections (particularly HIV)  

  Drugs (quinine and quinidine, ticlopidine, clopidogrel, 

ciclosporin, interferon alfa, statins)  

  Chemotherapy (mitomycin, cisplatin, gemcitabine)  

  Allogeneic bone marrow transplantation  

  Connective tissue disorders (lupus erythematosus and 

scleroderma)  

  Cardiac surgery  

Pro CUB

Zn+ TSP1

Disintegrin

ADAMTS-13

A disintegrin and metalloprotease
with thrombospondin-1 repeats

Cys-rich TSP1 TSP1 1427 aa

     Figure 44.1     Domain structure of 

ADAMTS - 13. Pro, propeptide; TSP1, 

thrombospondin 1; CUB,  c omplement 

components C1r/C1s,  u rinary 

epidermal growth factor,  b one 

morphogenetic protein - 1.  

Platelet

Platelet

Platelet

Protease

En
d

o
th

el
ia

l c
el

ls

Prepro-vWF monomer

Pro-vWF dimer

vWF polymer

Secretion 
into plasma

Partially
unfolded vWF

Shear

Cleavage

No
cleavage

Unfolded vWF
of ultralarge size

Platelet
aggregates

Multimers of regular size     Figure 44.2     Interaction between VWF 

and ADAMTS - 13 in plasma. VWF is 

secreted from endothelial cells as 

ultra - large multimers that anchor to 

endothelial cell surfaces and which are 

also released into the circulation. 

ADAMTS - 13 cleaves a Tyr – Met bond 

in the A2 domain of VWF, severing the 

ultra - large multimers. Failure of 

cleavage leads to the persistence in 

plasma and on endothelial cells of 

ultra - large multimers, which tend to 

aggregate platelets, especially in 

conditions of high shear forces.  



Postgraduate Haematology

862

  Pathology and  p athogenesis 

 As mentioned above, the pathological basis of TTP is the wide-
spread formation in the microcirculation of platelet thrombi, 
associated with relatively little endothelial cell injury and 
fi brin formation but with abundant intra - thrombus VWF. 
Microthrombi are found in several organs (mainly brain, 
kidney, myocardium, lung and pancreas), whereas grossly 
detectable thrombi, arterial or venous, are lacking. The present 
pathogenetic model implies that endothelial cells, activated by 
varied and often unidentifi ed triggering agents, secrete large 
amounts of ultra - large uncleaved VWF, which aggregates plate-
lets directly in conditions of high fl uid shear stress and leads 
to massive intravascular platelet aggregation, ischaemic organ 
damage, consumptive thrombocytopenia and schistocytic 
anaemia. As mentioned above, two main mechanisms cause 
ADAMTS - 13 defi ciency in TTP: mutations in the gene that 
encodes the protease and the occurrence of autoantibodies 
against ADAMTS - 13. 

  Congenital  TTP  
 Congenital TTP is very rare (1 in 1 million) and represents 5% 
of all TTP cases. It usually occurs immediately after birth or 
during childhood, although some exceptions have been reported 
where the disease became manifest in adulthood or was still 
absent in the third decade of life. Congenital TTP is caused 
by homozygous or double heterozygous mutations in the 
 ADAMTS13  gene (located on chromosome 9q34) that affect 
protein secretion or function; it is inherited in autosomal reces-
sive manner. To date, more than 80 mutations have been docu-
mented in patients with familial TTP. Analysis of the location 
of the mutations on the  ADAMTS13  gene reveals no evident 
hotspots. However, 75% of the missense mutations are found 
in the N - terminal part of the molecule, up to the spacer domain. 
Most (60%) of the identifi ed mutations are missense; the 
remaining 40% (nonsense, frameshift and splicing mutations) 
generates truncated forms of the protein. Of those mutations 
analysed by  in vitro  expression studies (only 20 – 30% of the 
reported gene mutations), the majority cause severe ADAMTS -
 13 defi ciency by decreasing its biosynthesis, intacellular traffi ck-
ing and secretion and/or proteolytic activity. Also the spectrum 
of clinical presentation and course of congenital TTP is very 
wide. While some patients have neonatal disease onset and 
multiple recurrent episodes and develop progressive organ 
failure, others may only experience a single episode that devel-
ops in adulthood and which is very responsive to plasma infu-
sion, leaving no residual organ damage. Moreover, there are 
cases from the same kindreds who present with very different 
clinical manifestations despite the same undetectable or 
barely detectable ADAMTS - 13 activity and gene mutations: 
sibs with frequent and repeated episodes of TTP contrast 
with others who remain disease - free for prolonged periods or 
even lifelong.  

as TTP owing to the prevalence of neurological symptoms have 
low or undetectable levels of ADAMTS - 13. On the other hand, 
even if most cases diagnosed as HUS due to the prevalence of 
renal symptoms have normal levels of ADAMTS - 13 (particu-
larly cases typically occurring in association with bloody diar-
rhoea), there are unequivocal cases of HUS, particularly the 
forms called atypical or diarrhoea - negative, characterized by 
low or undetectable protease levels. With this as historical back-
ground, we have decided to describe TTP separately from HUS 
in this chapter.  

  Thrombotic  t hrombocytopenic  p urpura 

 TTP is a rare disease, with an estimated incidence of 2 – 10 cases 
per million per year in all racial groups. Recently, greater aware-
ness and perhaps improved diagnostic facilities give the impres-
sion that incidence is increasing. Even though both sexes may 
be affected, the syndrome is defi nitely more frequent in women 
(two - thirds of cases). 

 There are two different forms of TTP. Congenital TTP, 
caused by mutations in the ADAMTS - 13 gene, is inherited as 
an autosomal recessive condition and is often, but not exclu-
sively, clinically manifested at birth or during childhood. 
Acquired TTP can be differentiated into two types: autoim-
mune forms, due to autoantibodies against ADAMTS - 13; and 
those probably secondary to massive endothelial activation with 
release of ultra - large VWF multimers in amounts exceeding the 
system ’ s ability to degrade them, despite the presence of normal 
or only slightly reduced levels of ADAMTS - 13 as measured with 
the currently available functional assay. Both these pathogenic 
situations are usually triggered by factors that cause massive 
endothelial activation. The most common physiological or 
pathological conditions present in the autoimmune forms are 
pregnancy, infections, autoimmune diseases and the use of 
drugs such as ticlopidine and clopidogrel. The most frequent 
conditions associated with the forms of TTP with normal or 
only slightly reduced levels of ADAMTS - 13 (conventionally 
defi ned as levels above 10%) are metastatic tumours, organ 
transplantation (particularly allogeneic bone marrow trans-
plantation and solid organ transplants) and the use of such 
drugs as ciclosporin, mitomycin and interferon alfa. 

 Mortality was very high (80 – 90%) until plasma exchange 
therapy was introduced, and is still unacceptably high (10 –
 20%) despite the dramatic improvement due to the adoption 
of this therapeutic measure. Because of the variability of pre-
senting symptoms and of the associated comorbid conditions 
(see Table  44.1 ), cases of TTP may be seen initially by a variety 
of physicians other than haematologists and pathologists, such 
as neurologists, nephrologists, oncologists and gynaecologists, 
and sometimes this hinders prompt recognition of the syn-
drome, an essential requisite for optimal management. 
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in excess by endothelial cells and which are not adequately 
disposed of because of congenital or immune - mediated dys-
function of ADAMTS - 13 (see Figure  44.2 ). There are data sug-
gesting that other possible mechanisms of disease, other than 
VWF and its cleaving processes, may be involved in the patho-
genesis of TTP.   

  Clinical and  l aboratory  fi  ndings 

 TTP occurs frequently, unheralded, in previously healthy indi-
viduals (acute idiopathic), but also in association with physio-
logical or pathological conditions (see Table  44.1 ). The presence 
of thrombocytopenia and haemolytic anaemia, common to all 
TMAs, is essential for the diagnosis of TTP. Like HUS, TTP is 
a clinical diagnosis and biopsies are not necessary. Platelet 
count is often very low in the acute phase, with values of 
20    ×    10 9 /L or less, and petechiae are frequently seen. Signs of 
microangiopathic haemolytic anaemia (haematocrit usually 
 < 20%) include the presence of schistocytes on peripheral blood 
smears, reticulocytosis, increased indirect bilirubin, low or 
unmeasurable haptoglobin and negative direct Coombs test. 
High serum lactate dehydrogenase (LDH), usually in excess of 
1000   U/L, is a sensitive, albeit non - specifi c, sign of red cell 
destruction and necrosis of other tissues due to microthrom-
botic end - organ ischaemia and is an excellent diagnostic indica-
tor and a parameter for monitoring evolution of the disease. 
Neurological symptoms (coma, stroke, seizures or focal signs 
such as motor defi cits, diplopia and aphasia) typically fl uctuate 
in presentation and severity as a result of the sustained forma-
tion and dissolution of thrombi in the cerebral microcircula-
tion. Other symptoms or signs, such as headache, blurred 
vision, ataxia or mental status changes, are less typical. Even 
though only a minority of patients with TTP have elevated 
serum creatinine levels ( > 1.5   mg/dL), signs of renal involve-
ment such as microscopic haematuria and proteinuria are fre-
quent. High fever is not constant in TTP, despite the inclusion 
of this symptom in the original description. There is no or little 
alteration of coagulation and fi brinolysis, even though D - dimer 
levels are often moderately raised. 

   ADAMTS  - 13  a ssays 
 The possibility of using ADAMTS - 13 data to manage TTP 
patients is based on the widespread availability of assays that are 
rapid, reliable and feasible for most clinical laboratories. Such 
tests includes assays of ADAMTS - 13 activity, ADAMTS - 13 
antigen and neutralizing or non - neutralizing anti - ADAMTS - 13 
autoantibodies. Several assays of ADAMTS - 13 activity have 
been developed. They are based on the degradation of purifi ed, 
plasma - derived or recombinant VWF multimers or of synthetic 
VWF peptides by patient plasma and the direct or indirect 
detection of VWF cleavage products by ADAMTS - 13 (Figure 
 44.3 ). A number of variables may interfere with assay results. 

  Autoimmune  TTP  
 Autoimmune TTP accounts for the majority of clinical cases 
and occurs in adults in the absence of any obvious triggering 
event. However, it can also arise secondary to other conditions, 
such as autoimmune diseases, infections, drug intake, preg-
nancy, sepsis, tumours and bone marrow transplantation. 
Autoimmune TTP is due to anti - ADAMTS - 13 antibodies that 
inhibit the proteolytic activity of ADAMTS - 13 and/or bind the 
protease to accelerate its clearance from plasma through opsoni-
zation and/or other yet unclear mechanisms. Anti - ADAMTS - 13 
antibodies are usually of IgG type, although in few cases autoan-
tibodies of IgA and/or IgM isotype were also found. Epitope 
mapping of anti - ADAMTS - 13 antibodies showed that autoan-
tibodies found in the majority of patients (88%) are polyclonal 
(IgG4), with a primary epitope in the Cys - rich spacer. Indeed 
these domains have been shown to be essential for effi cient 
VWF - cleaving activity of ADAMTS - 13 and crucial in the inter-
action between VWF and the protease. However, subsequent 
studies have shown that cases of TTP are observed in patients 
with IgG molecules that also react with the TSP1 2 – 8 and CUB 
domains of ADAMTS - 13, suggesting that autoantibodies 
with specifi city towards more distal C - terminal domains of 
ADAMTS - 13 may impair its function  in vivo , probably taking 
part in the modulation of VWF binding. The higher incidence 
of autoimmune idiopathic TTP in specifi c ethnic groups such 
as Afro - Caribbeans, as well as the report of idiopathic TTP in 
two monozygotic twins both developing anti - ADAMTS - 13 
antibodies, strongly argue for a genetic predisposition even in 
the acquired form of the disease. 

 However, several observations fail to fi t perfectly with this 
relatively straightforward mechanism of disease. Not all patients 
with bona fi de TTP, as diagnosed by clinical criteria (thrombo-
cytopenia and anaemia), have severe ADAMTS - 13 defi ciency 
and patients can present the characteristic features and clinical 
course of TTP without severe ADAMTS - 13 defi ciency or even 
with normal ADAMTS - 13 activity levels. This may be explained 
by the inability of the functional assays available at present to 
reveal some types of ADAMTS - 13 defi ciency and/or by defi -
ciency of VWF - cleaving proteases other than ADAMTS - 13. 
Ultra - large VWF multimers, pivotal players in the presently 
accepted model of TTP, are not constantly detected in patient 
plasma. In some instances, there is an imbalance between their 
release into plasma from endothelial cells and excessive binding 
to platelets, so that even defective large multimers may be 
present in plasma. It is unclear why patients with sustained 
ADAMTS - 13 defi ciency, genetic or immunologically mediated, 
develop clinical symptoms and signs only sporadically. Still 
unknown factors that trigger excessive endothelial cell activa-
tion may be necessary for expression of the full clinical spec-
trum of the syndrome. 

 In summary, the prevailing paradigm holds that TTP is 
often the consequence of the defective processing of highly 
thrombogenic ultra - large multimers of VWF, which are secreted 
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  1     All the assays measure ADAMTS - 13 activity in static condi-
tions and thus do not refl ect the  in vivo  physiological blood 
fl ow conditions necessary for optimal ADAMTS - 13 enzymatic 
activity.  
  2     Another important variable is that denaturating agents (i.e. 
guanidine HCl or 1.5   mol/L urea) are required to promote the 
susceptibility of VWF multimers to cleavage by ADAMTS - 13.  
  3     The use of shorter peptides, instead of full - length VWF, in 
enzyme immunoassay - based methods has not solved the issue 
of intra -  and inter - laboratory variability.      
 Immunoenzymatic assays employing different monoclonal 
and polyclonal antibodies to monitor plasma antigen levels of 
ADAMTS - 13 are available. 

 With regard to the detection of anti - ADAMTS - 13 autoanti-
bodies, most of them are inhibitory and they can be titrated 
 in vitro  by classical mixing studies, using mixtures of heat -
 inactivated plasma from patients and normal plasma at 1   :   1 
dilution or several dilutions. Less frequently, autoantibodies 
are non - neutralizing and promote the clearance of ADAMTS -
 13 from blood without inhibiting its activity. These non - 
neutralizing antibodies can be detected by Western blotting or 
ELISA assays.  

  Clinical  u tility of  ADAMTS  - 13  t esting 
 Analysis of a large cohort of patients with congenital TTP has 
revealed an age - dependent clustering of cases into two relatively 
distinct groups. As already mentioned before, about 50% of 
patients present within the fi rst 5 years of life, but a second 
group remains without symptoms until 20 – 40 years of age 
(Figure  44.4 ). Examples of siblings with the same ADAMTS - 13 
mutations but markedly different clinical courses have also 
been reported. Whereas the fi rst studies by Tsai and Lian and 
by Furlan and colleagues reported that all patients with acquired 
TTP had severe ADAMTS - 13 defi ciency, subsequent studies 
have shown that only a proportion of patients, ranging from 13 
to 70%, develop TTP concomitant with severe ADAMTS - 13 
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Substrate (source of VWF)

G1481 R1668
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     Figure 44.4     Age of disease onset in patients affected by 

congenital TTP showing percentages of patients ( N    =   78) with 

different age of TTP onset. Red indicates neonatal onset, orange 

intermediate onset (2 months to 18 years), green adult onset 

( > 18 years) and light blue patients who reached adulthood 

without developing TTP episodes.  

defi ciency, thus challenging the previous observations that 
severely defi cient activity of VWF - cleaving protease is a specifi c 
diagnostic marker for discriminating TTP from other microan-
giopathies. The current prevailing opinion is that while unde-
tectable or very low plasma levels of enzymatic activity ( < 10%) 
unequivocally establish a diagnosis of inherited or acquired 
TTP, not all patients appropriately diagnosed with TTP on the 
basis of clinical and laboratory signs and symptoms have severe 
protease defi ciency  in vitro . The cases of TTP more frequently 
associated with normal or moderately reduced ADAMTS - 13 
levels (10 – 40% of normal) are those secondary to other diseases 
or conditions, such as allogeneic bone marrow transplantation, 
HIV infection, chemotherapy and metastatic cancer.   

 An important practical problem for the clinical haematolo-
gist is whether ADAMTS - 13 testing during the acute phase 
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presence of hypofi brinogenaemia and prolonged prothrombin 
and activated partial thromboplastin times. The differential 
diagnosis also includes other TMAs such as pre - eclampsia and 
eclampsia, because pregnancy is one of the most frequent clini-
cal associations of TTP. Malignant hypertension is less frequent, 
renal damage is not as severe and the degrees of anaemia and 
thrombocytopenia are more severe in TTP. 

 Tests of coagulation and fi brinolysis are usually abnormal in 
pre - eclampsia or eclampsia, albeit less markedly than in DIC. 
Abnormally high serum transaminases differentiate TTP from 
the so - called HELLP (haemolysis, elevated liver enzymes and 
low platelets) syndrome of pregnancy. Sometimes connective 
tissue disorders such as systemic lupus erythematosus and 
severe scleroderma present with widespread microvascular 
thrombosis, haemolytic anaemia, thrombocytopenia and fl uc-
tuating neurological symptoms. This situation may also occur 
in severe cases of the so - called catastrophic antiphospholipid 
antibody syndrome. These conditions may be distinguished 
from TTP because symptoms and signs are usually less severe, 
and laboratory tests such as antinuclear and anticardiolipin 
antibodies and lupus - like anticoagulant give positive results. 
Another element of differential diagnosis is the presence in 
these cases of venous and arterial thromboses in the major 
blood vessels. 

 Evans syndrome, due to the concomitant presence of anti -
 platelet and anti - erythrocyte antibodies, is distinguished by a 
positive Coombs test, lack of schistocytes and the usual absence 
of end - organ ischaemic symptoms. Severe ischaemic manifesta-
tions due to platelet thrombi are frequent features of heparin -
 induced thrombocytopenia, but TTP can be distinguished by 
not only lack of exposure to this drug but also the absence of 
haemolysis and schistocytosis. Disseminated malignancy is 
sometimes associated with thrombocytopenia and microangio-
pathic haemolytic anaemia. Until further investigations exclude 
or confi rm the presence of metastatic cancer, it is not easy to 
distinguish TTP from this type of TMA. 

 What is the usefulness of ADAMTS - 13 testing in the 
differential diagnosis of the aforementioned TMAs and TTP? 

of TTP helps to monitor plasma therapy and, more impor-
tantly, to predict such important short - term outcomes as clini-
cal and laboratory remission or mortality. On the whole, the 
fi ndings obtained to date fail to establish whether ADAMTS - 
13 and anti - ADAMTS - 13 testing helps to identify patients 
with a higher likelihood of unfavourable outcomes. Other clini-
cal and laboratory signs, more easily obtained than ADAMTS -
 13 and anti - ADAMTS - 13, have been evaluated for their 
predictive value on the short - term outcomes of acute TTP. For 
instance, an index was developed based on age, haemoglobin 
and the presence of fever at presentation. Other authors have 
reported that platelet count and serum LDH are useful predic-
tors of the response to plasma exchange during the acute 
episode. 

 After remission from an acute episode of TTP, approximately 
one - third of patients develop chronic recurrent disease. Hence 
it would be helpful to be able to predict the risk of relapse by 
using clinical and laboratory markers obtained at the time of 
the acute episode and/or during remission. Prospective and 
retrospective studies have shown that patients who present 
with undetectable ADAMTS - 13 activity and detectable anti -
 ADAMTS - 13 during the acute episode and/or during fi rst 
remission are more likely to experience recurrences. 

 In summary, in order to diagnose TTP in the acute phase of 
the disease, it is not essential to assay ADAMTS - 13 and to fi nd 
very low or undetectable plasma levels. After having excluded 
other TMAs (see below), patients presenting with normal or 
moderately reduced ADAMTS - 13 can still be appropriately 
diagnosed as TTP. The decision to implement plasma therapy 
(infusion in patients with inherited disease, exchange in 
acquired disease) does not warrant the availability of ADAMTS -
 13 values in real time. ADAMTS - 13 testing appears to be more 
helpful as an index of relapse than as an index of diagnosis and 
short - term outcomes (remission and mortality rates), but larger 
prospective studies are warranted.   

  Differential  d iagnosis 

 Typical cases of HUS are distinguished from TTP by the occur-
rence of diarrhoeal prodromes and of more severe and persist-
ent symptoms of renal impairment (see below). It is much more 
diffi cult to distinguish TTP from atypical HUS, except for the 
paradigmatic prevalence of neurological symptoms in the 
former and of renal failure in the latter. Other issues of differ-
ential diagnosis are concerned with conditions that present 
themselves as TMAs, all characterized by thrombocytopenia 
and microangiopathic haemolytic anaemia (Table  44.2 ). 
Therefore, accurate evaluation of the underlying conditions, 
symptoms and biological parameters is fundamental for deter-
mining the differential diagnosis and appropriate therapy.   

 Disseminated intravascular coagulation (DIC) can be distin-
guished by markedly increased levels of fi brin degradation 
products and D - dimer and, in decompensated cases, by the 

  Table 44.2    Clinical conditions other than  TTP  and  HUS  

presenting as thrombotic microangiopathies. 

  Disseminated intravascular coagulation  

  Pre - eclampsia/HELLP syndrome  

  Scleroderma/systemic lupus erythematosus  

  Severe vasculitis  

  Catastrophic antiphospholipid antibody syndrome  

  Evans syndrome (autoimmune thrombocytopenia and 

haemolytic anaemia)  

  Heparin - induced thrombocytopenia  

  Disseminated malignancy  
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episodes with a low propensity to recur (in part because of the 
high mortality rate). 

 In congenital TTP, ADAMTS - 13 plasma levels are usually 
consistently below the limit of sensitivity of the assays available 
at present. It is not understood why in congenital but also in 
chronic recurrent TTP ADAMTS - 13 - defi cient patients remain 
asymptomatic for prolonged periods of time (usually from 3 
weeks to 3 months) and then thrombocytopenia and schisto-
cytic anaemia herald the appearance of new symptoms of end -
 organ ischaemia.  

  Treatment 

 The modern management of TTP started with the serendipitous 
observations that plasma infusion improved the clinical course 
of TTP. Plasma exchange was subsequently found to be equally 
or more effective than plasma infusion. In 1991, the results of 
a prospective randomized clinical trial defi nitively confi rmed 
the greater effi cacy of plasma exchange over infusion, the clini-
cal response rate being 78% in the former compared with 49% 
in the latter (mortality rates of 22% and 37%, respectively). 
Only recently, after the discovery of the role of VWF and its 
protease ADAMTS - 13 in the pathogenesis of TTP, have these 
empirical treatments found a rationale. Plasma exchange may 
help by removing anti - ADAMTS - 13 autoantibodies, the most 
frequent mechanism of acute sporadic TTP. Plasma exchange 
also helps to replace the defi cient protease, infusion alone being 
probably suffi cient in congenitally defi cient cases with no asso-
ciated autoantibody. Nevertheless, the effi cacy of plasma thera-
pies is still not fully explained, because exchange and/or infusion 
are defi nitely effi cacious even in cases with normal plasma levels 
of ADAMTS - 13 and no detectable autoantibody. A scheme 
summarizing the steps to be followed in the treatment of acute 
TTP is shown in Table  44.5 .   

  Plasma  t herapy 
 Treatment with plasma should be initiated as soon as the clini-
cal diagnosis is suspected (presence of schistocytic anaemia, 
severe thrombocytopenia and high serum LDH). There is as yet 

Complete defi ciency of the protease clearly directs the diagnosis 
towards TTP, although severe defi ciency of ADAMTS - 13 has 
also been observed in 13% of typical HUS cases and 16% of 
DIC. Normal or reduced but detectable plasma levels of the 
protease do not help in the differential diagnosis because they 
may be found, albeit rarely, in TTP, typical HUS, other TMAs 
and several other unrelated conditions (Table  44.3 ).    

  Natural  h istory   (Table  44.4 )       

 In approximately two - thirds of cases, TTP occurs only once 
(acute sporadic TTP). In more than one - third of patients, the 
disease tends to recur after periods of remission of the acute 
episode. Recurrence, defi ned as the re - emergence of clinical and 
laboratory signs and symptoms of TTP after remission of the 
initial acute episode, has a spectrum of presentations ranging 
from a single relapse to several episodes developing with vari-
able frequency. Recurrences usually present with less severe 
clinical manifestations, perhaps because patients become alert 
to the fi rst signs and symptoms of their disease, yet their quality 
of life is made gloomy by the perception of an impending risk. 

 The chronic recurrent forms may have a genetic basis or be 
associated with autoantibodies, whereas the forms associated 
with malignancy or transplantation usually present as acute 

  Table 44.3    Physiological and pathological states associated with 

mild to moderately severe defi ciency of  ADAMTS  - 13. 

  Age  

  Sex  

  Neonatal state  

  Pregnancy  

  Localized and metastatic cancer  

  HELLP syndrome  

  Liver cirrhosis  

  Infl ammatory states  

  Postoperative period  

  Uraemia  

  Sepsis  

  Autoimmune diseases  

  Table 44.4    Variants of  TTP . 

  Acute sporadic (or early relapsing)  

     Idiopathic  

     Antibody mediated  

  Chronic recurrent  

     Inherited  

     Antibody mediated  

  Table 44.5    Steps in the treatment of  TTP . 

  Clinical diagnosis (based on severe thrombocytopenia, presence 

of schistocytes, high serum LDH)  

  Plasma infusion (30   mL/kg) until plasma exchange can be started  

  Daily plasma exchanges (3 – 6   L/day) until platelets are higher than 

150    ×    10 9 /L for at least 2 days and LDH is normal  

  Adjuvant treatments: prednisone 1 – 2   mg/kg per day  

  Red cell transfusion as needed (avoid platelet transfusion, if 

possible)  
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  Other  t herapies 
 Before the advent of plasma therapy, clinicians used many other 
treatment modalities to attempt to control the dramatic course 
of TTP. Their generally poor effi cacy is apparent from the fact 
that only with the advent of plasma therapy has mortality 
dropped dramatically. Hence, these treatments should be gen-
erally attempted only when plasma therapy at full doses and for 
at least a fortnight provides no or minimal benefi t (refractory 
TTP) (Table  44.6 ).   

 There is little or no theoretical or practical role for the use of 
antiplatelet agents, because these drugs (including aspirin) fail 
to inhibit shear/VWF - mediated platelet aggregation, the pre-
vailing pathogenic mechanism of thrombus formation in TTP. 
Inhibitors of GPIb, by blocking binding of ultra - large VWF 
multimers to platelets, should perhaps be considered in the 
prevention or early management of chronic recurrent TTP, but 
in full - blown TTP they may increase the risk of thrombocyto-
penic bleeding. The immune pathogenesis of TTP may be 
tackled by using immunomodulating agents such as corticos-
teroids, cyclophosphamide, azathioprine, intravenous immu-
noglobulins and immunoadsorption on staphylococcal protein 
A (Table  44.6 ). Splenectomy has also been attempted. 

 In general, it is diffi cult to recommend a useful agent or 
procedure. Considering that autoantibodies are a frequent 
pathogenetic mechanism, large doses of prednisone (1 – 2   mg/
kg) are often prescribed in addition to plasma exchange during 
the acute phase of TTP, tapering this treatment when remission 
is obtained (see Table  44.5 ). The same treatment may be con-
sidered in the chronic recurrent variant of TTP due to the 
persistence of autoantibodies. Effi cacy of corticosteroids is not 
unequivocally demonstrated, and the adverse effects of pro-
longed intake of large doses are severe. Splenectomy is an alter-
native option in patients with chronic recurrent forms during 
remission, but carries a high risk of death in severely ill patients 
with acute TTP. 

 Another recent attempt to suppress the production of anti -
 ADAMTS - 13 autoantibodies is based on a monoclonal anti-
body directed against CD20 antigen (rituximab). This therapy 
may be considered in the chronic recurrent forms, particularly 
those cases of TTP not responding to treatment with plasma 

no evidence that ADAMTS - 13 and autoantibody testing are 
necessary before starting therapy because, as mentioned above, 
there are unequivocal cases of TTP with normal levels of the 
protease. Moreover, the available assays are time - consuming, 
poorly standardized and results are not always specifi c for TTP. 

 Patients critically ill with TTP are often fi rst admitted to 
hospitals without facilities for plasma exchange; in such circum-
stances, daily infusion of large amounts of fresh - frozen plasma 
(FFP) (30   mL/kg) should be started promptly, taking measures 
to avoid volume overload (see Table  44.5 ). Patients are best 
assisted in intensive care units, where renal failure, coma, sei-
zures and such severe side - effects of plasma exchange as conges-
tive heart failure and catheter - related bleeding, thrombosis and 
infections can be optimally managed. At least 1 plasma volume 
should be exchanged daily until platelets rise to 150    ×    10 9 /L or 
more, LDH is normal and schistocytes are no longer present on 
blood fi lms. Daily treatment with plasma exchange must be 
continued for at least 3 days after remission has been obtained 
(see Table  44.5 ). 

 Treatment should be continued following this schedule 
for at least 10 days, whether or not early signs of clinical and 
laboratory improvement are observed. Daily exchanges for up 
to 1 month are sometimes necessary to achieve remission of 
TTP. It is not established whether discontinuation of plasma 
therapy should be abrupt or progressive. Cryoprecipitate -
 depleted plasma can be used instead of FFP if this fraction is 
available and convenient, but there is no evidence that this 
VWF - poor plasma is more effective than whole plasma. Plasma 
treated with virus - inactivation methods (e.g. solvent/detergent) 
should be preferred because it decreases the risk of infections 
associated with patient exposure to plasma from a large number 
of donors. 

 Patients with congenital TTP usually respond well to plasma 
infusion. A periodic plasma infusion every 2 weeks is suffi cient 
to supply enough ADAMTS - 13 to maintain low but measurable 
plasma levels of the protease and avoid platelet consumption, a 
consequence of the long plasma half - life of the enzyme. The 
intensity of plasma therapy cannot be tailored to each patient ’ s 
case because of the lack of criteria for predicting short - term 
prognosis (risk of death and organ failure in the acute episode) 
based on the presenting features of the episode. In addition, 
congenital TTP often has a relapsing course, so that some 
patients are treated prophylactically with plasma infusions at 
regularly spaced intervals (every 5 – 7 days) in order to prevent 
further disease episodes. However, since relapse is not a con-
stant fi nding and there are no well - established predictive 
factors, it is not clear which patients should undergo regular 
prophylaxis and what levels of ADAMTS - 13 are necessary to 
attain remission of the acute episode and prevent recurrence. 
There is as yet no defi nite evidence that patients with congenital 
ADAMTS - 13 defi ciency develop alloantibodies, nor that an 
anamnestic response invariably occurs in patients with autoan-
tibodies after they are treated with plasma.  

  Table 44.6    Suggested immunological treatments of refractory 

antibody - mediated  TTP . 

  Prednisone: 1 – 2   mg/kg for at least 15 days, then tapering the drug 

over 45 days  

  Vincristine: 2   mg on day 1, then 1   mg on days 3, 6 and 9  

  Cyclophosphamide or azothioprine: 100 – 200   mg/day  

  Intravenous immunoglobulins  

  Immunoadsorption on staphylococcal protein A  

  Splenectomy  

  Anti - CD20 (rituximab)  
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The typical symptoms are severe renal failure with oligoanuria, 
jaundice and haemorrhagic signs such as petechiae, haemolytic 
anaemia and raised levels of serum LDH, but usually less 
marked than in TTP. Serum creatinine and urea are defi nitely 
more abnormal than in TTP, while the presence of ultra - large 
VWF is much less frequent than in TTP. Signs of compensated 
DIC, with higher plasma levels of D - dimer, are another distinc-
tive feature. Neurological involvement is uncommon, although 
coma and seizures may occur in association with uraemia and 
severe hypertension. 

  Aetiology 
 The most common bacterial agent that causes the prodromal 
gastrointestinal infection is  Escherichia coli  type 0157:H7 or, less 
frequently,  Shigella dysenteriae  serotype I. These and other more 
rarely involved infectious agents produce similar forms of exo-
toxins called verotoxin, shiga toxin and shiga - like toxins. These 
toxins, after absorption from the gastrointestinal tract into the 
blood, have in common the property to bind to the glycosphin-
golipid membrane receptor globotriaosylceramide that is par-
ticularly dense in the glomerular capillary endothelial cells of 
infants, young children and elderly individuals. The toxin –
 receptor complex is endocytosed and thereby causes cytolysis 
and extensive endothelial swelling and desquamation, which in 
turn engenders massive thrombus formation in the renal 
microvasculature.  

  Pathology and  p athogenesis 
 The pathology of diarrhoea - related HUS is characterized by 
more extensive endothelial injury and less VWF and more fi brin 
deposition in thrombi than in TTP. The behaviour of plasma 
VWF is also different, because ultra - large highly thrombogenic 
multimers are detectable less frequently during the acute phase 
of the disease. This phenomenon is thought to be due to the 
fact that VWF multimers leaking in excess into plasma from 
damaged endothelial cells bind avidly to GPIb on the platelet 
membrane and are thereby removed from plasma, particularly 
the multimers of larger size. There is quasi - unanimity of views 
that ADAMTS - 13 is normal or only mildly reduced in the 
plasma of patients with this variant of HUS (Table  44.8 ).    

exchange and refractory to other immunomodulating agents. 
The aim of treatment with rituximab is to block the production 
of anti - ADAMTS - 13 antibodies by depleting B lymphocytes. 
Various studies have reported that this treatment plays an 
important role in producing prolonged remissions in chronic 
recurrent TTP. Published small series and case reports have 
described approximately 100 patients with refractory or relaps-
ing idiopathic TTP treated with rituximab, usually at doses of 
375   mg/m 2  every 7 days repeated for at least three or four cycles. 
Approximately 95% of reported patients have had a complete 
clinical and laboratory response within 1 – 3 weeks of starting 
treatment, including a normal ADAMTS - 13 level and disap-
pearance of anti - ADAMTS - 13 antibodies. Mild acute reactions 
to ritixumab infusion were controlled by premedication with 
steroids, antihistamines and analgesics. More serious complica-
tions are relatively uncommon. One patient had transient car-
diogenic shock and another had symptomatic gastrointestinal 
infection with  Strongyloides . Relapses appear infrequent, occur-
ring in approximately 10% of patients after intervals of 9 
months to 4 years; all but one of these patients had a second 
prolonged complete remission on retreatment with rituximab. 
It remains to be demonstrated whether the complete 
B - lymphocyte depletion caused by this drug is without short -  or 
long - term consequences for patients. 

 A forthcoming promising approach is replacement therapy 
with ADAMTS - 13 concentrates. A recombinant preparation 
has been shown to improve the defective proteolysis of VWF  in 
vitro , but clinical trials with this product have not yet started. 
Another pharmaceutical company is considering the clinical 
evaluation of a DNA aptamer meant to inhibit the binding 
between GPIb and ultra - large VWF multimers, thereby pre-
venting intravascular platelet aggregation in the 
microcirculation.    

  Haemolytic –  u raemic  s yndrome 

 The typical form of HUS called diarrhoea - related HUS, or D( + ) 
HUS, is acquired and occurs acutely and sporadically after gas-
trointestinal infections with toxin - producing bacteria, particu-
larly in infants and young children but sometimes also in adults. 
There are two forms of atypical HUS. One is familial, has a 
sporadic or chronic recurrent course and is due to the inherited 
defi ciency of complement factor H or other complement com-
ponents. It occurs mainly in infants or young children but at 
least one - third of cases also occur in adults. Another atypical 
form of HUS occurs at all ages in association with situations 
commonly seen also in association with TTP (Table  44.7 ).   

  Diarrhoea -  r elated  HUS  

 This acute syndrome almost always occurs as a single sporadic 
episode, heralded 2 days to 2 weeks before by bloody diarrhoea. 

  Table 44.7    Variants of  HUS . 

  Typical  

     Exotoxin - producing bacteria ( E. coli  0157:H7,  Shigella 

dysenteriae )  

  Atypical  

     Inherited (complement factor defi ciency)  

     Acquired (post partum, drugs, bone marrow transplantation, 

chemotherapy) (see also Table  44.1 )  
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been described with autoantibodies against factor H. Patients 
with MCP mutations have a better prognosis than those with 
factor H mutations or no mutation. A recessively transmitted 
variant of familial HUS is very rare and is associated with very 
low levels of factor H in plasma and with the early onset of HUS 
in childhood. Dominantly transmitted variants are usually due 
to missense mutations in the gene encoding factor H, causing 
the production of normal amounts of a dysfunctional protein. 
Dominantly transmitted HUS is usually less severe than the 
recessive form, and occurs in late infancy or adulthood. Low 
serum C3 levels may be a simple and widely available method 
for diagnosing affected patients and detecting family members 
at risk. 

 Treatment of familial HUS is based on the replacement of 
factor H with FFP, combined with transient haemodialysis to 
attempt to control oligoanuria and uraemia. The outcome of 
kidney transplantation appears to correlate with the cause 
of complement dysregulation. Disease has not recurred in 
transplanted kidneys in patients with MCP mutations, pre-
sumably because the new kidney has protective levels of 
endogenous MCP. In contrast, kidney transplantation alone 
does not correct the defi ciency of plasma factors made in the 
liver, and the outcome is poor in patients with factor H or 
factor I mutations owing to disease recurrence. However, com-
bined liver and kidney transplantation may lead to a favourable 
long - term outcome for recurrent HUS associated with a factor 
H mutation. The severity of the disease warrants gene transfer 
as a therapeutic approach, but lack of animal models and of 
suitable vectors of the transgene have hindered this approach 
so far.  

  Atypical ( n on -  d iarrhoea -  r elated)  HUS  

 This form can only be distinguished from TTP by the absence 
of neurological symptoms and the predominance of renal 
symptoms. There are cases of atypical HUS associated with 
severe defi ciency of ADAMTS - 13, albeit less frequently than in 
TTP. Atypical HUS is often associated with the postpartum 
period or with the intake of several drugs (see Table  44.7 ). 
Individuals who have been treated for various illnesses by bone 
marrow transplantation make up a relatively large subgroup. 
Plasma therapy, using the same protocol recommended for 
TTP, is the treatment of choice.   

  Concluding  r emarks 

 In the last few years, TTP and HUS, known for several decades 
to clinicians and pathologists for their dire consequences, 
have witnessed spectacular improvements in knowledge of the 
pathogenesis and development of new diagnostic criteria and 
seen mortality and morbidity decrease. The pivotal role of VWF 

  Natural  h istory 
 In the great majority of cases, diarrhoea - related HUS is self -
 limiting, with much less tendency to early or late relapses than 
TTP. The acute episode is often accompanied by such severe 
renal failure that temporary haemodialysis is frequently 
required. Residual renal dysfunction is common after the acute 
episode and renal failure requiring maintenance dialysis or 
kidney transplantation occurs in approximately one - third of 
patients.  

  Treatment 
 During the diarrhoeal prodrome antimotility agents are con-
traindicated, because they favour the permanence of the bacte-
rial toxins in the gastrointestinal lumen and their passage into 
blood. The role of antibiotics is controversial but in practice 
they are often used, with a strong indication for patients with 
evidence or suspicion of sepsis or  S. dysenteriae  infection. In 
cases of signifi cant acute renal failure, early institution of dialy-
sis is essential in order to reduce sequelae and death. Plasma 
exchange is usually not recommended in patients with typical 
HUS, whereas it is indicated in the atypical forms (see below), 
emphasizing again the similarities between this variant of HUS 
and TTP. A possible forthcoming approach to the prevention 
of toxin - induced HUS is vaccination against vero/shiga toxins 
of children who live in endemic areas.   

  Familial  HUS  

 Autosomal recessive and dominant forms of familial HUS 
without diarrhoeal prodromes account for about 5 – 10% of all 
cases (Table  44.7 ). This variant is associated with a markedly 
severe impairment of renal function and with a high mortality 
rate (approximately one - third of the cases). Approximately half 
of the patients who survive acute disease require maintenance 
haemodialysis. Approximately 50% of patients with familial 
atypical HUS have mutations in one of the complement regula-
tory proteins factor H, factor I, MCP or factor B, resulting in 
excessive C3 activation, membrane deposition of this comple-
ment fraction and renal cell injury. A few patients have also 

  Table 44.8    Clinical applications of  ADAMTS  - 13 testing in  TTP  

and  HUS . 

   Stage     ADAMTS - 13 

defi ciency ( < 10%)  

   Diagnostic 

implications  

  Acute phase    Yes    TTP/atypical HUS  

  No    Typical HUS/TTP 

cannot be excluded  

  Remission    Yes    Risk of relapse  

   ADAMTS - 13 levels are usually normal or only mildly reduced in 

the thrombotic microangiopathies listed in Table  44.2 .   
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and of its major proteolytic enzyme in inducing microvascular 
platelet thrombi is evident, even though not all the variants of 
TTP, and particularly of HUS, fi t this disease mechanism. Other 
proteins disposing of ultra - large highly thrombogenic forms of 
VWF may be involved. The development of laboratory methods 
to measure ADAMTS - 13 in plasma has demonstrated that 
several types of TTP have very low levels of this protease. On 
the other hand, severe ADAMTS - 13 defi ciency is not found in 
all patients who have the appropriate clinical criteria for diag-
nosis of TTP (Table  44.8 ), questioning the signifi cance of these 
criteria or the appropriateness of the currently available func-
tional assays performed in non - physiological static conditions. 
The trigger(s) of full - blown TTP or HUS needs to be elucidated, 
because patients with constitutionally low levels of ADAMTS -
 13 or factor H may not manifest disease for long periods of 
time. It also remains to be understood which, and how many, 
cases respond to replacement therapy with protease concen-
trates, whether derived from plasma or made by recombinant 
DNA technologies. Meanwhile, the clinician confronted with 
the diffi cult treatment of these seriously ill patients should be 
cognizant that plasma therapy, mainly plasma exchange, 
remains the treatment of choice for all patients with clinically 
diagnosed TTP and the related syndrome called atypical HUS. 
Another important unresolved therapeutic problem is that of 
secondary prevention of the chronic recurrent forms. Various 
treatments have been tried, from chronic low - dose corticoster-
oids or other immunomodulatory agents (vincristine, immu-
noglobulins) to the more recent use of anti - CD20 monoclonal 
antibodies. There are anecdotal reports of the effi cacy of all 
these agents, but their use is based on small series and reports 
are affected by publication bias. The prophylactic administra-
tion of plasma is plausible in the genetic forms, but much less 
so in the immune - mediated ones. 

 Diarrhoea - related HUS is now well characterized from an 
aetiological standpoint, so that it can be recognized and prop-
erly treated by paediatricians. A major problem remains the 
prevention of inherited HUS associated with factor H defi -
ciency, because the long - term consequences of this scourge are 
dire. A suitable screening test is not yet available, even though 
there is the theoretical possibility of a DNA - based approach: 
most mutations are located in the exon encoding the most 
C - terminal short consensus repeat involved in binding factor H 
to complement C3b and to sialic acid molecules on host cells, 
thereby protecting host cells from excessive C3 activation. 

 There are numerous problems left to solve and, given the 
rarity of these conditions, clinical research on TTP and HUS 
must be necessarily multicentre.  
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  Introduction 

 In most instances heritable thrombophilia is a late - onset genetic 
disease with low penetrance. There is no internationally accepted 
defi nition of thrombophilia. The term is sometimes used to 
describe disorders of haemostasis detected in the laboratory that 
appear to predispose to venous thrombosis. A clinical defi nition 
of heritable thrombophilia describes an inherited tendency for 
venous thrombosis, i.e. deep vein thrombosis (DVT) with or 
without associated pulmonary embolus. The incidence of a fi rst 
episode of venous thrombosis is 1.5 per 1000 person - years, with 
a per - person lifetime incidence of 5%. Venous thrombosis is a 
multicausal disease. Understanding the genetic risk factors and 
gene – environment interactions is necessary to understand why 
an individual develops thrombosis at a specifi c point in time. 
Venous thrombosis is a disease in which genetic and acquired 
risk factors interact dynamically. Interaction occurs when two 
risk factors in combination produce an effect that exceeds the 
sum of their separate effects. Familial thrombophilia is a mul-
tiple gene disorder and family members may have more than 
one identifi able defect, probably in combination with addi-
tional candidate and totally unknown defects. It is likely that 

this largely explains why a dichotomous testing strategy with a 
limited number of factors (e.g. presence or absence of FVR506Q) 
has limited predictive value, resulting in little if any clinical 
utility for most patients (clinical utility refers to the ability of a 
screening or diagnostic test to improve clinical outcome). 

 Defi ciency of the natural anticoagulant antithrombin was the 
fi rst reported inherited risk factor for venous thromboembo-
lism. Since then defi ciencies of the naturally occurring antico-
agulants protein C and protein S have been linked with familial 
thrombosis. In recent years, several other potential throm-
bophilic risk factors have been investigated but only the 
 F5 G1691A (FVR506Q, factor V Leiden) and the  F2 G20210A 
gene mutations have been shown to be unequivocally associated 
with an increased risk of thrombosis, i.e. odds ratio (OR) of 2 
or greater from case – control studies. In the 1980s and 1990s 
thrombophilia testing became common in unselected patients 
and their relatives despite the fact that there was no evidence 
that testing had clinical utility. It is now apparent that testing 
for heritable thrombophilia typically does not predict likeli-
hood of recurrence in the majority of unselected patients with 
symptomatic venous thrombosis (Figure  45.1 ). Furthermore, 
testing for inherited thrombophilia did not reduce recurrence 
of venous thrombosis in a large cohort study. There is a low risk 
of thrombosis in affected asymptomatic relatives of patients 
with thrombophilic defects followed prospectively and the 
results of thrombophilia tests are frequently misinterpreted. 
Given these considerations the clinician must consider the 
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 F2 G20210A occur much more frequently and so the estimates 
of risk are more certain.   

 Gene – environment interaction is present when the effect of 
genotype on disease risk depends on the level of exposure to an 
environmental factor. Heritable thrombophilia is subject to a 
strong gene – environment interaction. For example, there is a 
synergistic increase in risk of venous thrombosis due to an 
interaction between the factor V Leiden mutation and estrogen 

potential clinical utility of testing for heritable thrombophilic 
defects in each individual patient or family affected by venous 
thrombosis.    

  Heritable  t hrombophilias  a ssociated with 
 v enous  t hrombosis 

 The heritable thrombophilias shown to be associated with at 
least a twofold increased risk of venous thrombosis are (i) defi -
ciencies of the natural anticoagulants antithrombin, protein C 
and protein S, due to mutations in the corresponding genes 
 SERPINC1 ,  PROC  and  PROS , and (ii) two common mutations 
in genes encoding procoagulant factors, namely  F5 G1691A 
(FVR506Q, factor V Leiden) and  F2 G20210A (commonly 
referred to as the prothrombin gene mutation). The causal asso-
ciation between these heritable thrombophilias and venous 
thrombosis has been confi rmed by comparing the prevalence 
of defects in patients with venous thrombosis and controls. In 
such studies measurement errors between cases and controls do 
not arise in relation to genotype and so the case – control study 
is the method of choice for measuring simple associations 
between genotype and disease. The prevalence of the heritable 
thrombophilias in cases and controls is shown in Table  45.1 . 
The relative risk of venous thrombosis is estimated from the OR 
(the odds of the disease among those with the risk factor to the 
odds of the disease without the risk factor). The OR for each 
defect is indicated in Table  45.1 . Defi ciencies of antithrombin, 
protein C and protein S are rare and so the estimates of risks 
are uncertain but appear to be of the order of about a 10 - fold 
increased risk of venous thrombosis. The FVR506Q and 
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  Table 45.1    Prevalence of heritable thrombophilias shown to be 

associated with at least a twofold increased risk of venous 

thrombosis in patients and controls and relative risk of a fi rst 

episode of venous thrombosis. 

        General 

population  

   Consecutive 

patients with 

a fi rst episode 

of venous 

thrombosis  

   Relative risk 

of venous 

thrombosis  

  Antithrombin    0.03%    1%    10 – 20  

  Protein C 

defi ciency  

  0.3%    3%    10  

  Protein S 

defi ciency  

  0.3%    3%    ? – 10  

  FVR506Q (FV 

Leiden)  *    

  4%    15%    4  

   F2 G20210A  *      2%    4%    2  

    * The prevalence of FVR506Q and  F2 G20210A is determined by 

ethnic origin as these mutations are only prevalent in whites.   

     Figure 45.1     Cumulative recurrence of venous thrombosis in 

consecutive patients with and without heritable thrombophilia 

followed from the end of anticoagulation after a fi rst episode of 

venous thrombosis in the fi rst (a) and second (b) Cambridge 

cohort studies. The hazard ratio for recurrence in patients with 

thrombophilia compared with those without was 1.3 (95% CI 

0.8 – 2.0) and 1.0 (95% CI 0.5 – 2.1), respectively. For ease of 

comparison, the point of 10% cumulative recurrence at 24 

months is indicated on each chart. In the second cohort, patients 

with postoperative thrombosis were excluded, which may 

account for the apparent slightly higher recurrence rate.  (For 

related publications on these cohorts, see Baglin  et al.   2003  and 

Baglin T, Palmer CR, Luddington R, Baglin C (2008) 

Unprovoked recurrent venous thrombosis: prediction by 

D - dimer and clinical risk factors.  Journal of Thrombosis and 

Haemostasis   6:  577 – 82.)   
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of the serpin. The incorporation of the RCL as the central strand 
produces a hyperstable molecule such that the protease is 
crushed by intermolecular clashes with the hyperstable serpin. 
Distortion of the active site architecture disrupts the catalytic 
triad and results in disorganization of almost 40% of the pro-
tease architecture. The poor inhibitory activity of the circulating 
native form of antithrombin is conferred by intramolecular 
contacts that restrain the RCL and orientate the P1 arginine 
away from attacking proteases (Figure  45.2 a). Activation 
causing release of the RCL is dependent on binding of gly-
cosaminoglycans to the  ‘ heparin - binding site ’  located in the 
region of the D - helix (cyan in Figure  45.2 ). An initial low -
 affi nity interaction induces high - affi nity binding (referred to as 
the induced fi t mechanism) and this produces a conformational 
change in the antithrombin that releases the RCL for protease 
attack (Figure  45.2 b). Activation increases the rate of protease 
inactivation 1000 - fold. Successful inhibition of the protease 
depends on a race between complete proteolysis of the RCL 
with release of the regenerated protease from the cleaved loop 
(the substrate pathway) and incorporation of the cleaved loop 
into the central A - sheet with resultant capture and crushing of 
the tethered protease (the inhibitory pathway). The rate of inhi-
bition relative to the substrate reaction is defi ned as the stoichi-
ometry of inhibition, where a value of 1 represents a perfect 
inhibitor and a value of 2 would indicate that half the reactions 
led to cleaved antithrombin and a regenerated protease. Some 
mutations in the  SERPINC1  gene produce a dysfunctional anti-
thrombin molecule in which the insertion of the RCL into the 
central A - sheet is retarded, turning the molecule into a sub-
strate rather than an inhibitor. This is an example of how this 
highly regulated mechanism of thrombin or FXa inhibition 
renders antithrombin susceptible to dysfunction through 
genetic mutation.   

 Two laboratory (intermediate) phenotypes of heritable anti-
thrombin defi ciency are recognized. Type 1 is characterized by 
a quantitative reduction of antithrombin, with a parallel reduc-
tion in function (measured as inhibitory activity) and level of 
protein in the plasma (measured immunologically as the anti-
genic level). Type 2 defi ciency is due to the production of a 
qualitatively abnormal antithrombin protein with dysfunction 
due to disturbance of the complex inhibitory mechanism of 
protease inhibition by a mutation in  SERPINC1  gene. The func-
tional activity is discrepantly low compared with the antigenic 
level. Type 2 defi ciency is subclassifi ed according to the nature 
of the functional defi cit. 
   •      Type 2 reactive site (RS): mutations alter the sequence of the 
RCL, reducing the ability to inhibit thrombin or FXa in the 
presence or absence of heparin in a laboratory assay.  
   •      Type 2 heparin - binding site (HBS): mutations affect the 
ability of antithrombin to bind and be activated by gly-
cosaminoglycans and therefore result in reduced ability to 
inhibit thrombin or FXa only in the presence of heparin in a 
laboratory assay. These mutations are typically located in the 

exposure. Another example is observed in patients with anti-
thrombin defi ciency where venous thrombosis frequently 
occurs when an affected patient is exposed to an environmental 
risk. This was evident in a study of families with type 1 anti-
thrombin defi ciency where the incidence of venous thrombosis 
was 20 times greater in affected family members but was 
strongly dependent on acquired risks. In this study the annual 
incidence of venous thrombosis in affected family members in 
any year in which they were exposed to surgery, trauma, plaster 
cast, hospitalization or immobilization was 20% (provoked 
venous thrombosis) but in any year in which there was no 
exposure the incidence was only 0.3% (i.e. unprovoked venous 
thrombosis rate). In this study the unprovoked venous throm-
bosis rate is only slightly, if at all, higher than the background 
incidence in the general population. 

  Antithrombin  d efi ciency 

 The gene for antithrombin ( SERPINC1 ) is located on the long 
arm of chromosome 1 and contains seven exons spanning 
13.5   kb. Antithrombin (previously termed antithrombin III) is 
a glycoprotein (464 amino acids, 58   kDa, plasma concentration 
2 – 3    µ mol/L). Antithrombin is a serpin ( ser ine  p rotease  in hibi-
tor). Based on rates of inhibition, its primary targets are 
thrombin, factor (F)Xa and FIXa. Its concentration in the 
circulation is higher than that of prothrombin, and as only a 
fraction of prothrombin is converted to thrombin during coag-
ulation, antithrombin is potentially present in vast excess over 
the protease, although the site will determine the local concen-
tration of the enzyme and inhibitor. The plasma half - life of 
antithrombin is about 90 hours. 

 The serpin mechanism was confi rmed by successful resolu-
tion of a crystal structure of the fi nal serpin – protease complex 
by Jim Huntington in 2000. In contrast to the classical lock -
 and - key mechanism of protease inhibition, serpins form a 
stable covalent complex in which there is a dramatic conforma-
tional change in both the inhibitor and the inhibited protein 
that alters the properties of each, resulting in rapid clearance 
from the circulation. Antithrombin consists of three  β  - sheets 
and nine  α  - helices organized into an upper  β  - barrel domain 
and a lower helical domain. These two domains are bridged by 
the main structural feature of a serpin, the central A sheet 
(shown in red in Figure  45.2 ). The fl exible reactive centre loop 
(RCL, shown in yellow) contains the scissile bond formed by 
the P1 arginine and P1 ′  serine. Amino acids in the RCL are 
designated P1, P2 and so forth moving towards the N - terminus 
of the peptide sequence and P1 ′ , P2 ′  and so forth moving 
towards the C - terminus of the sequence. The length and fl exi-
bility of the loop renders it highly susceptible to proteolysis. 
Cleavage of the RCL by thrombin, FXa or FIXa produces a 
conformational change during which the RCL inserts as the 
central strand of the expanded central A sheet (Figure  45.2 c). 
This results in translocation of the protease to the opposite pole 
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(a)

(b)

           Figure 45.2     Model of thrombin destruction by antithrombin. 

Native antithrombin (a) circulates predominantly in an inert 

confi guration with the reactive centre loop (RCL, shown in 

yellow) restrained on the C - sheet with the P1 arginine buried in a 

hydrophobic pocket and innaccesible to proteolytic attack. 

Binding of a glyscosaminoglycan such as heparin sulphate to 

helix D (shown in cyan) induces a conformational change in the 

molecule that results in closure of the central A - sheet (shown in 

red), release of the RCL and exposure of the P1 arginine for 

proteolytic attack by protease (shown in green) resulting in the 

formation of an encounter complex (b). A heparin chain is 

shown bridging antithrombin and thrombin. The heparin chain 

binds to the D - helix of antithrombin, inducing the 

conformational change and stabilizing the resultant encounter 

complex by binding to exosite II on thrombin. Cleavage of the 

RCL results in opening of the central A - sheet and incorporation 

of the cleaved loop as the central strand (c). This movement 

throws the protease to the opposite pole of the molecule where it 

is crushed by intermolecular clashes with antithrombin, which is 

now in a hyperstable conformation. Inhibition of the protease 

depends on incorporation of the cleaved loop into the central 

A - sheet with resultant capture and crushing of the tethered 

protease with distortion of the catalytic triad before completion 

of proteolysis of the RCL, which would release the protease. 

 (Courtesy of Dr Jim Huntington, Department of Haematology, 

University of Cambridge.)   
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  Protein  C   d efi ciency 

 The gene for protein C ( PROC ) is located on chromosome 2 
and contains nine exons spanning 11   kb. Protein C is a vitamin 
K - dependent glycoprotein synthesized in the liver (419 amino 
acids, 62   kDa, plasma concentration 65   nmol/L). Its concentra-
tion in plasma is about 100 times less than that of antithrombin. 
The plasma half - life of protein C is about 6 hours. 

 Protein C is the zymogen precursor of activated protein 
C (APC). Protein C is activated by thrombin bound to throm-
bomodulin on the endothelial surface. This is facilitated by 
the endothelial protein C receptor (EPCR). APC acts as a physi-
ological anticoagulant by cleaving the cofactors FVa and FVIIIa 
and so thrombin generation (which is dependent on FVa and 
FVIIIa cofactor activity) is attenuated (Figure  45.3 ). Protein S 
is a cofactor for APC - mediated inactivation of FVa and FVIIIa.   

 Protein C defi ciency is classifi ed into type 1 and 2 defects on 
the basis of functional and antigenic assays. The relative risk of 
thrombosis in relation to type 1 and the various type 2 defects 
has not been characterized. Most heritable protein C defi ciency 

designated  ‘ heparin - binding site ’  in the region of the D helix of 
the molecule.  
   •      Type 2 pleiotropic (PE): a single mutation produces multiple 
effects on the structure – function relationship of the molecule, 
often associated with low plasma levels due to either effects on 
secretion or instability.    

 Approximately 100 point mutations (missense, nonsense or 
insertions or deletions causing frameshifts) and several whole 
or partial gene deletions have been identifi ed as causes of type 
1 defi ciency. Numerous point mutations causing qualitative 
type 2 defi ciency have been identifi ed. Homozygous type 1 defi -
ciency and probably homozygous type 2 RS mutations are 
incompatible with life. Type 2 HBS and PE mutations are asso-
ciated with a lower risk of thrombosis and are compatible with 
life.  

(c)
XI XIa

IX IXa
VIIIa

X Xa
Va

Fibrinogen Fibrin

Prothrombin Thrombin

VIIa VII
TF

Antithrombin
APC

     Figure 45.3     The thrombin explosion occurs in two phases: 

initiation and propagation. In the initiation phase, tissue factor 

(TF) – FVIIa generates small amounts of thrombin that enhances 

platelet activation (in conjunction with exposed subendothelial 

collagen at the site of vascular injury) and cleaves FV and FVIII 

to their active forms. The activation of FVa and FVIIIa amplifi es 

thrombin generation and increasing concentrations of thrombin 

then lead to back - activation of FXI and the propagation phase. 

The activated forms of FV and FVIII are non - enzymatic cofactors 

that assemble and orientate the enzymes (FIXa and FXa) on the 

negatively charged surface of activated platelets. Antithrombin 

can neutralize the enzymatic coagulant factors FIXa, FXa and 

FIIa (thrombin). Thrombin bound to thrombomodulin cleaves 

protein C to its active form (APC), which proteolyses FVa and 

FVIIIa and dismantles the tenase (FVIIIa – FIXa) and 

prothrombinase (FVa – FIIa) complexes on phospholipid surfaces, 

which attenuates thrombin generation. Protein S is a cofactor for 

the APC - mediated inactivation of FVa and FVIIIa.  

Figure 45.2 Continued 
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amount of added exogenous APC. The effect was measured by 
dividing the activated partial thromboplastin time (APTT) in 
the presence of added APC by the APTT in the absence of added 
APC. APC resistance was defi ned as a ratio less than 2.0. Further 
work confi rmed that increased APC resistance cosegregated 
with thrombosis in families with familial venous thromboem-
bolism. The following year it was reported by a team from 
Leiden that the majority of patients with familial APC resistance 
had the same point mutation in the gene for FV, a guanine to 
adenine transition at nucleotide 1691 in exon 10 of the  F5  gene. 
This is known as the FV Leiden mutation (FVR506Q). Mutant 
FV Leiden has normal procoagulant activity but substitution of 
glutamine for arginine at position 506 results in slower inactiva-
tion by APC. FVa is a cofactor for the assembly of the prothrom-
binase complex, the active component of which is the activated 
form of FX (FXa), which converts prothrombin to thrombin 
(Figure  45.3 ). FVa is generated from FV by cleavage by 
thrombin, thus providing a positive feedback loop for thrombin 
generation. Prothrombinase activity is dependent on FVa main-
taining the integrity of the enzymatic complex unit on a phos-
pholipid surface. Thus thrombin generation is rate limited by 
FVa, and inactivation of FVa by APC attenuates thrombin gen-
eration. Inactivation of FVa occurs through sequential cleavage 
of the protein at positions Arg306, Arg506 and Arg679 by APC. 
Initial cleavage at R506 is necessary for subsequent cleavage at 
R306 and R679. Mutation of these residues ( F5 G1691A, 
FVR506Q or FV Leiden;  F5 G1091C, FVA306T or FV Cambridge) 
results in resistance to inactivation by APC. APC resistance is 
observed in the laboratory as an impaired plasma anticoagulant 
response to APC added  in vitro , usually with an APTT - based 
clotting test. However, nowadays the mutation is frequently 
detected by direct DNA analysis rather than by a clotting assay 
(see section on laboratory testing). The FVR506Q mutation is 
present in about 4% of the white population and about 15% of 
unselected consecutive patients with a fi rst venous thrombosis. 
The prevalence is highest in northern Europeans. The mutation 
is infrequent in other populations. The high prevalence and 
founder effect suggests positive selection and this may relate to 
a favourable effect on embryo implantation and hence repro-
duction rather than a lower risk of fatal haemorrhage in females 
during childbirth, as originally thought. 

 APC also inactivates FVIIIa by cleavage at positions Arg336 
and Arg562 but mutations affecting these sites in FVIII causing 
an increased risk of venous thrombosis have not been reported. 

 APC resistance in the absence of FVR506Q occurs in about 
5% of patients with a history of venous thrombosis. This is often 
related to high FVIII levels or low FV levels, which may be 
found in association with the  F5 HR2 haplotype. There is evi-
dence that APC resistance in the absence of FVR506Q is associ-
ated with venous thrombosis but defi ning the cause of resistance 
in individual patients has no clinical utility. Acquired APC 
resistance is explained by increased FVIII levels, pregnancy or 
estrogen exposure in some individuals.  

is due to type 1 defi ciency. The majority of type 1 defects are 
due to point mutations. Multiple type 2 defects have been 
reported involving the catalytic active site, the phospholipid -
 binding Gla domain, the propeptide cleavage activation site and 
sites of interaction with substrates or cofactors.  

  Protein  S   d efi ciency 

 The gene for protein S ( PROS ) is located on chromosome 3 and 
contains 15 exons spanning 80   kb. A pseudogene with approxi-
mately 95% homology is located adjacent to  PROS  and this can 
cause diffi culty with identifi cation of mutations within the 
 PROS  gene. 

 Protein S is a vitamin K - dependent glycoprotein produced in 
the liver, endothelial cells and megakaryocytes (676 amino 
acids, 69   kDa, plasma concentration of free protein 145   nmol/L). 
Protein S is a non - enzymatic cofactor for APC - mediated inac-
tivation of FVa and FVIIIa. Approximately 60% circulates 
bound to C4b - binding protein and is inactive. The remaining 
40%, designated free protein S, is uncomplexed and is the active 
form. Free protein S increases the affi nity of APC for negatively 
charged phospholipid surfaces on platelets or the endothelium 
and increases complex formation of APC with the activated 
forms of FV (FVa) and FVIII (FVIIIa). However, the degree of 
C4b binding has not yet been shown to be a determinant of 
thrombosis risk. In addition to APC cofactor activity, protein S 
has an independent anticoagulant effect by acting as a cofactor 
for TFPI (tissue factor pathway inhibitor). 

 Protein S defects are divided into three types. In type I defi -
ciency both total and free protein S levels are low (and func-
tional activity is low if measured). In type III the total protein 
S level is normal but the free protein S level is low. Some type 
III defi ciency is thought to be a phenotypic variation resulting 
from the same genetic mutations associated with classical type 
I defi ciency. However, it is now apparent that many patients 
with an apparent type III phenotype do not have heritable 
protein S defi ciency. This may be related to the increase in C4b 
levels with increasing age. Type II defects are characterized by 
reduced activity in the presence of normal total and free levels 
of protein S. Type II defi ciency is diffi cult to diagnose because 
functional protein S assays are imprecise.  

   FVR 506 Q  ( f actor  V  Leiden) 

 The gene for FV is located on chromosome 1, near the  SERPINC1  
gene, and contains 25 exons spanning 80   kb. FV (2196 amino 
acids, 330   kDa, plasma concentration of free protein 30   nmol/L) 
is the cofactor for activation of prothrombin by FXa in the 
prothrombinase complex. The plasma half - life is 15 hours. It 
has no cofactor activity until cleaved by thrombin or FXa at 
Arg709, Arg1018 and Arg1545. In 1993, Bjorn Dahlbach and 
colleagues in Malmo described the phenomenon of resistance 
to APC in unrelated patients with venous thrombosis. Patient 
plasma was resistant to the anticoagulant effect of a fi xed 
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of a large set of single - nucleotide polymorphisms (SNPs). This 
approach relies on the principle that common diseases are 
explained by common risk alleles. The weakness of this approach 
is that there is little evidence that this principle is true. With this 
approach there is also a high risk of misidentifying a risk allele 
(type I error) due to multiple testing and in order to offset this 
it is necessary to raise the signifi cance level of testing, which 
then leads to decreased sensitivity (type II error). Reitsma and 
Rosendaal suggest that a deep resequencing project may identify 
genetic factors and allow powerful genetic risk profi ling. This 
hypothesis is supported by an initial proof of principle study 
showing that common SNPs which in isolation confer a very 
small risk of venous thrombosis (hazard ratio  < 1.5) interact 
synergistically to signifi cantly increase the risk of venous throm-
bosis (hazard ratio  > 5.0 for four SNPs).  

  Other  n atural  a nticoagulants 

 Tissue factor pathway inhibitor (TFPI) is an inhibitor of FXa 
and tissue factor - bound FVIIa. TFPI knockout is embryonically 
lethal in mice. TFPI is predominantly extravascular and so 
measurement in plasma samples is not representative of total 
TFPI availability. In a few studies plasma TFPI levels were 
slightly lower in patients with venous thrombosis than in 
normal individuals and the low levels may be a mild risk factor 
for venous thrombosis. Protein Z is a vitamin K - dependent 
protein that circulates in complex with PZI (protein Z - dependent 
protease inhibitor) and catalyses the inhibition of FXa. A causal 
relationship between PZI and/or PZ defi ciency and venous 
thrombosis has not been demonstrated. Heparin cofactor II, 
a serpin with a similar structure – function relationship to anti-
thrombin, inhibits thrombin when activated by glycosaminogly-
cans. Heparin cofactor II knockout mice are healthy and do not 
develop spontaneous thrombosis but do have a shorter time to 
thrombosis in an arterial injury model. A relationship between 
heparin cofactor II defi ciency and thrombosis in humans is 
uncertain. A relationship between thrombosis and mutations 
affecting thrombomodulin or EPCR has not been established.  

  Other  p rocoagulant  f actors 

 Increased FVIII levels are associated with an increased risk of 
both venous and arterial thrombosis but a heritable basis for 
this, other than through ABO blood group effects on von 
Willebrand factor levels, has not been established. Elevated FIX 
and FXI levels are also associated with venous thrombosis risk 
but a heritable basis for high levels associated with venous 
thrombosis is not established. There is equivocal evidence for a 
causal relationship between fi brinogen levels and venous 
thrombosis. Approximately 300 examples of heritable dysfi -
brinogenaemia have been reported. The majority are asympto-

    F   2  G 20210 A  

 The gene for prothrombin is located on chromosome 2 and 
contains 14 exons spanning 21   kb. Prothrombin is a vitamin 
K - dependent protein synthesized in the liver (579 amino acids, 
72   kDa, plasma concentration 2    µ mol/L). Prothrombin is the 
zymogen precursor of thrombin. 

 A single nucleotide change, guanine to adenine at position 
20210 in the 3 ′  untranslated region of the prothrombin gene 
( F2 G20210A), is associated with elevated plasma prothrombin 
levels and an increased risk of venous thrombosis. This muta-
tion was identifi ed by the Leiden team when investigating can-
didate genes in the Leiden Thrombophilia Study cohort. The 
prevalence of the  F2 G20210A mutation is about 2% of whites, 
with a higher prevalence in southern compared with northern 
Europeans. The mutation increases the plasma level of pro-
thrombin by about 30% but the mechanism has not been 
explained. No specifi c clotting test for the presence of the muta-
tion has been described and diagnosis depends on detection of 
the genetic mutation by DNA analysis.  

  Candidate  h eritable  t hrombophilias 

 Peter Reitsma and Frits Rosendaal from Leiden have detailed 
the history of unravelling the genetic architecture of venous 
thrombosis risk. Initially, extended pedigrees of families with 
venous thrombosis were studied and plasma levels of natural 
anticoagulants were measured. With the advent of DNA tech-
nology, genes encoding the natural anticoagulant proteins were 
cloned and sequenced and hundreds of private mutations were 
reported, often with mutations found only in one family. 
Subsequently, the common public mutations ( F5 G1691A and 
 F2 G20210A) were found in case – control studies. Currently, 
common genetic markers in every gene encoding a protein 
involved in haemostasis are being studied in order to determine 
whether these markers are associated with thrombosis risk. Two 
types of genetic mutation cause venous thrombosis: those that 
reduce function (e.g. a mutation causing antithrombin defi -
ciency) and those that increase function (e.g. FVR506Q, which 
renders the mutant protein resistant to inactivation, resulting 
in increased thrombin generation). The private mutations in 
 SERPINC1 ,  PROC  and  PROS  and public mutations in  F5  and 
 F2  account for about 50% of the thrombosis risk attributable 
to genetic mutation. There are two approaches to identifying 
the remaining 50% of genetic mutations. A linkage study 
requires extended pedigree analysis and is limited by heteroge-
neity in the genetic cause of thrombosis in different families. 
This dilutes the apparent effect of a genetic mutation when data 
from different pedigrees are combined. The alternative approach 
is to use genetic markers of common risk alleles in association 
studies of unrelated individuals using genome - wide genotyping 
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due to a common genetic mutation (C677T) is not a risk factor 
for venous thrombosis.   

  Treatment of  p atients with  v enous 
 t hrombosis and  h eritable  t hrombophilias 

 There is no evidence that heritable thrombophilia should infl u-
ence the intensity of anticoagulation with heparin or warfarin. 
In patients with antithrombin defi ciency, heparin resistance is 
infrequent and recurrence or extension of thrombosis while on 
treatment is no greater than that observed in individuals without 
antithrombin defi ciency. Warfarin - induced skin necrosis is 
extremely rare, even in patients with protein C or S defi ciency, 
such that most individuals with protein C or S defi ciency do 
not develop skin necrosis. The intensity of maintenance therapy 
with warfarin should not be infl uenced by laboratory evidence 
of inherited thrombophilia. There is no evidence that recur-
rence on treatment is more likely in patients with heritable 
thrombophilia. 

 Long - term prospective cohort outcome studies have shown 
that fi nding a heritable thrombophilia does not predict recur-
rence in unselected patients after an episode of venous throm-
bosis. However, these studies were not powered to exclude an 
increased risk of recurrence specifi cally in relation to rare 
thrombophilias, such as antithrombin or protein C defi ciency. 
Therefore, it remains uncertain if mutations in  SERPINC1 , 
 PROC  or  PROS  causing defi ciency of the corresponding protein 
might predict a suffi ciently high risk of thrombosis to justify 
long - term (lifelong) anticoagulation. Studies in thrombosis -
 prone families indicate a risk of recurrence that would justify 
long - term anticoagulation but these studies may not be repre-
sentative of risk associated with the  SERPINC1 ,  PROC  and 
 PROS  mutations per se but may be infl uenced by additional 
defects in the thrombosis - prone family members. Further 
studies are required to defi ne the relative risk of recurrent 
events associated with the actual  SERPINC1 ,  PROC  and  PROS  
mutations. 

 Systematic reviews indicate a risk of 1.4 for recurrent venous 
thromboembolism in patients heterozygous for the FVR506Q 
mutation and 1.2 – 1.7 for the  F2 G20210A mutation. The authors 
concluded that the magnitude of the increase in risk was modest 
and by itself did not justify an extended duration of anticoagu-
lation. An analysis of the MEGA study showed that testing for 
inherited thrombophilia did not reduce recurrence of venous 
thrombosis. 

 As a result of these observations, at present the following 
conclusions seem reasonable. 
   •      Indiscriminate testing for heritable thrombophilias in unse-
lected patients presenting with a fi rst episode of venous throm-
bosis is not indicated.  

matic or associated with increased bleeding and very few 
examples are considered to be genuinely associated with an 
increased tendency to thrombosis, which may be arterial or 
venous or a combination. Dysfi brinogenaemia has been found 
in less than 1% of patients with a history of venous thromboem-
bolism. It is associated with postpartum thrombosis and an 
increased risk of pregnancy loss. The identifi cation and charac-
terization of rare dysfi brinogenaemias associated with throm-
bosis is beyond the capability of most coagulation laboratories. 
Polymorphisms in the prothrombin gene have been described 
that may further increase the risk of venous thrombosis associ-
ated with the  F2 G20210A mutation but the effect is mild. It 
was previously thought that defi ciency of FXII was a risk factor 
for venous thromboembolism but subsequent investigation 
strongly indicates that this is unlikely. A polymorphism in the 
FXIII gene (FXIIIV341L) is signifi cantly less common in 
patients with coronary heart disease than in control subjects 
and a protective effect for venous thromboembolism has been 
reported.  

  Fibrinolysis 

 A causal relationship between levels of individual specifi c pro-
teins involved in regulating fi brinolysis has not been estab-
lished. However, a global measure of fi brinolytic potential as 
measured by a plasma - clot lysis assay was associated with an 
approximately twofold increased risk of venous thrombosis in 
patients with clot lysis times above the 90th percentile of con-
trols in the Leiden Thrombophilia Study. Analysis of the large 
MEGA (Multiple Environmental and Genetic Assessment) 
study confi rmed this fi nding and demonstrated that hypofi bri-
nolysis in combination with established acquired and genetic 
risk factors, such as FVR506Q, had a synergistic effect on venous 
thrombosis risk. A genetic basis for hypofi brinolysis in these 
patients was not investigated. Genetic mutation in the thrombin -
 activatable fi brinolytic inhibitor (TAFI) gene has not been 
linked to thrombosis risk, although plasma TAFI levels appeared 
to be weakly linked to thrombosis risk in some studies.  

  Homocysteine 

 Hyperhomocysteinaemia may be caused by genetic abnormali-
ties but only the severe inherited abnormalities of homocysteine 
metabolism (homozygous cystathionine  β  - synthase defi ciency 
and homozygous defi ciency of methylenetetrahydrofolate 
reductase) result in congenital homocysteinuria associated with 
an increased risk of both arterial and venous thrombosis as well 
as premature atherosclerosis and mental retardation, epilepsy, 
and skeletal and eye problems. Half of patients present with 
venous or arterial thrombosis before the age of 30 years. The 
thermolabile variant of methylenetetrahydrofolate reductase 
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tion of anticoagulant therapy in relation to the results of testing 
are therefore not evidence based.  

  Retinal  v ein  t hrombosis 

 Vein occlusion is associated with hypertension, hypercholes-
terolaemia and diabetes. A relationship with heritable throm-
bophilia has not been established. Furthermore, it is uncertain 
if hypercoagulability is a contributory factor in this condition 
and there is no evidence that anticoagulant therapy is benefi cial. 
Consequently, testing is not indicated in patients with retinal 
vein occlusion.  

  Intra -  a bdominal  v ein  t hrombosis 

 Myeloproliferative disorders, cirrhosis and surgery are strong 
risk factors for intra - abdominal venous thrombosis. The 
acquired JAK2 V617F mutation is a risk factor even in the 
absence of an overt myeloproliferative disorder, being found in 
about 15% of cases. No studies have investigated how the 
fi nding of a heritable thrombophilia should infl uence manage-
ment. Therefore, testing for heritable thrombophilias after a 
fi rst episode of intra - abdominal vein thrombosis has uncertain 
predictive value for recurrence and decisions regarding dura-
tion of anticoagulant therapy in relation to the results of testing 
are not evidence based. Many experts continue anticoagulation 
lifelong after intra - abdominal vein thrombosis as recurrence 
may be catastrophic.   

  Case  fi  nding 

 Testing for heritable thrombophilias in patients presenting with 
venous thrombosis allows case fi nding of affected asympto-
matic family members. The rationale is that this permits avoid-
ance of environmental risks (e.g. use of COCs by females) or 
provides an opportunity for targeted thrombophylaxis at times 
of unavoidable high risk (such as surgery). However, individual 
risk is affected by multiple genetic and environmental factors 
that will be different even among fi rst - degree relatives. 
Prospective cohort studies have determined the annual risk of 
venous thrombosis in asymptomatic family members identifi ed 
after testing unselected patients presenting with venous throm-
bosis. The studies included more than 3500 patient - years of 
observation. The annual risk of venous thrombosis in asymp-
tomatic family relatives of index patients was 0.1% for those 
with  F2 G20210A, 0.6% for those with FVR506Q, about 2% for 
protein C and protein S defi ciency, and 4% for antithrombin 
defi ciency. High - risk periods contribute to approximately half 
of all events (provoked recurrence) in patients with FVR506Q 
and thrombophylaxis appears to reduce risk. In the EPCOT 
registry patients were referred to specialist centres for throm-
bophilia testing if they had a personal or family history of 

   •      Decisions regarding duration of anticoagulation (lifelong or 
not) in unselected patients should be made with reference to 
whether a fi rst episode of venous thrombosis was provoked, 
other risk factors, and risk of anticoagulant therapy - related 
bleeding, regardless of whether a heritable thrombophilia is 
known.  
   •      Testing for heritable thrombophilias in selected patients, such 
as those with a strong family history of unprovoked recurrent 
thrombosis, may infl uence decisions regarding duration of anti-
coagulation. Unfortunately, in this regard identifying patients 
for testing is not straightforward as criteria for defi ning throm-
bosis - prone families have not been validated and the associa-
tion between family history of thrombosis and detection of 
inherited thrombophilia is weak.     

  Treatment of  v enous  t hrombosis in 
 u nusual  s ites in  p atients with  h eritable 
 t hrombophilias 

  Upper  l imb  DVT  

 More than 60% of episodes of upper limb DVT are associated 
with central venous catheters (CVC), with CVCs and cancer 
being the predominant risk factors. In patients without these 
factors heritable thrombophilias are found in one - third and 
there is an interaction between common thrombophilias and 
oral contraceptive exposure. The risk of recurrence is either not 
higher or marginally higher in patients with heritable throm-
bophilias but the absolute risk of recurrence in the presence of 
thrombophilia is less than 5% per year and 80% of patients are 
recurrence free 5 years after stopping anticoagulant therapy. 
Therefore thrombophilia testing is not recommended in 
patients with upper limb DVT.  

  Cerebral  v ein  t hrombosis 

 There is an association between thrombophilia and cerebral 
vein thrombosis, with an interaction between common throm-
bophilias, particularly  F2 G20210A, and oral contraceptive 
exposure. Overall the risk of recurrence of cerebral vein throm-
bosis is lower than previously thought, although it may be 
underestimated due to continuation of anticoagulant therapy 
in those patients thought to be at particular risk of recurrence. 
It has become common practice to test patients for heritable 
thrombophilia after cerebral vein thrombosis and some experts 
continue anticoagulation lifelong if there is a thrombophilic 
defect. In all patients acquired risks should be removed or mini-
mized, for example combined oral contraceptive (COC) expo-
sure and obesity. Therefore, testing for heritable thrombophilias 
after a fi rst episode of cerebral vein thrombosis has unknown 
predictive value for recurrence and decisions regarding dura-
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 A fi rst - degree relative with a history of venous thrombosis is 
a relative contraindication to an estrogen - containing hormonal 
preparation. The risk is dependent on the circumstances of 
thrombosis in the relative. For example, a history of an elderly 
relative who developed venous thrombosis as a complication of 
cancer is not a contraindication. In contrast, a relative with 
unprovoked venous thrombosis, or specifi cally a sibling devel-
oping venous thrombosis while taking a COC, should be con-
sidered a strong contraindication. In families with known 
heritable thrombophilias the risk of venous thrombosis can be 
increased in unaffected members as well as affected and so a 
negative thrombophilia result does not exclude an increased 
risk of venous thrombosis. Therefore, decisions regarding use 
of COCs and whether thrombophilia testing is likely to be 
informative should be made with reference to individual clini-
cal risk factors and the circumstances associated with venous 
thrombosis in the family.  

  Prevention of  p regnancy -  a ssociated 
 v enous  t hrombosis 

 Pregnancy is associated with a fi vefold to tenfold increased risk 
of venous thrombosis compared with non - pregnant women of 
comparable age, with an absolute risk of 1 – 2 per 1000 deliveries. 
The risk of thrombosis, compared with the general age - matched 
female population, is increased 100 - fold in pregnancy in women 
with a previous thrombosis. Retrospective studies in women 
with previous venous thrombosis for whom detailed informa-
tion on the type of thrombophilia was available indicate that 
the rate of recurrence is similar in women with and without 
thrombophilia, although studies excluded women with high -
 risk thrombophilias (anticoagulant defi ciency, multiple defects). 
Thrombosis rarely occurs in women whose initial event is pro-
voked. In general, the absolute risk of pregnancy - associated 
venous thrombosis in women with heritable thrombophilia 
with no previous history is small, but women with antithrombin 
defi ciency or those homozygous for the FVR506Q or  F2 G20210A 
mutations or who are double heterozygotes should be regarded 
as being at higher risk. The number of women with these defects 
is very small. 

 In women with a previous history of venous thrombosis, the 
major factor in determining if prophylaxis should be given is 
whether prior venous thrombosis was provoked or not. If the 
episode was unprovoked, prophylaxis should be considered and 
thrombophilia testing is not required if prophylaxis is given. In 
women with a fi rst provoked event, the decision to test should 
be infl uenced by the strength of the provocation, for example 
thrombosis associated with major trauma and subsequent 
immobility would not be an indication for prophylaxis or 
testing. In women with a fi rst - degree relative with thrombosis, 
the decision to test should be infl uenced by whether the event 

venous thrombosis. The incidence of thrombosis on study entry 
was determined retrospectively in asymptomatic relatives. The 
risk of venous thrombosis was 16 times higher in affected rela-
tives, with the greatest risk in relatives of patients with defi -
ciency of a natural anticoagulant or multiple defects. The 
highest risk was in individuals with antithrombin defi ciency 
(1.7% per year) or combined defects (1.6% per year). Targeted 
case fi nding of relatives with  ‘ severe ’  or  ‘ high risk ’  throm-
bophilias, such as defi ciency of antithrombin, protein C or 
protein S, has been suggested, although the clinical utility of 
such methods remains uncertain and contentious among 
experts. 

 Given uncertainty, some experts argue that it is reasonable to 
perform testing if it is anticipated that clinical management will 
be infl uenced, for example an intensifi ed or extended period of 
prophylaxis during a high - risk period. If a family history sug-
gests a high degree of genetic penetrance, then it might be 
reasonable to test a symptomatic patient and then their relatives 
with a view to enhanced prophylaxis at times of high risk in 
affected members, for example thrombophylaxis in pregnancy 
when there is a family history of pregnancy - associated throm-
bosis, or intensifi ed or extended surgical thrombophylaxis 
when there is a history of thrombophylaxis failure in affected 
members. In all cases the risks, benefi ts and limitations of 
testing should be discussed in the context of explained inherit-
ance and disease risk. The importance of this is demonstrated 
by reported anxiety after testing positive and an overestimated 
perception of risk. Simple methods for quantifying a positive 
family history do not discriminate patients with and without 
thrombophilia and therefore the decision to test for inherited 
thrombophilia cannot be accurately guided by the presence or 
absence of a family history.  

  Prevention of  t hrombosis  a ssociated with 
 e strogen -  c ontaining  h ormone 
 p reparations 

 In some women heritable thrombophilia has already been 
established, while in others it is perceived that testing would 
enable informed decision - making regarding use of a COC or 
hormone - replacement therapy (HRT). However, the absolute 
risk of thrombosis is low and the fact that venous thrombosis 
has a multiple genetic basis with incomplete penetrance makes 
counselling in relation to genetic testing uncertain. In many 
instances an alternative effective contraceptive is acceptable. 
Similar principles apply to HRT, although the baseline risk is 
higher as the population is older. Rarely is there a therapeutic 
indication for HRT and in most instances there is only a weak 
indication. If HRT is considered essential, then a non - oral for-
mulation is associated with a signifi cantly lower risk of venous 
thrombosis. 
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dition has been described in patients with other heritable 
thrombophilias. Vitamin K antagonist - induced necrosis associ-
ated with heritable thrombophilias tends to involve a central 
distribution.  

  Thrombophilia and  a rterial  t hrombosis 

 The genetic risk factors for venous thrombosis and arterial 
atherothrombosis overlap but the material contribution of each 
differs between the two diseases. Hypercoagulability resulting 
from variation in the genetic control of blood coagulation pro-
duces a greater material contribution to venous thrombosis. 
However, it is becoming increasingly recognized that both 
genetic and acquired risk factors are common denominators for 
venous and arterial thrombosis. In patients presenting with 
venous thrombosis before the age of 40 there appears to be an 
increased risk of acute myocardial infarction subsequently. 

 Evidence of an association between heritable thrombophilia 
and arterial thrombosis is limited to case reports and small 
studies. It is possible that heritable defects that result in increased 
coagulability increase the likelihood of atherothrombosis. 
However, the material contribution of heritable thrombophilia, 
as compared with established cardiovascular risk factors, is not 
suffi cient to change therapy for primary and secondary preven-
tion. Therefore, testing young patients for heritable throm-
bophilia after an arterial occlusive event is unhelpful. Because 
there is no established causal relationship and as treatment and 
secondary prevention should be in relation to established car-
diovascular risk factors, thrombophilia testing is not recom-
mended. In patients with arterial thrombosis at a young age that 
cannot be explained by conventional cardiovascular risk factors, 
various causes should be considered including antiphospholi-
pid antibody syndrome, a cardiac or large - artery source of 
embolus, vasculitis, aneurysm, thoracic outlet syndrome or a 
collagen - vascular disorder causing arterial dissection.  

  Neonatal  s troke 

 Heritable thrombophilic defects are associated with perinatal 
brain injury. The pathogenesis is thrombosis in either cerebral 
arteries or cerebral veins or sinuses. Secondary brain infarction 
results, with subsequent cystic change. Thrombophilia is not a 
signifi cant risk factor for ischaemic stroke in adults, as it does 
not increase the risk of arterial thrombosis (but cerebral vein 
thrombosis can present as stroke). In the neonate the patho-
physiology of stroke is quite different and thrombophilia may 
increase the risk of arterial thrombosis and stroke in the neonate 
or fetus. There are two potential explanations for this. 
   •      The circulation in the neonate is different. In the adult venous 
blood is  ‘ fi ltered ’  by the pulmonary circulation. In the fetus and 

in the relative was unprovoked or provoked and the strength of 
the provocation. If the event in the fi rst - degree relative was 
associated with pregnancy or COC, then testing and fi nding 
thrombophilia should prompt consideration of prophylaxis, 
particularly if the symptomatic relative was known to have the 
same defect, especially defi ciency of antithrombin or protein C. 
When testing in pregnancy is performed it is necessary to inter-
pret the results with reference to the effect of pregnancy on the 
tests. 

  Pregnancy  m orbidity 

 There is evidence of an association between heritable throm-
bophilia and pregnancy morbidity, including early and late 
pregnancy loss, pre - eclampsia and intrauterine growth retarda-
tion. Randomized controlled trials with a no treatment or 
placebo arm in women with a history of pregnancy complica-
tions are in progress and results should be awaited before rec-
ommending that antithrombotic therapy is given to pregnant 
women based on testing for heritable thrombophilia.   

  Purpura  f ulminans 

 Purpura fulminans is a rare syndrome characterized by progres-
sive haemorrhagic skin necrosis that occurs in neonates with 
congenital severe protein C defi ciency at birth or in the fi rst few 
days of life, and in association with infection in children and 
adults. The condition may occur in children without congenital 
anticoagulant defi ciency following viral infections, with an 
onset within 10 days of infection. Acquired severe protein S 
defi ciency has been reported in purpura fulminans following 
chickenpox infection. With bacterial infections disseminated 
intravascular coagulation (DIC) is often present, for example 
meningococcal infection. In patients with DIC or purpura ful-
minans due to sepsis, treatment with APC should be consid-
ered. In patients with very severe skin necrosis, testing for 
acquired protein C or S defi ciency should be considered as 
plasma exchange may be benefi cial. Neonates homozygous for 
protein C or S defi ciency may be born with skin necrosis 
or DIC.  

  Oral  v itamin  K   a ntagonist -  i nduced 
 s kin  n ecrosis 

 Oral vitamin K antagonist - induced skin necrosis, such as that 
seen with warfarin, is extremely rare, even in patients with 
protein C or S defi ciency, such that most individuals with 
protein C or S defi ciency do not develop skin necrosis. However, 
a high proportion of patients with vitamin K antagonist -
 induced necrosis have heritable protein C defi ciency. The con-
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 binding site defects, which may not be associated with an appre-
ciably increased risk of venous thrombosis. 

 Even in families with characterized defects, a phenotypic 
assay may fail to accurately discriminate affected and non -
 affected individuals. True heritable defi ciencies may not be 
detected and false - positive diagnoses are common. 

  Pre -  a nalytical  v ariables 

 Most assays are affected by clots in the sample. Antibody assays 
may be affected by atypical antibodies such as paraproteins, 
rheumatoid factor and heterophile antibodies. Chromogenic 
assays are subject to interference by lipaemia and haemolysis. 
Clot - based assays are subject to imprecision due to variation in 
the baseline clotting time and the levels of other factors. 

 Low levels of antithrombin, protein C or protein S may relate 
to age, sex, acquired illness or drug therapy and therefore inter-
pretation requires knowledge of the patient ’ s condition at the 
time of blood sampling. Interpretation of results in children 
must be with reference to the normal range for age. 

 Low levels of antithrombin, protein C or protein S suspected 
to be the result of heritable mutations should be confi rmed on 
one or more separate samples. Demonstrating a low level in 
other family members supports a diagnosis of heritable defi -
ciency and characterization of the genetic mutation can confi rm 
the diagnosis and give some indication of thrombosis risk, par-
ticularly in the case of antithrombin defi ciency.  

  General  r ecommendations for  l aboratory 
 t ests and  i nterpretation 

     •      Testing at the time of acute venous thrombosis is not indi-
cated as the utility and implications of testing need to be con-
sidered and the patient needs to be counselled before testing. 
As treatment of acute venous thrombosis is not infl uenced by 
test results, testing can be performed later.  
   •      The PT should be measured to detect the effect of oral vitamin 
K antagonists, which will cause a reduction in protein C and S 
levels.  
   •      Functional assays should be used to determine antithrombin 
and protein C levels.  
   •      Chromogenic assays of protein C activity are less subject to 
interference than clotting assays and are preferable.  
   •      Immunoreactive assays of free protein S antigen are prefera-
ble to functional assays. If a protein S activity assay is used in 
the initial screen, low results should be further investigated with 
an immunoreactive assay of free protein S.  
   •      If an APC resistance assay is performed to detect FVR506Q, 
then the modifi ed APC sensitivity test (predilution of the test 
sample in FV - defi cient plasma), as opposed to the original APC 
sensitivity test, should be used as a phenotypic test for FV 
Leiden. If positive the mutation should be confi rmed by a direct 
genetic test. An APC resistance assay is unnecessary if a direct 
genetic test for FV Leiden is used initially.  

neonate the lungs are bypassed by the ductus arteriosus and so 
it is possible for clots arising in the venous system to bypass the 
lungs and occlude a cerebral artery.  
   •      The blood coagulation system of the neonate is different to 
that of the adult. It is possible that the coagulability of blood in 
fetal and neonatal arteries is infl uenced by thrombophilic 
defects. However, this remains to be investigated.    

 Testing for defects may therefore identify a material con-
tributory factor but does not typically inform management 
decisions. For example, anticoagulant therapy is not usually 
considered in children found to have a suffered a stroke in the 
neonatal period and there may be a signifi cant time before a 
neurological defi cit is recognized or the cause of stroke deter-
mined. In practice testing is sometimes performed in order to 
explain to parents why a stroke possibly occurred.  

  Laboratory  m ethodology and  t esting 
 s trategy 

 The laboratory diagnosis of heritable thrombophilias is diffi cult 
as the tests are subject to considerable pre - analytical variables. 
Low levels of antithrombin, protein C and protein S occur in a 
variety of circumstances and test results and the clinical impli-
cations of both positive and negative results are frequently 
misinterpreted. 

 A full blood count and platelet count are useful indicators of 
general health and will identify myeloproliferative disorders 
that increase thrombotic risk. The APTT may detect some lupus 
anticoagulants but a sensitive assay should be used. The 
thrombin time will detect heparin contamination and the pro-
thrombin time (PT) is useful for the interpretation of protein 
C and protein S levels. Testing is usually delayed until at least 
1 month after completion of a course of anticoagulation with a 
vitamin K antagonist. Testing should be avoided during inter-
current illness and with use of COCs or HRT. Sometimes 
testing is performed during pregnancy and so interpretation of 
results must be made with reference to the effect of the preg-
nancy on results. 

 Functional assays should be used where accuracy and impre-
cision are acceptable. However, no single method will detect all 
defects. For example, a protein C chromogenic assay will not 
detect a dysfunctional protein C molecule with impaired phos-
pholipid binding due to a mutation in the Gla domain. A clot -
 based protein C assay would be sensitive to this defect but 
imprecision of the assay would result in reduced sensitivity and 
specifi city for other defects compared with a chromogenic 
assay. Similarly, the performance of antithrombin assays will be 
infl uenced by heparin, the pre - incubation time with heparin, 
use of FXa or thrombin as a substrate, the source of thrombin 
and the end - point detection method. For example, an assay 
utilizing a short heparin incubation time will detect heparin -
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 Interference by other proteases and inhibitors in the plasma 
sample is a potential problem. Interference by heparin cofactor 
II, another heparin - activated serpin, can be eliminated by using 
FXa or bovine thrombin as the target protease, as heparin cofac-
tor II only inhibits human thrombin. The effect of other pro-
teases in the patient plasma can be minimized by addition of a 
protease inhibitor such as aprotonin. 

 The total amount of antithrombin protein can be measured 
immunologically with antibodies, for example by ELISA. As 
antithrombin antigen levels may be normal or near normal in 
type II defi ciency, immunological assays may fail to identify 
patients with these variants. 

 Antithrombin levels are slightly reduced in infants, during 
pregnancy, in women taking estrogen preparations and in some 
patients during heparin therapy. Levels also decrease with age 
and acquired low levels occur in liver disease, DIC, nephrotic 
syndrome, during  l  - asparaginase therapy, and in protein mal-
nutrition and cachexia.  

  Protein  C   a ssays 

 Protein C defects are divided into type 1, with a reduced amount 
of functionally normal protein, and type 2, in which there is 
reduced activity due to a dysfunctional protein. In this case 
there is discordance between the functional and antigenic levels. 
The laboratory diagnosis of protein C defi ciency is based on a 
functional assay. Most commercially available functional assays 
of protein C employ the specifi c activator Protac, a protein C 
activator derived from the venom of the southern copperhead 
snake ( Agkistrodon contortrix ). Chromogenic assays using a syn-
thetic substrate for APC are simple to perform and can detect 
all type 1 defects and type 2 defects affecting the catalytic site. 
A chromogenic assay will not detect most other type 2 defects. 
Clotting assays utilizing the prolongation of either the PT or 
APTT after Protac activation have the capacity to detect other, 
but not all, type 2 defects but are subject to imprecision due to 
variation in the baseline clotting time and the levels of other 
factors, for example if there is a short APTT due to a high FVIII 
level, or the presence of the factor V Leiden mutation which 
results in a falsely low protein C activity due to APC resistance, 
or in the presence of a lupus anticoagulant. The diagnosis of 
protein C defi ciency is problematic because of the wide overlap 
in protein C activity between heterozygous carriers and unaf-
fected individuals. Protein C levels are not affected by preg-
nancy or estrogen exposure. Acquired low levels of protein C 
occur during anticoagulant therapy with oral vitamin K antago-
nists, vitamin K defi ciency, DIC and liver disease.  

  Protein  S   a ssays 

 Protein S is usually quantifi ed immunologically rather than 
measured functionally. Originally, free protein S was measured 
in plasma supernatant after precipitation of C4b - bound protein 

   •      Repeat testing for identifi cation of defi ciency of antithrombin, 
protein C and protein S is indicated and a low level should be 
confi rmed on one or more separate samples. Defi ciency should 
not be diagnosed on a single abnormal result.  
   •      Rigorous internal quality assurance and participation 
in accredited external quality assessment schemes are 
mandatory.  
   •      Thrombophilia testing must be supervised by experienced 
laboratory staff and the clinical signifi cance of the results must 
be interpreted by an experienced clinician who is aware of all 
relevant factors that may infl uence individual test results in each 
individual case.     

  Antithrombin  a ssays 

 The activity of antithrombin is measured as progressive activity 
towards thrombin in the absence of heparin (designated accord-
ingly  ‘ progressive activity ’ ) or in the presence of heparin against 
either thrombin or FXa (designated  ‘ heparin cofactor activity ’ ). 
Activity assays typically use a chromogenic substrate in which 
a small synthetic peptide is linked to  p  - nitroaniline. Cleavage of 
the peptide releases the  p  - nitroaniline, which turns yellow and 
can be measured quantitatively. Patient plasma is incubated 
with heparin and then an excess of thrombin or FXa is added. 
The heparin - activated antithrombin is complexed and neutral-
izes the excess thrombin or FXa. The remaining free protease 
quantifi ed by cleavage of the chromogenic substrate is inversely 
proportional to the antithrombin level in patient plasma. Either 
thrombin or FXa with the appropriate chromogenic substrate 
can be used (Figure  45.4 ). The progressive assay is identical 
except that the patient plasma sample is not pre - incubated with 
heparin.   

Antithrombin + heparin

[Antithrombin:Heparin] + thrombin (excess)

[Antithrombin:Heparin:Thrombin] + thrombin (residual)

[Peptide:pNA] Peptide + pNA

     Figure 45.4     Chromogenic antithrombin heparin cofactor assay. 

Plasma (the source of antithrombin) is incubated with an excess 

of thrombin (human or bovine) in the presence of heparin. 

Thrombin is complexed and neutralized by heparin - activated 

antithrombin until all antithrombin is complexed. The residual 

thrombin is then detected by the chromogenic indicator. The 

concentration of antithrombin in the sample is inversely 

proportional to the residual thrombin concentration.  



Heritable thrombophilia

885

measure the degree of coagulability are now being investigated 
in clinical studies. These include biomarkers, such as D - dimer, 
which refl ect the level of thrombin generation  in vivo , and 
thrombin generation assays, which measure the capacity of a 
patient plasma sample to generate thrombin in response to a 
predefi ned coagulation trigger, for example low concentration 
tissue factor. It has now been demonstrated in several studies 
that the level of D - dimer or thrombin - generating potential cor-
relates with risk of recurrent venous thrombosis. These tests 
appear to refl ect different aspects of hypercoagulability and may 
be complementary in terms of clinical utility. However, it 
remains to be defi ned exactly how these tests should be used to 
stratify patient risk and infl uence clinical decisions regarding 
duration of anticoagulant therapy after an episode of venous 
thrombosis.   

  Counselling and  g enetic  t esting 

 Clinical utility refers to the ability of a screening or diagnostic 
test to prevent or reduce adverse health outcomes, including 
mortality, morbidity and disability. A test does not have inher-
ent clinical utility; rather it is the adoption of a therapeutic or 
preventive intervention on the basis of the test result that infl u-
ences health outcomes. Clinical utility can more broadly refer 
to any use of a test result to inform clinical decision - making, 
and this may include information considered important by 
individuals and families. 

 A large proportion of genetic counselling focuses on present-
ing risk information. Making sense of information can be dif-
fi cult. Whenever a patient is offered an intervention there is a 
trade - off between benefi t and risk. The benefi t and risk infor-
mation must be presented in ways that are relevant and under-
standable. In addition to the quantitative information, the 
qualitative aspect of risk is equally important. A relative risk 
does not indicate how likely it is than an outcome will occur, 
only how much relatively more or less likely it is. It is the abso-
lute risk that indicates how likely an event will be. For example, 
the relative risk of venous thrombosis is increased twofold to 
sixfold in a female aged between 20 and 40 years who takes an 
estrogen - containing oral contraceptive (COC), depending on 
her age and the COC preparation. It is accepted that COC 
exposure increases the risk of venous thrombosis and some 
women presented with this information might choose not to 
use a COC as contraception, despite its proven effi cacy and 
attractions. When informed that the risk would be 35 - fold 
higher than the population baseline risk if the woman had the 
factor V Leiden mutation and used a COC, some women would 
again choose to avoid use of a COC. However, in order to make 
an informed decision it is necessary for the woman to know 
how likely it is she would suffer venous thrombosis if she did 
not use the COC and how much the absolute risk would change 
if she did use a COC. The population baseline risk of thrombo-

S by polyethylene glycol (PEG). Nowadays PEG precipitation is 
not required as monoclonal antibodies that detect only free 
protein are used. Functional protein S assays are imprecise and 
are not used in the majority of coagulation laboratories. 

 Protein S levels are signifi cantly lower in females, so much so 
that different normal reference ranges are required for males 
and females. There is a signifi cant risk of a false - positive diag-
nosis of protein S defi ciency in women. Protein S levels fall 
progressively during normal pregnancy and are reduced by 
estrogens. Acquired low levels of protein S occur during anti-
coagulant therapy with oral vitamin K antagonists, vitamin K 
defi ciency, DIC and liver disease.  

   FVR 506 Q  and  APC   r esistance 

 Nowadays, the FVR506Q mutation is usually detected by direct 
mutation analysis. APC resistance assays typically utilize the 
APTT. Samples are tested with and without an added fi xed 
concentration of APC. The clotting times are expressed as a 
sensitivity ratio, i.e. the APTT (seconds) of patient plasma plus 
APC divided by the APTT (seconds) of patient plasma without 
added APC; the lower the ratio, the greater the APC resistance. 
Platelet contamination and activation must be avoided as this 
will lead to APC resistance. The ratio can be normalized by 
dividing the patient ’ s sensitivity ratio by the sensitivity ratio of 
a pooled normal plasma. If normalization is used, FVR506Q 
carriers should be excluded from the normal plasma pool. The 
APC resistance assay is abnormal not only in the presence of 
FVR506Q but with all other causes of heritable and acquired 
APC resistance and in individuals with a prolonged baseline 
APTT due to clotting factor defi ciencies or anticoagulant 
therapy. It is therefore not specifi c for FVR506Q. Modifi cation 
of the test by a 1 in 4 predilution of the test plasma in FV -
 defi cient plasma increases the sensitivity and specifi city of the 
assay for FVR506Q to almost 100% and this test is reliable if 
genetic analysis is not available.  

    F   2  G 20210 A  

 A laboratory clotting test with sensitivity and specifi city for this 
mutation is not available and so detection is by direct mutation 
analysis.  

  Next -  g eneration  g lobal  t hrombophilia  t ests 

 A test that predicts a high rate of recurrent venous thrombosis 
would be clinically useful. The clinical utility of such a test 
would be the identifi cation of patients in whom the benefi t of 
continued long - term anticoagulant therapy outweighed the 
risk. Patients with a fi rst unprovoked venous thrombosis are at 
highest risk of recurrence but it is arguable if the level of risk 
estimated from clinical risk factors alone justifi es long - term 
anticoagulation. A new generation of thrombophilia tests that 
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sis is about 1 per 10   000 per year under the age of 40. If a woman 
used a COC it would increase about fourfold to about 4 per 
10   000 per year. Clearly, the risk of venous thrombosis associ-
ated with COC use is very low. For a woman with the factor V 
Leiden mutation, her baseline risk of thrombosis would be 
about 1 per 2000 per year under the age of 40, a risk that is 
increased about fi vefold compared with a woman without this 
mutation. If this woman were to take a COC, her absolute risk 
would increase from 1 per 2000 to 1 in 300, a risk that is 
increased about sevenfold for her but which is 35 - fold greater 
than the population baseline risk. For many women an annual 
risk of 1 in 300 is acceptable given the proven effi cacy, ease of 
use and other obvious advantages of a COC.  
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  Introduction 

 Deep vein thrombosis (DVT) is common, principally affecting 
the lower limbs. In many populations the annual incidence is 
around 1 per 1000 population. However, the disorder is highly 
age - dependent. For example, it is exceptional in childhood, has 
an incidence of the order of 1 per 10   000 population per year in 
young adults, and may reach 1% per annum in the very elderly. 
The incidence of pulmonary embolism is lower, possibly around 
1 per 3000 population annually, although subclinical pulmo-
nary embolism occurs frequently in subjects with lower limb 
proximal DVT. In patients who die in hospital there is evidence 
of pulmonary embolism in up to 20% of cases and in many it 
contributes to the cause of death. Clinically apparent pulmo-
nary embolism occurs rarely when DVT is confi ned to calf 
veins, but if untreated calf vein thrombosis propogates to proxi-
mal veins in around 20% of cases, with an accompanying risk 
of signifi cant pulmonary embolism. In some cases pulmonary 
embolism presents without identifi able DVT. 

 DVT is important because of the associated acute morbidity 
and risk of fatal pulmonary embolism, and also because of the 
potential long - term sequelae: a high risk of recurrent thrombo-
sis, the development of chronic post - phlebitic symptoms, and 
pulmonary hypertension. The risk of recurrence after a fi rst 
episode of apparently unprovoked proximal DVT of a lower 
limb is around 25% during the 5 years after discontinuation of 

oral anticoagulant therapy and is highest during the fi rst few 
months. However, the risk is considerably lower when the fi rst 
event was precipitated by a transient risk factor, such as a surgi-
cal procedure. When the fi rst episode of thrombosis affects the 
deep veins, the symptoms of recurrence are most commonly 
those of DVT also. Similarly, recurrence after a fi rst episode 
of pulmonary embolism is typically with further pulmonary 
embolism. 

 Chronic post - phlebitic symptoms in the leg range from 
minor itching and swelling to intractable ulceration. Some 
degree of post - phlebitic syndrome is present in around 30% of 
sufferers of previous lower limb DVT 10 years after the event. 
It is most frequent and severe after recurrent thrombosis and 
uncommon after DVT confi ned to the calf vessels. The risk 
of development of pulmonary hypertension after pulmonary 
embolism may have been underestimated previously. 
Symptomatic pulmonary hypertension may be present in 
around 4% of subjects and is more likely if there has been recur-
rent pulmonary embolism. 

 Vessels other than the deep veins of the limbs may be affected 
by thrombosis, including superfi cial limb veins, the intracranial 
venous sinuses and visceral veins. The pathogenesis of superfi -
cial thrombophlebitis may differ from that of DVT. Thrombosis 
of retinal veins also appears to have a different pathogenesis and 
natural history. 

 As described in the preceding chapter, venous thromboem-
bolic episodes result from the interaction of multiple risk 
factors. These may be gene – environment interactions or mul-
tiple environmental or acquired risk factors. In this chapter, the 
acquired conditions that predispose to venous thromboembo-
lism (VTE) are considered, although in most cases it is likely 



Acquired venous thrombosis

889

relationship between the iliac artery and vein on that side. Many 
affected women develop post - phlebitic syndrome. 

 The pathogenesis of pregnancy - related VTE is multifactorial, 
as in other situations. For example, obesity may contribute. 
Unique factors include the raised intra - abdominal pressure and 
vascular compression caused by the gravid uterus, the sup-
pressed systemic fi brinolytic capacity, the progressive increase 
in plasma concentrations of clotting factors from around 10 
weeks ’  gestation, including factor (F)VIII and fi brinogen, and 
the fall in plasma concentration of the anticoagulant cofactor 
protein S. Tissue trauma from delivery contributes to the 
pathogenesis of post - partum VTE and operative delivery 
increases the risk further. 

 Although heritable thrombophilias contribute to the risk of 
pregnancy - related VTE, in around 70% of cases no hereditary 
thrombophilia can be identifi ed and in 25% there is also no 
obvious risk factor other than otherwise normal pregnancy.  

  Immobility  a s a  r isk  f actor for  v enous 
 t hromboembolism 

 It is likely that venous stasis is a signifi cant pathogenetic factor 
in VTE. For example, sitting still for 90   min reduces the fl ow 
through the popliteal vein by 50%. Immobility is a major con-
tributor to hospital - acquired VTE, and is a factor in DVT in 
paralysed limbs and associated with splinting, for example in a 
plaster cast. 

 There has been considerable interest in the relationship 
between VTE and the physically cramped conditions encoun-
tered during travel, especially long - haul aircraft journeys. The 
term  ‘ economy class syndrome ’  has been coined to encompass 
the occurrence of VTE during and after air travel. The level of 
risk of VTE has been exaggerated, partly due to media attention. 
Epidemiological data suggest a relative risk of around twofold, 
which persists for a few weeks after the journey. A similar level 
of risk applies to other modes of powered travel, including by 
road. Observational data indicate that the incidence of death 
from pulmonary embolism induced acutely by air travel is less 
than one in a million journeys. The duration of the fl ight is a 
factor, with some evidence that VTE risks begin to increase 
progressively with fl ight time of greater than 4 or 5 hours. As 
in other situations, the pathogenesis is multifactorial, for 
example the elderly and less mobile are more at risk. The con-
tribution of the particular environmental conditions within a 
pressurized cabin, particularly hypobaric hypoxia, to hyperco-
agulability is disputed. At present it is reasonable to assume that 
any form of long - distance powered travel carries a low but 
increased risk of VTE and to recommend simple precautionary 
measures such as maintenance of hydration and calf exercises 
and ambulation in order to maintain venous fl ow in the lower 
limbs.  

that the individual genotype infl uences the likelihood of throm-
bosis in particular circumstances. In addition to the factors 
listed in Table  46.1 , there has been recent interest in an associa-
tion between VTE and artherosclerotic disease and the meta-
bolic syndrome.    

  Pregnancy and  v enous  t hromboembolism 

 Around 1 in 1000 pregnancies is complicated by DVT or pul-
monary embolism. Massive pulmonary embolism is the leading 
cause of pregnancy - related death in the UK. Although the post-
partum phase has been considered to be the time of highest risk, 
overall at least as many episodes of VTE occur antepartum, 
including some in the fi rst trimester. There are notable clinical 
features in pregnancy - related DVT: around 90% of thromboses 
affect the deep veins of the left lower limb and the vast majority 
of cases involve the iliofemoral vein from the time of presenta-
tion; thrombosis restricted to the deep veins of the calf is 
uncommon in pregnancy but is more common after birth. The 
left - sided predominance most likely relates to the anatomical 

  Table 46.1    Causal factors in acquired venous thromboembolism. 

   Inevitable/environmental   

  Increasing age  

  Pregnancy and post partum  

  Immobility, e.g. long - haul travel  

  Dehydration  

   Iatrogenic   

  Postoperative/immobilization  

  Indwelling venous devices  

  Pharmacological  

     Estrogen related: combined oral contraceptive, hormone -

 replacement therapy, tamoxifen  

     Chemotherapy  

     Heparin  

     Procoagulant treatment  

   Disease - related   

  Antiphospholipid syndrome  

  Cancer  

     Myeloproliferative diseases  

     Acute promyelocytic leukaemia  

  Infl ammatory states  

  Haematological disease  

     Paroxysmal nocturnal haemoglobinuria  

     Thrombotic thrombocytopenic purpura  

     Sickle cell disease  

  Intravenous drug abuse  
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  Pharmaceuticals 

  Combined  o ral  c ontraceptive 
 Iatrogenic VTE associated with use of the combined oral con-
traceptive is of particular importance because it affects healthy 
women in a young age group. The overall risk of VTE in a pill 
user is around fourfold to fi vefold higher than in a non - pill user, 
although this is infl uenced greatly by the presence of some 
heritable thrombophilias, as described in the previous chapter. 
The risk is also increased by obesity and older age. Fortunately, 
the absolute risk remains acceptable because of the low back-
ground prevalence of thrombosis in women of childbearing age. 
Estrogen - containing preparations induce a state of reduced sen-
sitivity to activated protein C, and this appears to be more 
marked with the third - generation contraceptives than second -
 generation preparations. (Most preparations in current use 
contain an equivalent dose of estrogen, usually 30 – 35    µ g of 
ethinylestradiol. However, the progestagen content varies. 
In so - called second - generation oral contraceptives this is 
levonorgestrel, whereas in third - generation products it is 
desogestrel, gestodene or norgestimate.) There is convincing 
epidemiological evidence that the third - generation pills also 
carry a greater risk of clinical VTE. Progestagen - only oral con-
traceptives appear to carry a lower risk of VTE such that their 
use can be considered in women in whom the combined oral 
contraceptive is deemed to be contraindicated, for example due 
to previous VTE or presence of thrombophilia.  

  Hormone -  r eplacement  t herapy 
 Hormone - replacement therapy (HRT) is also associated with 
VTE. In this case the absolute risk is higher due to the greater 
background prevalence of VTE in older women. Observational 
data indicate a very high rate of VTE in women with a previous 
history of venous thrombosis who embark upon HRT subse-
quently. Such is the level of risk that HRT is generally contrain-
dicated in such women. If there are overwhelming indications 
for HRT (usually disabling menopausal symptoms) some clini-
cians consider warfarin thrombophylaxis alongside HRT in 
high - risk situations. Also, the procoagulant changes induced by 
transdermal preparations appear to be less marked, suggesting 
that they may be less likely to provoke VTE than oral formula-
tions and may be considered in those thought to be at increased 
risk of VTE.  

  Chemotherapeutic  a gents 
 Use of chemotherapeutic agents and adjunctive therapies in 
malignancy has been linked to VTE. Notable examples are 
asparaginase in acute lymphoblastic leukaemia, thalidomide in 
myeloma and tamoxifen in breast cancer. Tamoxifen blocks 
estrogen receptors but has weak estrogenic activity and this may 
underly the association with VTE. Asparaginase inhibits protein 
synthesis, and markedly reduced plasma concentrations of anti-

  Iatrogenic  v enous  t hromboembolism 

 VTE is common in hospitalized subjects, despite the widespread 
adoption of physical and pharmacological methods of throm-
bophylaxis. As indicated above, immobility is probably a sig-
nifi cant contributory factor. In postoperative patients and 
acutely ill medical patients, features of the acute - phase response, 
such as increased fi brinogen and FVIII concentrations in 
plasma, and reactive thrombocytosis also play a part. The 
highest prevalence of VTE occurs after major orthopaedic 
surgery to the lower limb. In hip replacement and knee replace-
ment surgery subclinical DVT is frequently detectable by 
imaging, although there is evidence that clinically signifi cant 
VTE may be becoming less common due to improvements in 
surgical techniques and materials, as well as wider use of 
thrombophylaxis. 

  Indwelling  v enous  d evices 

 Indwelling venous devices, such as Hickman catheters, are a 
signifi cant cause of DVT, which may progress to complete 
occlusion of the superior vena cava. Up to 60% of patients with 
central venous catheters (CVCs) will develop a complication 
secondary to the device, thrombosis being one of the most 
common. Thrombosis associated with CVC may involve the 
catheter tip, the length of the catheter, the catheterized vessel in 
the upper limb, the central vasculature of the neck/mediasti-
num, or a combination of these. A higher incidence of throm-
bosis is seen in catheters with larger external diameters and 
those with a tip positioned distal to the superior vena cava. 
Other factors that predispose to a higher rate of catheter - related 
thrombosis include catheter infection, infusion of sclerosing 
chemotherapeutic agents, extrinsic vessel compression and a 
previous history of VTE. 

 Patients with CVC - related thrombosis may present with 
swelling and/or pain of the arm, neck or face. Some may present 
with symptoms suggestive of a pulmonary embolism or with 
catheter malfunction. Many of the symptoms are non - specifi c 
and for this reason imaging is required to confi rm or exclude 
thrombosis. Contrast venography remains the reference stand-
ard for diagnosis of CVC - related thrombosis but this is invasive 
and may be painful. Ultrasonography is the most accurate non -
 invasive test, with a sensitivity and specifi city of 93% and 95% 
respectively. 

 Treatment of CVC - related thrombosis remains poorly 
studied. There are several treatment options available: antico-
agulation alone, systemic thrombolysis, low - dose local throm-
bolysis and catheter removal, or any combination of the above. 
Systemic thrombolysis may cause bleeding and should be 
avoided. Warfarin has been used to prevent catheter thrombosis 
in patients with cancer but appears to be ineffective and may 
result in increased bleeding. Almost all episodes of VTE in 
neonates are provoked by indwelling vascular devices.  
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is achieved by the demonstration of a positive result with a 
low heparin concentration, which is absent in the presence of a 
high concentration. Because of the limitations of these con-
fi rmatory tests, monitoring of the platelet count and a high 
index of clinical suspicion are essential whenever heparin is 
administered. 

 The most practical approach to diagnosis outside the inten-
sive care unit, where thrombocytopenia is common due to the 
other causes that may coexist with HIT, is the employment of 
a scoring algorithm based on the timing of onset of thrombo-
cytopenia, presence or absence of new thrombosis, presence or 
absence of other potential cause of thrombocytopenia, and the 
degree of thrombocytopenia (the four T ’ s algorithm). If the 
probability score is high, heparin should be stopped. When a 
high score is combined with an immunoassay, this results in 
improved sensitivity and specifi city for HIT. Consideration of 
the antibody titre provides additional evidence, low - titre anti-
bodies being less specifi c. A British Committee for Standards in 
Haematology guideline gives advice on the diagnosis and man-
agement of HIT using this approach. 

 When there is a noteworthy fall in the platelet count that 
cannot be accounted for in any other way, heparin, in all forms, 
must be discontinued. An alternative anticoagulant must be 
administered immediately as the risk of thrombosis persists 
for several days after heparin withdrawal. Warfarin given 
alone is contraindicated as massive thrombosis has been 
described in this situation, most likely due to the rapid fall in 
protein C caused by warfarin against a background severe pro-
thrombotic state. Aspirin is insuffi cient. The antibody may 
cross - react with low - molecular - weight heparins and they 
should be avoided. Danaparoid is a mix of anticoagulant gly-
cosaminoglycans, predominantly heparan sulphate and dextran 
sulphate, and has been used in HIT. There is a signifi cant risk 
of cross - reactivity with the HIT antibody  in vivo , which may 
not be predicted by  in vitro  testing. Lepirudin is used frequently 
in HIT. It carries no risk of cross - reactivity but there should be 
caution if used in the presence of renal impairment. Warfarin 
can be introduced once an adequate anticoagulant effect with 
the thrombin inhibitor has been established. Fondaparinux has 
been used, but experience is less than that with lepirudin and 
danaparoid. 

 The pathogenetic antibodies tend to become unmeasurable 
in the ensuing few months but further exposure to heparin 
should be avoided for at least 6 months.  

  Haemostatic  t reatments 
 Haemostatic treatments may induce thrombosis, most notably 
prothrombin complex concentrates. They should not be used 
to reverse the coagulopathy in severe liver impairment as 
major thrombosis has been reported, with disseminated intra-
vascular coagulation and death in some cases. This is probably 
due to impaired clearance of activated clotting factors in liver 
failure.    

thrombin may be one mechanism of the prothrombotic state 
associated with its use. The pathogenesis of thrombosis associ-
ated with thalidomide has not been fully elucidated but it is 
noteworthy that some data suggest that aspirin may reduce the 
incidence of the complication. This potentially implicates plate-
lets in the pathogenesis. It appears to be associated particularly 
with use of the agent in myeloma, rather than other 
indications.  

  Heparin -  i nduced  t hrombocytopenia 
 Heparin - induced thrombocytopenia (HIT) is an important 
diagnosis because failure to recognize the syndrome carries 
a high risk of death from associated venous or arterial throm-
bosis. It is due to development of antibodies to a complex 
of heparin and platelet factor 4 that induces intravascular plate-
let activation and consumption. Typically, the platelet count 
begins to fall between 5 and 10 days after fi rst exposure to 
heparin. In subjects with previous recent exposure it may occur 
earlier and very occasionally the thrombocytopenia develops 
after heparin has been discontinued. The condition may com-
plicate heparin administered at any dose, including as periop-
erative thrombophylaxis and even when very low doses are 
used to maintain the patency of intravascular cannulae. Indeed, 
there are very occasional reports of a clinically identical syn-
drome developing in the absence of exposure to administered 
heparin. HIT is around 10 - fold less common with low - 
molecular - weight preparations than with unfractionated 
heparin. The synthetic pentasaccharide fondaparinux appears 
unlikely to cross - react with HIT antibodies or to cause HIT. 
In contrast to other drug - related immune thrombocytopenias, 
the degree of thrombocytopenia is rarely severe and bleeding 
is not a feature. There may be systemic symptoms including 
fever and a local reaction at the heparin injection site, such as 
erythema or even skin necrosis after subcutaneous administra-
tion. Because of platelet activation there is often new thrombo-
sis, and this may manifest before the platelet count reaches 
thrombocytopenic levels. When heparin has been administered 
to treat arterial disease the new thrombosis is most commonly 
arterial, and in treatment of DVT there is usually extension of 
the presenting thrombus, often with pulmonary embolism. 
Thrombotic stroke, myocardial infarction, visceral ischaemia 
and disseminated intravascular coagulation have all been 
reported. 

 Confi rmatory laboratory tests are not entirely satisfactory. 
Immunoassays for heparin/platelet factor 4 are sensitive but 
lack specifi city because a signifi cant proportion of subjects 
treated with heparin have positive antibody tests but neither 
thrombocytopenia nor thrombosis. In contrast, bioassays 
which rely on activation of normal platelets in the presence of 
test plasma and a low concentration of heparin are specifi c 
but high sensitivity is diffi cult to achieve. Sensitivity is improved 
by use of platelet serotonin secretion as an end point and 
employment of donor platelets of proven sensitivity. Specifi city 
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laboratory features are variably present in APS. These include 
mild thrombocytopenia and an unusual dermatological feature, 
livedo reticularis. Cardiac valvular abnormalities occur in up to 
30% of patients, but are usually subclinical. Most commonly 
the mitral or aortic valve is affected, often with valve thickening 
or incompetence. However, haemodynamic changes as a con-
sequence of valvular damage are rare. Exceptionally, the syn-
drome may manifest as widespread microvascular occlusion, 
with multiorgan failure, so - called catastrophic APS. 

 APS may occur with another chronic systemic autoimmune 
disease, usually systemic lupus erythematosus (SLE), when the 
term  ‘ secondary antiphospholipid syndrome ’  is used. In primary 
APS there is no evidence for another relevant underlying 
condition. 

  Antiphospholipid  a ntibodies 

 Antiphospholipid antibodies are a family of antibodies reactive 
with proteins that have the property of binding to negatively 
charged phospholipids. The most important is  β  2  - glycoprotein 
I ( β  2  - GPI), as pathogenic antibodies (i.e. those most strongly 
associated with clinical events) are most frequently reactive with 
this protein.  β  2  - GPI is a member of the complement control 
protein family. It has fi ve domains. It is now known that 
antiphospholipid antibodies reactive with each of these fi ve 
domains may occur but it is only those which recognize a spe-
cifi c epitope on domain I that are pathogenic. Antibodies to 
other proteins which have affi nity for negatively charged phos-
pholipid have been implicated in the syndrome, including 
protein C, protein S and annexin V. 

 The lupus anticoagulant (LA) is an  in vitro  phenomenon in 
which the antiphospholipid antibody slows clot formation, 
thereby lengthening the clotting time. This is probably due to 
impairment of the assembly of the components of prothrombi-
nase on phospholipid due to interference by the antibody 
(Figure  46.1 ). LA is due to antibodies reactive to  β  2  - GPI/

  Antiphospholipid  s yndrome 

 Antiphospholipid syndrome (APS) is an important throm-
bophilic condition because it is of high prevalence and is 
associated with considerable morbidity and mortality. The 
essential features are arterial or venous thrombosis or recurrent 
pregnancy loss or placental dysfunction occurring in a subject 
in whom laboratory tests for antiphospholipid antibody are 
positive. Diagnostic criteria have been established in order 
to standardize diagnosis for the purposes of clinical studies 
(Table  46.2 ).   

 Limb DVT, pulmonary embolism and ischaemic stroke are 
the principal thrombotic manifestations, but any vessel may be 
involved. A characteristic of APS in an individual patient is the 
tendency to cause recurrent problems in the same vascular bed. 
The full range of clinical features is not necessarily present. For 
example, women can have severe thrombotic events without 
pregnancy complications and those with pregnancy complica-
tions most commonly have no other manifestation. In addition 
to thrombosis and pregnancy failure, additional clinical and 

  Table 46.2    Diagnostic criteria in  APS . 

   Clinical criteria   *    

  Thrombosis: arterial, venous or microvascular thrombosis in any 

tissue or organ  

   Laboratory criteria   *    

  Antiphospholipid antibody  

  IgG or IgM anticardiolipin antibodies at moderate or high 

concentration   †   ; IgG or IgM anti -  β  2  - GPI  > 99th percentile 

 and/or   

  Lupus anticoagulant  

   Pregnancy complications   

  Unexplained death of morphologically normal fetus at or beyond 

10 weeks of gestation  

  Three or more unexplained consecutive miscarriages before 

10 weeks  

  One or more premature births of a morphologically normal fetus 

before 34 weeks of gestation due to pre - eclampsia, eclampsia 

or severe placental insuffi ciency  

    * There must be at least one clinical and at least one laboratory 

criterion present. The laboratory test must be consistently 

positive on at least two occasions 12 weeks apart as transient 

antibodies may occur, for example in infection. Such antibodies 

are not usually associated with clinical events.  

    †  Evidence on the defi nition of moderate/high concentration. In 

general, values of IgG anticardiolipin  >    40   GPLU are considered 

to be moderate - titre antibodies;  > 99th percentile has been 

employed also. The signifi cance of low - titre antibodies is less 

clear.   

Phospholipid-
binding protein

Prothrombin

Platelet

     Figure 46.1     Antiphospholipid antibody binding: explanation for 

the lupus anticoagulant phenomenon.  
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  Laboratory  d iagnosis of  a ntiphospholipid 
 a ntibodies 

 In diagnosing APS it is essential to consider that antiphospholi-
pid antibodies are not specifi c to the syndrome. In addition to 
transient antibodies, which may for example be triggered by 
intercurrent infection, some chronic infections are associated 
with antiphospholipid antibodies, such as syphilis and hepatitis 
C. Antiphospholipid antibodies may also be detected inciden-
tally in healthy subjects and they occur in relation to use of 
some drugs, particularly chlorpromazine. These drug - induced 
and infection - related antibodies do not usually appear to be 
associated with the clinical thrombotic manifestations of APS. 
In some cases they appear to be neither  β  2  - GPI nor prothrombin 
dependent. 

 The diagnosis of APS relies on the demonstration of the 
persistent presence of either LA by coagulation tests or of 
antiphospholipid antibodies by solid - phase immunoassays for 
anticardiolipin and/or  β  2  - GPI. Reliance on just one type of 
assay may lead to false - negative assessment of antiphospholipid 
antibodies. Overall, among the commonly applied assays, it 
appears that those for LA associate most strongly with clinical 
events. In relation to solid - phase assays, high - titre antibodies 
and IgG antibodies associate more strongly with clinical mani-
festations than do IgM and lower - titre antibodies. 

  Coagulation  a ssays ( l upus  a nticoagulant  t ests) 
 The LA assay is a double misnomer for it is neither a test for 
SLE nor for an  in vivo  anticoagulant. LA tests are indirect assays 
that rely on slowing of the clotting time of plasma through 
interference by antiphospholipid antibodies. The tests most fre-
quently employed are the activated partial thromboplastin time 
(APTT), the dilute Russell ’ s viper venom time (DRVVT) and, 
less frequently now, the kaolin clotting time (KCT). 

 Platelet activation causes exposure of negatively charged 
phospholipid at the cell surface and therefore contamination 
of test plasma with platelets must be minimized, as these will 
limit the sensitivity of tests particularly when plasma must 
be stored frozen prior to testing. Platelet depletion may be 
achieved in various ways, most commonly by careful double 
centrifugation. 

 None of the above coagulation assays is specifi c for LA. 
Specifi city and sensitivity are also reagent dependent. For 
example, some partial thromboplastin reagents are insensitive 
to LA. If the same reagent is employed for LA tests as in routine 
laboratory screening for coagulopathy, sensitivity to LA must 
be assured. Factors that lengthen or shorten clotting times 
(other than antiphospholipid antibodies) potentially intefere in 
LA tests. Examples are anticoagulant drugs and clotting factor 
defi ciencies and inhibitors, which lengthen clotting times, and 
increased clotting factor levels, especially FVIII, which shortens 
the time to clotting in the APTT for example, potentially 
masking the presence of LA. 

phospholipid or to prothrombin/phospholipid. The  β  2  - GPI -
 dependent antibodies also bind in anticardiolipin assays, as 
the glycoprotein is present in test serum and often in assay 
reagents. LA due to prothrombin - reactive antibodies may 
be negative in anticardiolipin assays. Therefore some subjects 
with APS have LA and anticardiolipin and some LA only. 
Others have anticardiolipin without LA, due to the presence of 
non -  β  2  - GPI and non - prothrombin - dependent antibody or 
possibly to relative insensitivity of the coagulation assays for LA. 
Because antiphospholipid antibodies are so heterogeneous, a 
comprehensive laboratory approach is essential for their relia-
ble detection. In most laboratories, ELISAs employing cardioli-
pin and coagulation - based assays for LA remain the principal 
diagnostic tools. ELISA for  β  2  - GPI may offer improved specifi -
city. The pathogenicity of IgA anticardiolipin antibodies is 
disputed and their detection is not utilized routinely in 
diagnosis.    

  Pathogenic  m echanisms in  APS  

 The pathogenesis of pregnancy failure and thrombosis in APS 
is not fully understood. Animal experiments support a patho-
genic role for antibodies to  β  2  - GPI. Important candidate mech-
anisms for thrombosis are antibody - induced concentration of 
prothrombin on phospholipid surfaces  in vivo  resulting in 
enhanced thrombin generation, interference with the activated 
protein C anticoagulant pathway, increased von Willebrand 
factor activity, and increased monocyte and endothelial tissue 
factor expression. Increased platelet activation and inhibition 
of fi brinolysis by antiphospholipid antibodies have also been 
proposed. In relation to pregnancy failure, again numerous 
pathogenic mechanisms have been proposed. It is noteworthy 
that early miscarriage is a common feature and occurs before 
full placentation. This raises doubts whether a thrombotic 
mechanism is causal. Therefore, it is of considerable interest 
that a body of evidence is accumulating for a role of comple-
ment activation in pregnancy loss in APS. Of particular note in 
this context, heparin is effective in preventing embryo loss in a 
murine model of APS and it does so through inhibition of 
complement rather than via an anticoagulant mechanism. This 
raises the possibility that similar mechanisms may be relevant 
to early pregnancy loss in women with APS. Placental dysfunc-
tion is the hallmark of second -  and third - trimester complica-
tions of intrauterine fetal death, intrauterine growth restriction, 
pre - eclampsia and placental abruption. The aetiology of the 
placental dysfunction has been related to placental infarction 
and an acute atherosis in the maternal spiral arteries, although 
these are not universal features. One interesting hypothesis for 
the cause of placental insuffi ciency is displacement of annexin 
V from trophoblast by antiphospholipid antibodies, with result-
ant acceleration of thrombin generation on the exposed nega-
tively charged phospholipid.  
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and thawing. In the presence of LA, the ratio of test to normal 
plasma clotting time is often in excess of 1.2, and corrects to 
less than 1.2, or at least partially, in the platelet neutralization 
procedure. As with all coagulation tests, because of variations 
in reagents and techniques it is essential that laboratories derive 
local normal ranges using a large number of plasma samples 
from healthy volunteers. 

 In the KCT no additional phospholipid is employed. The test 
therefore resembles the APTT in that it involves the extrinsic 
and common pathways of coagulation but the sensitivity to LA 
is enhanced because the small amount of phospholipid present 
is only that derived from residual platelets in the test sample 
and plasma lipids. The test is affected by clotting factor defi cien-
cies and anticoagulants, but specifi city can be improved by use 
of normal plasma mixing at more than one ratio to test plasma. 
LA is identifi ed when the KCT fails to correct even after rela-
tively large proportions of normal plasma are added, whereas 
in factor defi ciency the KCT is corrected with small amounts of 
normal plasma. 

 Alternative tests for LA may be employed but are not in 
general use. They include the tissue thromboplastin inhibition 
test and clotting tests that use venoms other than Russell ’ s viper 
venom. Examples are Taipan and Textarin venoms. Many labo-
ratories rely on commercial assay kits for LA testing. It is essen-
tial that steps are taken to ensure internal and external quality 
assurance.  

  Solid -  p hase  a ssays (for  a nticardiolipin and 
 a nti -  β  2  -  GPI   a ntibodies) 
 Solid - phase assays for antiphospholipid antibodies, such as the 
anticardiolipin ELISA, allow rapid processing of numerous 
serum samples and the results are not affected by factor defi -
ciency or the use of anticoagulants. The introduction of inter-
national standards allows the calculation of anticardiolipin 
results in IgG or IgM antiphospholipid units (GPLU and 
MPLU, respectively) related to a given concentration of affi nity -
 purifi ed anticardiolipin immunoglobulin. Despite this, there 
remains a lack of precision, and comparability between labora-
tories using different assays is not ensured. Clinicians should be 
aware of the performance of the assay in use. 

 The detection of anticardiolipin allows the diagnosis of 
APS in a subject with an appropriate clinical history, even when 
LA is absent. However, the anticardiolipin assay is not a substi-
tute for the LA test, nor does it confi rm that LA is present 
due to the antibody heterogeneity referred to above. 
Furthermore, the clinical signifi cance of low - titre anticardioli-
pin is doubtful. Thus, in cases where the anticardiolipin titre is 
less than 30   GPLU and tests for LA are negative, a diagnosis of 
APS may not be conclusive. Under these circumstances it is 
particularly important to consider other causes of thrombosis 
or miscarriage. 

 Specifi c assays for anti -  β  2  - GPI antibodies have been devel-
oped, and several commercial kits are available. Anti -  β  2  - GPI 

 In order to reduce the risks of false interpretation, in addition 
to prolongation of clotting time in a phospholipid - dependent 
coagulation test, the criteria for LA positivity also include (i) 
evidence of an inhibitor demonstrated by mixing studies and 
(ii) confi rmation of the phospholipid - dependent nature of the 
inhibitor. In principle, laboratory tests should employ a detec-
tion or screening stage (prolongation of the clotting time) and 
a confi rmation stage showing (i) failure of correction of the 
prolongation when normal plasma is added in order to exclude 
factor defi ciency as the cause of the prolongation and (ii) that 
the prolongation is phospholipid dependent, for example by 
showing that addition of excess phospholipid corrects the clot-
ting time. To achieve this, and because no LA test consistently 
shows 100% specifi city and sensitivity, more than one test 
system should be used for detection of LA. The prothrombin 
time and thrombin time should also be performed as they are 
not usually affected by the presence of LA and the results assist 
in the interpretation of LA tests, for example when there is 
undisclosed anticoagulant therapy. 

 The APTT is commonly employed as the initial screening test 
for LA. Its specifi city for inhibitor detection is improved by 
inclusion of a mixing study with platelet - free normal pooled 
plasma. When prolongation of the APTT is due to coagulation 
factor defi ciency, the clotting time corrects when the test is 
repeated on an equal mixture of patient and normal plasma, 
whereas the prolongation above normal may persist with LA, 
consistent with its inhibitory activity. However, correction in a 
mixing study does not exclude LA, as a weak antibody is obvi-
ously diluted out by addition of normal plasma and this may 
be suffi cient to abolish its effect. Very occasionally LA causes 
enhancement of the prolongation of the APTT when normal 
plasma is added. This phenomenon has been called the lupus 
cofactor effect but is the exception rather than the rule. 
Inhibitors to clotting factors, usually FVIII, are associated with 
bleeding rather than thrombosis but also cause prolongation of 
the clotting times which may not be corrected by addition of 
normal plasma. Typically, FVIII inhibitors are time - dependent, 
unlike LA. Diagnostic confusion may arise due to LA that pro-
longs the APTT, causing erroneously low results in coagulation 
factor assays based on the APTT. A normal APTT is insuffi cient 
to exclude LA and additional tests must be performed. 

 The DRVVT does not involve the clotting factors of the 
extrinsic system, unlike the APTT, nor FVII, unlike the pro-
thrombin time. Any inhibition of coagulant - active phospholi-
pid in the test by LA results in a prolonged DRVVT. However, 
as is the case with all LA tests, it is not specifi c. Defi ciencies of 
clotting factors, for example FII and FX due to warfarin therapy, 
will also prolong the DRVVT. The specifi city of the test is 
improved by repeating it in the presence of a high concentration 
of phospholipid, which should result in partial or complete 
correction of the prolonged clotting time if it is due to LA. This 
phospholipid is conveniently provided as platelet membranes 
in which negatively charged phospholipid is exposed by freezing 
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 Immunosuppressive therapy is not generally indicated in 
primary APS other than in the very rare case where thrombosis 
recurs despite intensive anticoagulant therapy. Corticosteroids 
and other immunomodulatory therapies have been adminis-
tered. An exception may be catastrophic APS when combina-
tion treatment with antithrombotics, corticosteroids and other 
immunomodulatory therapies such as rituximab are adminis-
tered as potentially life - saving emergency measures.  

  Pregnancy 
 The management of recurrent fetal loss is based on the use of 
anticoagulation with empirical doses of heparin, usually low -
 molecular - weight heparin in the UK, often in combination with 
low - dose aspirin. Initial studies indicated that this approach 
increases the chance of a successful outcome of a healthy live 
birth from 30 to 70 – 80%, although the total number of cases in 
randomized studies is limited and trials have given confl icting 
results. Nevertheless, low - molecular - weight heparin prophy-
laxis has become standard, although some clinicians believe that 
combination antithrombotic therapy as a fi rst line should be 
reserved for women with a previous history of fetal death while 
those with recurrent miscarriage should be given supporting 
care as fi rst line, with aspirin or aspirin/heparin reserved for 
those with further pregnancy failure. Corticosteroids are inef-
fective and their use is associated with frequent maternal mor-
bidity from hypertension, glucose intolerance and premature 
labour. 

 Thrombophylaxis for those with APS and a previous history 
of thrombosis is based again on use of low - molecular - weight 
heparin, although there is neither consensus on dosing nor the 
need to monitor therapy.    

  Venous  t hromboembolism and  c ancer 

 Cancer is a major risk factor for VTE. VTE is the major cause 
of morbidity and mortality after the cancer itself in patients 
with malignancy. It is estimated that almost 15% of cancer 
patients will have a thromboembolic event. Post - mortem 
studies have shown that thromboembolism is common in 
patients who die of cancer. Of all oncology patients, palliative -
 care inpatients have the highest risk of VTE with a DVT preva-
lence that may be as high as 50%, including bilateral deep vein 
thromboses. Chemotherapy may also increase that risk: thalido-
mide is a prominent example. The risk of thrombosis varies 
with type of cancer, ovarian, brain and pancreatic cancers 
having the highest rates. Lymphomas and leukaemias account 
for a signifi cant proportion of thromboses as do colonic and 
lung cancers. 

 In Trousseau syndrome, the cancer - related phlebitis is recur-
rent and migratory and affects both the superfi cial and deep 
veins, in contrast to the more common association of lower 
limb DVT in cancer. Unusual sites such as arms and neck, as 

antibody assays may show higher precision and better correla-
tion with the thromboembolic complications in APS and SLE 
than assays for anticardiolipin, and are less likely to show tran-
sient positive results in association with infection. 
Antiprothrombin antibodies generally exhibit poor specifi city 
for venous thrombosis and recurrent fetal loss, and may be 
found in patients with infection, and are not included in the 
consensus criteria for diagnosis of APS. 

 The prevalence of antiphospholipid antibodies in subjects 
with thrombosis varies with selection criteria for testing. 
Because the risk of recurrent thrombosis appears to be great, 
antiphospholipid antibodies should be sought in subjects with 
arterial, venous or microvascular thrombosis where no other 
cause is apparent. Examples are younger subjects with ischae-
mic stroke in the absence of cardiovascular disease and subjects 
with unprovoked VTE. 

 The prevalence of persistent antiphospholipid antibodies 
among women with recurrent fi rst - trimester miscarriage is 
around 15%, although a proportion of these are low - titre 
antibodies. In women with recurrent miscarriage due to APS 
the prospective fetal loss rate may be as high as 90%. In contrast, 
the prevalence of positive tests for antiphospholipid antibodies 
in unselected women of childbearing age is around 3% and 
they are not sensitive predictors of poor pregnancy outcome in 
women with no history of pregnancy complications. Because 
miscarriage is a common phenomenon, screening for antiphos-
pholipid antibodies is not indicated after a single event. Maternal 
antiphospholipid antibodies may be downregulated during 
pregnancy, so tests are best performed preconceptually 
when possible. A small proportion of women with antiphos-
pholipid antibodies also have anti - Ro antibodies. Their detec-
tion is important as anti - Ro is associated with a 2% risk of 
complete heart block in the fetus and a 10% chance of neonatal 
lupus.   

  Management of  APS  

  Thrombosis 
 There is wide variability in severity of prothrombotic states 
between individuals with APS. The management of patients 
with antiphospholipid antibodies and previous thrombosis 
remains contentious. Retrospective observational studies sug-
gested that these patients should remain on indefi nite oral anti-
coagulation, maintaining an International Normalized Ratio 
(INR) of 3 – 4. However, subsequent prospective randomized 
studies indicate that a lower target INR of 2 – 3 is effective in 
preventing recurrent thrombosis in the majority of patients 
with previous venous thrombosis. There is less certainty in arte-
rial thrombosis; for example, clinical observation suggests that 
there is a signifi cant subpopulation of APS with small - vessel 
thrombosis, some evident as lacunar infarcts on magnetic reso-
nance imaging, who appear to require a target INR of 3 – 4 to 
prevent recurrent cerebral thrombosis. 
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few weeks of anticoagulation treatment and increase with 
cancer extent. Several studies have demonstrated signifi cant 
increases in rates of bleeding, as high as 20% among cancer 
patients receiving oral anticoagulation. Within the palliative 
care setting, where patients have far more advanced disease, the 
bleeding incidence was higher, even with strict monitoring of 
anticoagulation. Oral anticoagulation in cancer patients is com-
plicated further due to anorexia, vomiting, liver impairment 
and drug interactions. Moreover there may be frequent inter-
ruption to treatment due to thrombocytopenia and the need for 
invasive procedures, and venous access is often diffi cult in these 
patients especially if they have had previous chemotherapy 
through peripheral veins. 

 The decision to use oral anticoagulation in this group of 
patients should not be taken lightly and safe treatment requires 
intensive monitoring of INR and the burden of repeated blood 
tests. Disillusionment with the use of oral anticoagulation in 
cancer patients has led to trials assessing low - molecular - weight 
heparins in cancer. The CLOT trial randomized over 650 cancer 
patients with symptomatic proximal DVT and/or pulmonary 
embolism to treatment with dalteparin for 5 – 7 days and then 
randomization to either oral anticoagulation maintaining a 
target INR of 2.5 or dalteparin. In the dalteparin arm a full 
treatment dose was given for 1 month and then reduced to 
75 – 80% of this dose. After 6 months there was a signifi cantly 
reduced rate of recurrent VTE in the dalteparin group of 8.8% 
compared with 17.4% in the group with oral anticoagulation. 
Bleeding was also signifi cantly reduced. A similar reduction in 
VTE was found in patients with cancer who entered the LITE 
study where treatment dose tinzaparin was compared with oral 
anticoagulation after VTE. These data support the use of low -
 molecular - weight heparin rather than warfarin in patients with 
cancer and VTE.  

  Thrombotic  r isk in  p olycythaemia  r ubra  v era 
and  e ssential ( p rimary)  t hrombocythaemia 

 If left untreated, patients with polycythaemia vera (PV) have a 
median survival of 18 months, with the majority dying of vas-
cular occlusion. The occlusive lesions may involve the larger 
vessels or the microvasculature. In PV, large - vessel events 
involve arteries and veins equally whereas in essential throm-
bocythaemia (ET) arteries are more commonly involved. A high 
proportion of thromboses occur in the cerebral circulation, 
although thrombosis widely distributed in the arterial and 
venous systems, including the splanchnic vessels, has been well 
documented. Hepatic vein and portal vein thromboses are 
more commonly associated with PV than ET. Indeed it has been 
reported that some patients with apparently idiopathic hepatic 
or portal vein thrombosis have subclinical myeloproliferative 
disease based on the fi nding of erythropoietin - independent 
erythroid colony growth in marrow culture or presence of JAK2 
mutation. In PV there is good evidence that the incidence of 

well as superfi cial veins of the thorax and abdomen may be 
involved. Typically, such a patient has an occult tumour, usually 
adenocarcinoma, although it is also a feature of acute leukae-
mia. In Trousseau syndrome, conventional anticoagulation 
often fails to prevent recurrent thromboses. 

  Prothrombotic  c hanges  a ssociated with 
 m alignancies 

 In Table  46.3  the components of Virchow ’ s triad are used to 
illustrate the features that lead to oncology patients having such 
a high risk of thrombosis. There are specifi c abnormalities 
unique to cancer patients, the so - called tumour procoagulants. 
Tumour procoagulants are surface molecules on cancer cells 
that activate coagulation. The two principal tumour cell proco-
agulants are tissue factor and cancer procoagulant. The latter 
directly activates FX without involvement of FVII. The increas-
ing number of tumour procoagulants that have been described 
are listed on the International Society for Thrombosis and 
Haemostasis registry. APS has also been reported in malig-
nancy, particularly in association with paraproteins.    

  Diffi culties in  m anagement 

 Cancer patients with thrombosis are at particularly high risk of 
recurrent thrombotic events. Cohort and population - based 
studies have shown that the risk of recurrence after stopping 
anticoagulation in cancer patients is approximately double that 
in non - cancer patients. Treatment with anticoagulation in 
cancer patients is often unsuccessful, due to the high risk of 
recurrent VTE and major bleeding. Unfortunately, these risks 
are associated with oral anticoagulation intensities within the 
usual therapeutic range. The risks are greatest during the fi rst 

  Table 46.3    Some pathogenic factors for thrombosis in cancer 

patients. 

   Stasis   

  Immobility  

  Extrinsic pressure, e.g. oedematous limbs  

   Vessel wall/endothelial perturbation   

  Cytokine release from tumours  

  Local tumour infi ltration  

  Central venous catheter  

   Hypercoagulability   

  Dehydration  

  Cytokine - related prothrombotic changes  

  Tissue factor/cancer procoagulant expression on tumour cells  

  Disseminated intravascular coagulation  

  Increased platelet activation  
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myeloid granules and a lobulated monocytoid nucleus. The 
cells stain positive with Sudan black and myeloperoxidase and 
there is a high incidence of CD34 positivity. Vascular occlusion 
is more common when a high white cell count ( >    150    ×    10 9 /L) 
predisposes to leucostasis. It is thought that the leukaemic cells 
release procoagulants. It is important to recognize this variant 
of APL because the use of all -  trans  retinoic acid may increase 
the risk of thrombosis due to a further increase in peripheral 
white cell count exacerbating leucostasis.   

  Infl ammation and  t hrombosis 

 Systemic infl ammation is a potent prothrombotic stimulus 
(Table  46.4 ). Infl ammation upregulates procoagulant factors, 
downregulates physiological anticoagulants, inhibits fi brino-
lytic activity and increases the platelet count. Infl ammatory 
mediators promote coagulation by causing endothelial cell acti-
vation and increasing the expression of tissue factor. Endotoxin, 
tumour necrosis factor (TNF) and interferon - 1 α  induce tissue 
factor expression primarily on monocytes/macrophages and 
probably in atherosclerotic plaques as well. Thrombin, a key 
enzyme in coagulation, also has cytokine - like activities for it 
augments leucocyte adhesion and can activate endothelium, 
leucocytes and platelets. Thrombin - mediated signalling through 
protease - activated receptor (PAR) - 1 on vascular cells has 
recently been shown to mediate production of chemokines such 
as MCP - 1, leading to recruitment of infl ammatory cells includ-
ing monocytes. Activation of these cells by thrombin increases 
the expression of negatively charged phospholipids such as 
phosphatidylserine on the surface of the cells, promoting 
surface procoagulant activity.   

 Interleukin (IL) - 6 and its family of molecules mediate the 
acute - phase response. This increases liver synthesis of plasma 
proteins including fi brinogen and other coagulation proteins, 

vascular occlusion is positively related to the packed cell volume, 
with the lowest incidence in patients with good control of hae-
matocrit. The role of thrombocytosis in risk of thrombosis in 
PV is disputed. The risk of thrombosis in PV also increases with 
advancing age and a past history of thrombosis. 

 ET is often diagnosed in the subclinical phase but a number 
of studies suggest that overall survival is determined principally 
by occurrence of thrombosis. In one study the rate of throm-
bosis ranged from around 2% per patient - year in those aged 
less than 40 to 15% in those aged greater than 60. In around 
50% of cases of ET. the JAK2 V617F mutation is detectable. 
Whether subjects with the mutation are more likely to develop 
thrombosis is a subject of current investigation. 

 The pathogenesis of thrombosis in ET is poorly understood. 
Elevated platelet counts are implicated, with platelet counts 
greater than 600    ×    10 9 /L being associated with increased inci-
dence of vascular occlusion. Although treatment to reduce 
abnormal counts will reduce the frequency of events, a propor-
tion of patients will still experience thrombosis. In addition, 
some patients with ET will remain thrombosis - free with no 
treatment to reduce their platelet count. 

 The microvascular events and vasomotor manifestations of 
both PV and ET almost certainly relate to quantitive and quali-
tative changes in platelets, for they are not seen in other forms 
of polycythaemia or thrombocytosis. It is possible that similar 
small - vessel occlusive and vasomotor changes seen in the feet 
and hands may also occur in other parts of the body. 
Erythromelalgia, a syndrome consisting of painful burning red 
extremities with normal peripheral pulses, is the characteristic 
vasomotor disturbance. Physical fi ndings may be absent or 
there may be warmth, duskiness and mottled erythema of the 
involved areas. Livedo reticularis is occasionally found. In the 
digital vessels, usually of the toes but occasionally the fi ngers, 
the development of thrombosis can lead to digital ischaemia 
and gangrene. In relation to the cerebral circulation, a range of 
symptoms and signs including transient cerebral ischaemia, 
transient monocular blindness, migraine, headaches and sei-
zures are seen. Both the cerebrovascular complications and 
erythromelalgia of myeloproliferative disease may respond 
promptly to low - dose aspirin and/or platelet cytoreduction. 

 Conventional risk factors for cardiovascular disease are 
implicated in the pathogenesis of thrombosis in ET, including 
hypertension, smoking, hypercholesterolaemia and diabetes, 
and should be considered in deciding whether cytoreductive 
therapy is indicated.  

  Acute  p romyelocytic  l eukaemia 

 In comparison with the severe haemorrhagic presentation in 
the majority of cases of acute promyelocytic leukaemia (APL), 
acute arterial thrombosis is a rare presenting feature. Thrombosis 
is associated with the microgranular variant of APL, which 
accounts for 25% of all cases, characterized by a paucity of 

  Table 46.4    Effects of infl ammation on haemostasis. 

   Increased   

  Tissue factor expression  

  Surface procoagulant activity, negatively charged phospholipid  

  Platelet reactivity  

  Levels of fi brinogen and other coagulation proteins  

   Decreased   

  Thrombomodulin expression  

  Endothelial cell protein C receptor  

  Half - life of activated protein C  

  Protein Z  

  Fibrinolytic activity due to increased PAI - 1  

  Endothelial gylcosaminoglycans  

   PAI, plasminogen activator inhibitor.   
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est site and affects 15 – 25% of patients with PNH. Presentation 
is with pain in the right upper quadrant, jaundice and abdomi-
nal distension due to hepatomegaly and ascites. Thrombosis in 
splanchnic veins results in persistent abdominal pain, and 
symptoms and signs of intestinal obstruction may occur if inf-
arction of the bowel ensues. Thrombosis of the splenic vein 
leads to splenomegaly and occasionally splenic rupture can 
occur. Portal vein thrombosis produces ascites and the later 
development of oesophageal varices. Saggital sinus thrombosis 
is the most frequent neurological complication. Symptoms 
include severe headache. There may be evidence of raised 
intracranial pressure, impaired conscious level and focal neu-
rological signs. Occasionally, painful discoloured skin lesions 
occur when the dermal veins are affected. These lesions rarely 
ulcerate. Occasionally, skin lesions can resemble purpura ful-
minans; these can affect large areas of skin with necrosis and 
demarcation. Pregnancy in PNH is associated with an increased 
risk of fetal loss (40%) as a result of thrombosis and 
haemorrhage. 

 The pathogenesis of thrombosis in PNH remains uncertain. 
Platelets are capable of compensating for the decreased expres-
sion of decay accelerating factor (CD55) due to the presence of 
factor H, a similar protein, that is present within  α  - granules. In 
PNH there is also a defi ciency of membrane inhibitor of reactive 
lysis (MIRL, CD59), a glycosylphosphatidylinositol (GPI) 
anchor - dependent protein. In the absence of CD59, platelet 
lysis is minimized by the release from the cell surface of excess 
membrane attack complex by exovesiculation. The externalized 
phosphatidyl serine on the microvesicles released into the cir-
culation acts as the binding site for prothrombinase complex. 
It is likely that the release of procoagulant microvesicles con-
tributes to the increased risk of venous thrombosis. Increased 
platelet activation and an increased sensitivity to aggregation by 
thrombin have also been described. Fibrinolysis is also affected 
in PNH. Urokinase - type plasminogen activator receptor is also 
a GPI - bound protein that is absent from PNH cells. It binds 
urokinase to the cell surface and converts plasminogen to 
plasmin.  

  Thrombotic  t hrombocytopenic  p urpura 

 See Chapter  44 .  

  Sickle  c ell  d isease 

 In sickle cell disease the pathophysiology involves microvascu-
lar and macrovascular occlusion with sickled cells. There is also 
considerable clinical and post - mortem evidence of cerebral, 
pulmonary and placental thrombosis, suggesting a prothrom-
botic tendency in these patients. Additional evidence for a pro-
thrombotic state is enhanced thrombin generation, as shown by 
increased levels of prothrombin fragment 1+2 and thrombin –
 antithrombin, in patients with sickle cell disease in their steady 

thus priming the blood coagulation system for action. IL - 6 also 
increases platelet reactivity. Plasma levels of the recently discov-
ered vitamin K - dependent anticoagulant protein Z, which acts 
by inhibiting FXa, fall during infl ammation; thus protein Z 
appears to be a negative acute - phase protein. 

 Of all the physiological anticoagulant pathways, the protein 
C pathway appears to be the most infl uenced by infl ammation. 
Thrombomodulin and endothelial cell protein C receptor are 
both downregulated by infl ammatory cytokines such as TNF -  α . 
There is inhibition of the promoter of the thrombomodulin 
gene as well as active pinocytosis to remove existing surface 
molecules, while neutrophil elastase readily cleaves thrombo-
modulin from the endothelial cell surface. Moreover, thrombo-
modulin is very sensitive to oxidation of an exposed methionine 
by oxidants produced by leucocytes. These observations have 
led to studies demonstrating apparent therapeutic value of acti-
vated protein C in subjects with multiorgan failure due to severe 
sepsis. 

 Endothelial cell activation occurs in infl ammation. This 
causes downregulation of fi brinolytic activation by increased 
production of plasminogen activator inhibitor (PAI) - 1. There 
may also be cleavage of glycosaminoglycans from the surface of 
the endothelium, so that there is loss of heparan sulphate and 
other molecules that activate antithrombin. 

 As a consequence of these changes, conditions that provoke 
an infl ammatory response are associated with increased risk of 
venous thrombosis. These include infl ammatory bowel disease, 
Beh ç et disease, systemic tuberculosis, SLE and diabetes. 
Atherosclerosis can be considered a chronic infl ammatory state 
and has recently been associated with an increased incidence of 
venous thrombosis and, more recently, the metabolic syndrome 
has been implicated. Furthermore, epidemiological studies 
indicate an excess of minor illness, including infections, in the 
weeks preceding episodes of VTE. The association between 
infl ammation and thrombosis emphasizes the need for 
thrombophylaxis in patients hospitalized on medical wards. 
Implementation of pharmacological thrombophylaxis has been 
inadequate in such patients.  

  Haematological  p rothrombotic  s tates  d ue 
to  n on -  m alignant  d iseases of the  b lood 
and  b one  m arrow 

  Paroxysmal  n octurnal  h aemoglobinuria  
 ( s ee Chapter  11 )   

 Venous thrombosis occurs in up to 40% of patients with par-
oxysmal nocturnal haemoglobinuria (PNH) and represents a 
signifi cant cause of morbidity and mortality. Frequently it is the 
presenting feature. Thrombosis most commonly occurs in the 
hepatic veins, portal veins and saggital sinus. Hepatic vein 
thrombosis leading to Budd – Chiari syndrome is the common-
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state when compared with age - matched controls. There is also 
evidence that sickled erythrocytes adhere more readily to vas-
cular endothelium and strongly accelerate coagulation due to 
abnormal exteriorization of procoagulant anionic membrane 
phospholipids. Comparison of the coagulation and fi brinolytic 
pathways in sickle cell patients with ethnically matched controls 
has shown increased levels of von Willebrand factor during 
sickling, although it is not clear whether this is specifi c or part 
of the acute - phase reaction. Low levels of protein C, protein S 
and heparin cofactor II are well described. The aetiology of the 
reduction of these physiological anticoagulants is unclear. It 
may relate to impaired liver function from repeated hepatic 
sickling, whereas increased consumption has also been pro-
posed as a cause. Low heparin cofactor II levels are also found 
in other chronic haemolytic anaemias such as thalassaemia 
intermedia, suggesting that chronic haemolysis may also lead to 
increased consumption of this protein. Nephrotic syndrome, 
sometimes associated with sickle nephropathy, leads to low 
antithrombin levels and a prothrombotic state.   
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  Introduction and  e pidemiology 

 Venous thromboembolism (VTE), which comprises deep vein 
thrombosis (DVT) and pulmonary embolism (PE), is respon-
sible for an estimated 60   000 deaths annually in the UK based 
on epidemiological modelling. The clinical incidence of VTE is 
about 1 per 1000 per annum in adults, with a slight preponder-
ance in men. Two - thirds present as DVT and one - third as PE. 
The major outcomes are death, recurrent VTE, post - throm-
botic syndrome, pulmonary hypertension and major bleeding 
due to anticoagulation. Within 1 month of diagnosis, about 6% 
of patients with DVT and 10% of those with PE die. The mortal-
ity rate for PE has been estimated to be as high as 30% in some 
patient groups due to the high failure rate of recognizing PE 
before death, with mortality rates being highest in those with 
cancer. 

 Despite the incidence of VTE increasing with age (1 per 
10   000 per annum under 30 years of age and 5 – 6 per 1000 per 
annum by the age of 80), deaths also occur in the younger age 
group due to failure to consider the diagnosis. The increased 
numbers of VTE with ageing may relate to the increasing pres-
ence of other illnesses and also an inherent increased coagula-
bility with ageing. 

 Approximately 60% of cases of fatal PE are hospital acquired, 
i.e. 32   000 per annum in the UK with 25   000 being preventable 
with appropriate thromboprophylaxis. Interestingly, more VTE 
is diagnosed in the 3 months following hospitalization than 
during admission. As a rule of thumb, in the natural history of 
post - orthopaedic surgery, the median time for DVT to present 
is 7 days after the event, with PE presenting 21 days postopera-
tively. Thus both cases and fatalities usually occur after hospital 
discharge, which is why  ‘ hospital - acquired VTE ’  rather than 
 ‘ hospital VTE ’  is considered appropriate. However, within hos-
pital PE accounts for 10% of deaths.  

  Mechanisms 

 Virchow ’ s triad described in 1859 remains the best model of 
venous thrombogenesis. Changes in blood fl ow, vessel wall or 
blood coagulability comprise the triad, and usually a combina-
tion of these are present. The multi - hit hypothesis of thrombo-
sis recognizes that more than one factor is usually operating to 
cause VTE, although the number of factors required to cause 
thrombosis decreases with ageing. The major risk factors are 
given in Table  47.1 . Immobility is the key factor in those who 
do not have major thrombophilias or vessel wall abnormalities, 
and increases the risk of VTE 10 - fold. Just sitting still for 90   min 
reduces blood fl ow in the popliteal vein by 40%. The term 
 ‘ seated immobility syndrome ’  (also known as SIT syndrome) 
has been coined to encompass VTE precipitated by prolonged 



Management of venous thromboembolism 

901

sound, widely split second sound, the murmur of tricuspid 
regurgitation and an accentuated S2 closure sound may be 
found. Fever is present in 14%. Massive PE has a mortality 
of 18 – 33% and may present with shock, dyspnoea and 
confusion. 

 Chest radiography may show either nothing specifi c or the 
Westermark sign (dilatation of the pulmonary artery proximal 
to the emboli with sharp cut - off), while ECG may not show the 
classic signs of right ventricular strain such as P pulmonale and 
S1Q3T3. Arterial blood gases and transthoracic echocardiogra-
phy have too low sensitivity The main role of these tests is to 
exclude other conditions, such as acute myocardial infarction. 
However, risk factors for VTE and clinical symptoms and signs 
with the highest predictive value can be assigned points that are 
added to obtain a clinical  ‘ score ’  (Tables  47.2  and  47.3 ) that can 
be used as the fi rst step in a diagnostic strategy to reduce costs 
and the requirement for invasive diagnostic procedures.   

 The next step is the measurement of fi brin D - dimers, which 
are split products of fi brin degraded by plasmin, where the 
D - fragments of two fi brin molecules still are covalently bound 
and often also in complex with the E - fragment. Several methods 
can be used, such as enzyme - linked immunosorbent assay 
(ELISA), whole - blood agglutination of erythrocytes, latex 
agglutination or immunofi ltration. ELISA methods have the 
best sensitivity but are not practical for near - patient testing, 
whereas the others are semi - quantitative or qualitative methods. 
There are also quantitative automated latex methods. The 

sitting, the term thus encompassing traveller ’ s thrombosis and 
 ‘ e - thrombosis ’  (caused by sitting at a computer workstation).    

  Diagnosis of  v enous  t hromboembolism 

 Diagnosis relies on the use of objective diagnostic methods. 
Over 80% of DVT episodes are clinically silent and often con-
fi ned to the calf veins. The concern is that such asymptomatic 
DVT can become symptomatic and/or embolize. There is no 
way of predicting which patients will develop symptomatic 
VTE, and it is well recognized that signifi cant numbers of 
massive fatal PE occur without warning and as a result of 
asymptomatic DVT. Thus the clinical approach to VTE is to 
maintain a high index of suspicion and to treat until the diag-
nosis is refuted or confi rmed by objective testing. 

 Clinical presentation of PE depends on the size, location and 
number of emboli and the patient ’ s underlying cardiorespira-
tory reserve. The classic triad of chest pain, haemoptysis and 
dyspnoea is present in less than 20% of patients, while 97% of 
patients with PE have at least one of the following: pleuritic 
chest pain, dyspnoea, respiratory rate above 20/min. Tachycardia 
and tachypnoea are the most frequent signs. A right - sided S3 

  Table 47.1    Common risk factors for venous thromboembolism 

according to Virchow ’ s triad. 

   Reduced or altered fl ow   

  Immobility  

  Seated immobility thrombosis (SIT) syndrome: travellers 

thrombosis, e - thrombosis  

  Previous venous thromboembolism  

  Surgery  

  Trauma  

   Prothrombotic changes   

  Increasing age  

  Pregnancy and the puerperium  

  COC, HRT and estrogen receptor - modulating drugs  

  Cancer  

  Genetic thrombophilia  

  Antiphospholipid syndrome  

  Myeloproliferative disease  

  Obesity  

  Surgery  

  Trauma  

   Damage to vein walls   

  Surgery  

  Trauma  

   COC, combined oral contraceptive; HRT, hormone - replacement 

therapy.   

  Table 47.2    Clinical scores used for predicting the probability of 

 DV T prior to further testing. 

   Risk factors, symptoms or signs     Points  

  Active cancer (treatment ongoing or terminated 

within 6 months or palliative care)  

  1  

  Paralysis, paresis, recent plaster cast on the leg    1  

  Recent confi nement to bed of more than 3 days or 

major surgery within 12 weeks  

  1  

  Localized tenderness along the deep venous system    1  

  Swelling of the entire leg    1  

  Calf circumference  >    3   cm larger than the 

asymptomatic leg (measured 10   cm below the tibial 

tubercle)  

  1  

  Pitting oedema (more on the symptomatic side)    1  

  Collateral fl ow in superfi cial veins (not varicose veins)    1  

  Previous DVT    1  

  Alternative diagnosis as or more likely than DVT     – 2  

   In the case of symptoms from both legs, the leg with the most 

pronounced symptoms is used.  

  Score  >    2 points, high probability; score 1 – 2 points, medium 

probability; score  <    1 point, low probability.   

  Source :   Anderson  et al . (2003) with permission. 
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 effects and the risk of a post - venographic DVT. Caution is still 
needed with regard to renal failure. 

 Ultrasonography of the leg veins is non - invasive and has no 
contraindications and thus has largely replaced venography as 
the method of choice. Diagnostically, it depends on the skill of 
the operator and has lower sensitivity than venography, espe-
cially for the veins of the calf. The simplest variant is compres-
sion ultrasonography, where a cross - section of the vein is 
compressed with the transducer. A non - compressible vein is 
diagnostic for DVT. The pelvic veins are not accessible with this 
method and recurrent thrombosis is diffi cult to discern. The 
most sophisticated variant of the technique is colour Doppler, 
which can determinate fl ow in several venous segments simul-
taneously, although generally the sensitivity is higher for proxi-
mal than for distal DVT. Low clinical probability in combination 
with a negative ultrasonographic examination, including the 
common and superfi cial femoral veins, the popliteal vein and 
the trifurcation in the proximal part of the calf, is considered 
suffi cient to exclude DVT. However, with medium clinical 
probability, a negative ultrasonographic examination should be 
repeated within 1 week and, if still negative at that point, DVT 
is satisfactorily excluded. Presentation with high clinical prob-
ability and negative ultrasonography requires further investiga-
tion with venography. Suspected recurrent DVT is better served 
by venography as a fi rst - line investigation, for ultrasound has 
low sensitivity in this setting. 

 Objective verifi cation of suspected PE has typically been 
obtained with ventilation – perfusion ( V / Q ) lung scanning, fol-
lowing a normal chest radiograph. Perfusion scanning with 
technetium - 99m ( 99m Tc) albumin macroaggregates is a sensitive 
but not very specifi c method. The specifi city is improved by 
adding ventilation scanning, usually with xenon - 133 ( 133 Xe) 
aerosol or  99m Tc - labelled carbon particles (Technegas), consid-
ering a  V / Q  mismatch (negative ventilation and positive per-
fusion scan) indicative of PE. However, an embolus may cause 
bronchospasm and thereby a ventilation defect and, more 
importantly, a  V / Q  mismatch may occur with several other 
conditions, including tumours, pneumonia, atelectasis, chronic 
obstructive pulmonary disease and others, and it does not differ 
between old and new emboli. The interpretation of lung scans 
is diffi cult, especially with patients with low or intermediate 
probability for PE, and thus other methods should be preferred 
for concurrent cardiopulmonary disease. Treatment can safely 
be withheld if the perfusion scan is negative or with a low -
 probability scan in combination with low clinical probability. 
A high - probability lung scan, which should require perfusion 
defects corresponding to at least two segments, together with 
high clinical probability has a positive predictive value of more 
than 90%. 

 Spiral CT of the lungs has good interobserver agreement 
and the number of inconclusive examinations is defi nitely 
lower than with  V / Q  scanning. With multislice techniques and 
a slice thickness of 2   mm, adequate assessment of 93% of the 

manual latex methods have lower sensitivity and negative pre-
dictive value for exclusion of DVT or PE. Each hospital should 
provide information on the sensitivity and specifi city of the test 
chosen for D - dimers. In general, a D - dimer assay is used for its 
negative predictive value (i.e. to exclude VTE) when the clinical 
score indicates low clinical probability. A positive result cannot 
be used for confi rmation of the diagnosis owing to low specifi -
city. For this reason, D - dimer is not a useful test in pregnancy 
or after surgery or in acute illness or the elderly. 

 Whenever the clinical probability is high and/or the D - dimer 
test is positive, confi rmation using diagnostic imaging tech-
niques is necessary, aiming to use the most non - invasive 
method. In patients with massive PE and hemodynamic insta-
bility, rapid risk assessment is necessary and so bedside echocar-
diography has become the most popular tool. Spiral multislice 
chest computed tomography (CT) is also useful for identifying 
patients who may benefi t from thrombolysis or embolectomy. 
Cardiac biomarkers, including troponin and the natriuretic 
peptides, are sensitive markers of right ventricular function. 
Low levels of troponin, B - type natriuretic peptide (BNP) and 
NT - terminal proBNP are highly sensitive for identifying 
patients with an uneventful clinical course. Multislice chest CT 
is useful not only for diagnosing or excluding PE but also for 
risk assessment. A right - to - left ventricular dimension ratio 
above 0.9 on the reconstructed CT four - chamber view identifi es 
patients at increased risk of early death. 

  Objective  d iagnosis with  i maging  t echniques 

 Venography was the gold standard for diagnosing DVT, but the 
diagnostic accuracy is dependent on a high - quality examina-
tion. The veins and possible thrombi have to be well visualized 
and interpreted by an experienced radiologist, as artefacts may 
be diffi cult to differentiate from thrombi. A non - ionic contrast 
medium with low osmolarity should be used to minimize side -

  Table 47.3    Clinical scores used for predicting the probability of 

 PE  prior to further testing. 

   Risk factors, symptoms or signs     Points  

  Signs of DVT (swelling, tenderness)    3  

  Heart rate  >    100    1.5  

  Immobilization  >    2 days or recent surgery ( <    4 weeks)    1.5  

  Previous objectively verifi ed DVT    1.5  

  Haemoptysis    1  

  Cancer    1  

  Pulmonary embolism as or more likely than other 

diagnoses  

  3  

   Score  >    6 points, high probability; score 2 – 6 points, medium 

probability; score  <    2 points, low probability.   

  Source :   Wells  et al . (2001) with permission. 
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reduced or absent response on repeated use or after a recent 
infection with streptococci. Recombinant tissue plasminogen 
activator is an autologous glycoprotein, produced commercially 
with recombinant DNA technology, and it has a direct enzy-
matic effect on plasminogen that is strongly enhanced by the 
presence of fi brin.  

  Anticoagulant  t herapy 

 For over 50 years, therapeutic anticoagulation was limited to 
the use of unfractionated heparin (UFH) and oral vitamin K 
antagonists. Although both are highly effective, both have 
major drawbacks, most notably their unpredictable pharma-
cokinetics, so that their use has become synonymous with 
monitoring. The arrival of new oral anticoagulants with pre-
dictable pharmacokinetics has led to great excitement. 

  Heparin 
 Heparin was fi rst isolated between 1916 and 1922 by the medical 
students Jay McLean and Emmett Holt at Johns Hopkins 
University. As the source of the preparation was canine liver, it 
was named after the Greek word for liver,  η  π  α  ρ  or  hepar . In 
the 1930s it was used as an anticoagulant in human trials and 
its use became widespread after the Second World War. 

 UFH is a naturally occurring glycosaminoglycan produced by 
mast cells and basophils. The pharmaceutical product is derived 
from tissues rich in mast cells such as porcine intestine or 
bovine lung. UFH is a polymer of repeating disaccharide units, 
primarily comprising sulphated glucosamine and uronic acid 
with a heterogeneous mixture of differing chain lengths; most 
preparations have a mean molecular mass of 13 – 15   kDa. 

 A specifi c pentasaccharide sequence of the heparin molecule 
binds to antithrombin, inducing a conformational change and 
a 1000 - fold increase in antithrombin activity. In turn, anti-
thrombin inhibits thrombin and factor (F)Xa. Only the pen-
tasaccharide sequence is required to generate anti - FXa activity, 
whereas a longer sequence of 18 saccharides, including the pen-
tasaccharide, is necessary to bind thrombin to cause thrombin 
inhibition. 

 Heparins are only active when administered parenterally. 
UFH can be given intravenously or subcutaneously; intramus-
cular administration should be avoided as it can result in large 
haematomas. At typical therapeutic doses, the half - life of intra-
venous UFH is 45 – 60   min, demanding continuous intravenous 
infusion. Given subcutaneously UFH has a lower bioavailability 
than intravenous heparin; activity starts at 2 hours and lasts 
approximately 10 hours, necessitating twice - daily dosing. 

 A slight fall in platelet count ( <    30% compared with baseline) 
occurs in up to one - third of patients within the fi rst 4 days of 
starting heparin. This reversible dose - dependent phenomenon 
is not associated with bleeding or thrombotic complications 
and does not require cessation of heparin. More marked falls in 
platelet count ( >    50% compared with baseline) should raise the 
possibility of heparin - induced thrombocytopenia (HIT). HIT 

segmental arteries and of 62% of the subsegmental arteries is 
achieved. Although the diagnostic accuracy for subsegmental 
PE is low with spiral CT, follow - up studies have shown that it 
was safe to withhold treatment on presentation of a negative 
examination. 

 If there is a high clinical probability for PE and a negative 
perfusion scan or negative spiral CT, one possibility is to inves-
tigate for thrombi in the legs with bilateral ultrasonography or 
otherwise to proceed with pulmonary angiography. With con-
trast medium of low osmolarity, pulmonary angiography was 
not associated with mortality and only 0.4% of serious compli-
cations in four studies with more than 3000 patients. Although 
pulmonary angiography is considered the gold standard for 
diagnosis of PE, there are both false - positive and false - negative 
results, and the interobserver variability is poor when the PE is 
located in subsegmental arteries. Nevertheless, the method 
appears to exclude with great certainty those PE that require 
therapy. 

 A novel possibility with high specifi city and sensitivity for 
DVT and potential for PE is magnetic resonance imaging (MRI) 
direct thrombus imaging, which requires no contrast but relies 
on the formation of methaemoglobin in hypoxic trapped red 
cells within venous thrombi. This acts as an endogenous con-
trast agent when imaged using a T1 - weighted magnetic reso-
nance sequence  –  appearing as high signal.  

  Investigation for  c oncomitant  c ancer 

 The prevalence of cancer is approximately 20% in many cohort 
studies of patients with VTE. In a minority the malignancy is 
occult at the time of VTE. However, there is no evidence that 
screening for malignancies in those with VTE decreases the 
mortality and morbidity in those who are detected to have 
cancer. Instead, directed examinations should be performed 
when suspicion is raised by clinical signs or symptoms. 
Underlying cancer should be considered in patients with bilat-
eral DVT, concomitant deep and superfi cial vein thrombosis at 
separate locations or recurrent VTE despite anticoagulation.   

  Therapeutic  a gents 

 All agents discussed below have in common the obvious side -
 effect of bleeding. 

  Thrombolytic  t herapy 

 Streptokinase and recombinant tissue plasminogen activator 
are widely available fi brinolytic agents. Streptokinase, a glyco-
protein purifi ed from the supernatant of  β  - haemolytic strepto-
cocci, in complex with plasminogen, cleaves other plasminogen 
molecules to plasmin. This indirect action results in complex 
pharmacokinetic characteristics. Furthermore, streptokinase is 
immunogenic, which may cause allergic reactions as well as a 



Postgraduate Haematology

904

heparin molecule. The pentasaccharide binds the antithrombin 
molecule, causing a conformational change that enhances its 
activity against FXa. Because there are no additional saccharides 
to provide the necessary bridging function for thrombin 
binding, fondaparinux has no activity against thrombin. 
Fondaparinux is given as a subcutaneous injection and has a 
half - life of 17 hours, making it suitable for once - daily dosing. 
Clearance is exclusively renal, so dose adjustment in renal 
failure is required and it is not recommended in those with a 
creatinine clearance below 30   mL/min. Fondaparinux does not 
bind to platelet factor 4, so has no capacity to cause HIT. 

 Danaparoid is a heparinoid that consists of the gly-
cosaminoglycans heparan sulphate, dermatan sulphate and 
chondroitin sulphate but without any heparin. Accordingly, 
it has low cross - reactivity with antibodies induced by heparin 
and it is therefore mainly used in patients with HIT. It is 
administered intravenously or subcutaneously and has an 
effect that is similar to UFH in the prevention and treatment 
of VTE.  

  Vitamin  K   a ntagonists 
 The vitamin K anatagonists or coumarins were fi rst isolated by 
Karl Paul Link at the University of Wisconsin in the 1930s. The 
observation that cows bled to death after eating mouldy clover 
had led Link ’ s team to isolate the anticoagulant factor from the 
contaminated clover. Link later developed a synthetic coumarin 
derivative. This was patented by the Wisconsin Alumni Research 
Foundation who named it warfarin as a contraction of the 
organization ’ s acronym, WARF, and the word coumarin. The 
use of coumarins became widespread in the 1940s. 

 There are two groups of vitamin K antagonists, the more 
commonly used coumarin derivatives and the indanediones, 
and their availability varies between countries. They exert their 
effect via inhibition of the enzymes vitamin K epoxide reductase 
and vitamin K reductase, which are required for the regenera-
tion of KH 2  from vitamin K epoxide. The latter is generated 
when the vitamin K - dependent coagulation factors (FII, FVII, 
FIX and FX, as well as the physiological inhibitors protein C 
and protein S) undergo post - translational modifi cation with 
 γ  - carboxylation of approximately 10 glutamic acid residues in 
the N - terminal Gla domain. 

 During treatment with vitamin K antagonists, typically three 
of these residues remain in the non - carboxylated state, which 
reduces the ability of these coagulation factors to bind calcium 
and to localize the coagulation process to phospholipid sur-
faces. The vitamin K antagonists are bound to plasma proteins, 
mainly albumin (98 – 99%), and are metabolized by the hepatic 
cytochrome P450 enzymatic system. Interactions with other 
drugs or food may occur at many levels (Table  47.4 ) and con-
stitute a major disadvantage. There are a number of common 
genetic polymorphisms of the CYP2C9 enzyme primarily 
responsible for warfarin metabolism. The most common poly-
morphisms, CYP2C9 * 2 and CYP2C9 * 3, are each seen in around 

is a life - threatening complication of heparin treatment and 
occurs in 0.3 – 6.5% of those receiving UFH. The onset is typi-
cally between 5 and 10 days after starting UFH unless heparin 
has previously been administered, in which case it may begin 
earlier. The cause is development of an IgG antibody to a 
complex of heparin and platelet factor 4, which is capable of 
activating and depleting platelets. Because the thrombocytope-
nia is due to platelet activation, patients with HIT are paradoxi-
cally at high risk of both venous and arterial thrombosis. Other 
features may include necrotizing skin changes at heparin injec-
tion sites or a history of anaphylactoid reactions to heparin 
injection. A clinical scoring system for suspected HIT is useful 
in determining the need for further investigation. The diagnosis 
of HIT may be confi rmed by specifi c ELISA or by functional 
platelet studies. The treatment is immediate cessation of all 
types of heparins (including line fl ushes) and initiation of an 
alternative anticoagulant such as danaparoid, hirudin or fonda-
parinux at therapeutic doses. Platelet transfusion is contraindi-
cated, and warfarin should not be started until the platelet 
count has recovered, as it may cause microvascular necrosis. 

 Prolonged use of UFH can lead to osteoporosis by increasing 
osteoclast activity and reducing osteoblast numbers; 2% of 
patients receiving treatment - dose UFH for more than 9 months 
developed vertebral fractures. The risk of osteoporosis is con-
siderably lower for low - molecular - weight heparin than for 
UFH. 

  Low - molecular - weight heparin (LMWH)  is produced by 
enzymatic or chemical depolymerization of UFH. Since its 
introduction in the late 1970s, LMWH has largely superseded 
UFH by virtue of its more predictable pharmacokinetic profi les, 
less frequent dosing and lower incidence of adverse effects. 
LMWH consists of a mixture of glycosaminoglycan chains of 
molecular mass 3000 – 5000   Da. LMWH has the same principal 
mode of action as UFH, but the inhibition of thrombin is 
reduced compared with the inhibition of FXa, as the former 
effect requires longer polysaccharide chains for binding to 
thrombin. The bioavailability after subcutaneous injection is 
better than for UFH and the effect is more predictable, due to 
less binding to plasma proteins. The half - life is also longer (3 – 5 
hours), so that a once - daily subcutaneous injection is suffi cient. 
Intravenous administration of LMWH is rarely used. 

 Treatment with UFH requires monitoring with the activated 
partial thromboplastin time (APTT), whereas with LMWH 
monitoring is rarely needed, with the main exception being 
renal failure when inhibition of activated FX (anti - FXa) is 
measured. Side - effects such as HIT and osteoporosis are less 
common with LMWH. Although there are differences in 
molecular range, sulphation, ratio of FXa to thrombin inhibi-
tion, and pharmacokinetic characteristics between different 
LMWH peparations, there is no evidence for clinically impor-
tant differences between them. 

  Fondaparinux  is a synthetic drug consisting of the anti-
thrombin - binding pentasaccharide sequence found in the 
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and often very itchy. Vitamin K antagonists also have a tera-
togenic effect, with skeletal malformations, optic atrophy and 
mental impairment, occurring in a small percentage of babies 
of exposed mothers.  

  Direct  t hrombin  i nhibitors 
 All are only active parenterally and are administered mainly by 
intravenous infusion. Hirudin is a 65 - amino - acid polypeptide, 
originally discovered in the saliva of the medicinal leech  Hirudo 
medicinalis.  Two recombinant derivatives are available, lepiru-
din and desirudin. Hirudin is an irreversible direct thrombin 
inhibitor, binding to both the active and substrate - recognition 
sites of the thrombin molecule. As the clearance of hirudin is 
exclusively renal, the half - life is highly dependent on renal func-
tion. With normal renal function, hirudin has a half - life of 
60   min after intravenous administration, but in those with end -
 stage renal failure the half - life can be as long as 300 hours. 
Hirudin is licensed for the treatment of thrombosis associated 
with HIT. Unfortunately, 40 – 70% of patients develop hirudin 
antibodies after a week of treatment; although they are rarely 
inhibitory, they may bind to hirudin and reduce renal clearance, 
resulting in a prolonged half - life. 

 Bivalirudin is a recombinant 20 - amino - acid polypeptide 
analogue of hirudin. It binds to the substrate - binding site of 
thrombin, but unlike hirudin can be cleaved by thrombin itself, 
making bivalirudin a reversible thrombin inhibitor. Bivalirudin 
has a half - life of 25   min following intravenous injection. Because 
only a proportion of excretion is renal, clearance is less depend-
ent on renal function than for hirudin. Argatroban is a small -
 molecule reversible thrombin inhibitor derived from the amino 
acid arginine with a half life of around 40   min; clearance is 
primarily hepatic. Because of their short half - lives, argatroban 
and bivalirudin have been used principally in the management 
of HIT and during percutaneous coronary procedures in 
patients at risk of HIT. 

 All these parenteral direct thrombin inhibitors require thera-
peutic monitoring, usually by APTT, with a typical target ratio 
of 2.0 – 2.5. The ecarin clotting time is a better alternative, but 
is less widely available. There is no specifi c reversal agent for 
these direct thrombin inhibitors. Options in bleeding patients 
include blood product support, activated prothrombin complex 
concentrates or recombinant activated FVII. Hirudin is not 
cleared by haemodialysis.  

  Oral  d irect  t hrombin  i nhibitors 

  Dabigatran 
 Dabigatran is a novel synthetic small - molecule direct thrombin 
inhibitor that binds reversibly to both fi brin - bound and free 
thrombin and has predictable pharmacokinetics and so does 
not require monitoring. It has a plasma half - life of 14 – 17 hours, 
permitting once - daily dosing. Clearance is predominantly 
renal, and dose adjustment in renal failure may be necessary. 

10% of whites, and are associated with a reduced warfarin 
requirement.   

 A small proportion of individuals ( <    1%) have a hereditary 
resistance to all coumarins mediated by reduced affi nity of the 
coumarin receptor and require very large doses of coumarins 
( >    30   mg warfarin daily) to achieve an anticoagulant effect. 
Because of coumarin ’ s unpredictable pharmacokinetics, treat-
ment requires regular monitoring. This was initially with the 
prothrombin time (PT). With the widely adopted use of a 
standardized calibration system, the International Normalized 
Ratio (INR), the reliability of comparisons of treatment 
intensities at different laboratories has been improved. The INR 
from an individual sample is calculated using the formula 
INR    =    (PT patient /PT control ) ISI . 

 Rare side - effects of vitamin K antagonists are skin necrosis, 
purple toe syndrome, rash and toxic hepatitis, whereas the 
adverse effect of warfarin on bone mineral density is debated. 
Skin necrosis can occur in approximately 1 in 5000 patients in 
early initiation of treatment, and is due to an imbalance between 
mildly depressed vitamin K - dependent coagulation factors and 
a more pronounced initial reduction of protein C and protein 
S, resulting in a hypercoagulable state with thrombus formation 
in small veins and venules in the dermis and subcutaneous fat. 
The purple toe syndrome is a very painful, burning, dark - blue 
discoloration of the toes and sides of the feet, probably due to 
cholesterol embolization from atherosclerotic plaques that have 
become friable owing to reduced fi brin deposition or haemor-
rhage into the plaques several weeks after initiation of antico-
agulation. Skin rashes may be papular, vesicular or urticarial 

  Table 47.4    Mechanisms for drug interactions with vitamin  K  

antagonists with typical examples of such drugs. 

  Enhancement of vitamin K pathway: vitamin K, lipid emulsions  

  Reduced endogenous synthesis of vitamin K: induced by 

antibiotics  

  Accelerated catabolism of coagulation factors: thyroid hormone, 

androgens  

  Decreased synthesis of coagulation factors: clofi brate  

  Decreased warfarin absorption due to binding: colestyramine  

  Increased absorption of warfarin: acarbose  

  Inhibition of cyclic interconversion of vitamin K: second - /

third - generation cephalosporins  

  Inhibition of cytochrome P450 (CYP3A4): clarithromycin  

  Inhibition of cytochrome P4502C9,  S  - enantiomer: sulfi npyrazone  

  Stereoselective inhibition of hydroxylation,  R  - enantiomer: 

cimetidine  

  Non - stereoselective clearance: amiodarone  

  Induction of hepatic enzymes: barbiturates, rifampicin  

  Displacement of protein binding: etoposide  

  Potentiation of the warfarin receptor effect: clofi brate  

  Antiplatelet effect: acetylsalicylic acid  
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be obtained because levels of physiological anticoagulants are 
usually reduced at the time of an acute thrombus due to 
consumption. 

  Thrombolytic  t herapy 

 The most serious consequence of VTE is fatal PE. Many patients 
die before a diagnosis of PE has been made. Massive PE with 
unstable haemodynamics has a high mortality, but the progno-
sis improves dramatically with rapid lysis of the emboli. The 
benefi t - to - risk ratio of thrombolysis in proximal DVT is as yet 
uncertain but it is recommended for unstable patients with PE, 
although these patients represent less than 5% of all patients 
hospitalized for PE. The streptokinase/urokinase PE throm-
bolysis trials showed that thrombolytic therapy successfully 
decreases pulmonary artery pressures acutely, with improve-
ments in the lung scan and arteriogram at 12 and 24 hours, 
although there was no overall decrease in mortality in those 
receiving thrombolysis compared with those receiving heparin 
therapy. The use of thrombolytic treatment in patients with 
sub - massive PE is controversial. 

 Contraindications to thrombolysis include active internal 
bleeding, a stroke within 2 months, and an intracranial process 
such as neoplasm or abscess (Table  47.5 ). Relative contraindica-
tions include surgery within 10 days, uncontrolled hypertension 

Dabigatran causes prolongation of APTT, but not in a linear 
dose - dependent fashion; more accurate monitoring can be 
achieved using the ecarin clotting time. Dabigatran is licensed 
for thrombophylaxis after orthopaedic hip and knee replace-
ment, and in clinical trials it has been shown to be non - inferior 
to warfarin in the management of VTE; patients randomized to 
dabigatran had fewer minor bleeds but more dyspepsia and 
more drug discontinuation. A Phase III study, RE - LY, evaluated 
the effi cacy and safety of two different doses of dabigatran rela-
tive to warfarin in over 18   000 patients with atrial fi brilation. 
Dabigatran 110   mg was non - inferior to warfarin for the primary 
effi cacy end point of stroke or systemic embolization, whereas 
dabigatran 150   mg was signifi cantly more effective than warfa-
rin or dabigatran 110   mg. Major bleeding occurred signifi cantly 
less often with dabigatran 110   mg than warfarin; dabigatran 
150   mg had similar bleeding to warfarin.   

  Oral  d irect  f actor Xa  a ntagonists 
 Several oral direct FXa antagonists (i.e. they do not require 
antithrombin to exert their activity) are undergoing clinical 
trials; indeed rivaroxaban is now licensed for thrombophylaxis 
after orthopaedic joint replacement. 

  Rivaroxaban 
 Rivaroxaban has an oral bioavailability of 60 – 80% and has a 
rapid onset of action, reaching peak concentration at 3 hours 
and a half - life of 5 – 9 hours. Excretion is predominantly renal. 
In clinical trials where it was used as thrombophylaxis after 
orthopaedic hip and knee surgery, it was found to have superior 
effi cacy to enoxoparin. Results from trials in other areas are 
awaited.    

  Novel  a nticoagulant  d rugs 

 There are a number of other novel oral anticoagulants in the 
pipeline, thus ensuring that the days of dependence on warfarin 
and heparin are numbered. Apixaban is an orally bioavailable 
small - molecule direct FXa inhibitor undergoing Phase III trials 
whose excretion is predominantly biliary and so it may be useful 
in renal failure. Others of interest include tecarfarin, a warfarin 
variant that is not metabolized by cytochrome P450 and thus 
has the potential to give more time in range.   

  Initial  t reatment of  v enous 
 t hromboembolism 

 Before treatment is started, blood samples for haemoglobin, 
platelet count, APTT and PT should be obtained for baseline 
assessment of the risk of bleeding. In addition, with anticipated 
treatment with LMWH, serum creatinine, and with thrombo-
lytic therapy plasma fi brinogen and blood group and save, 
should also be performed. Thrombophilia screening is of no 
utility at this stage for the results do not usually affect immedi-
ate patient management. Moreover, false - positive results may 

  Table 47.5    Contraindications to thrombolytic therapy. 

   Absolute contraindications   

  Active internal bleeding  

  Known haemostatic disorder  

  Cerebrovascular accident, craniocerebral trauma or neurosurgery 

within 6 months  

  Active intracranial process  

   Relative contraindications   

  Major surgery, biopsy, puncture of non - compressible vessels, 

vaginal delivery, external heart massage or major trauma 

within 7 days  

  Vascular or eye surgery within 3 weeks  

  Gastrointestinal bleeding, acute pancreatitis or pericarditis within 

3 months  

  Uncontrolled hypertension (diastolic  ≥    110   mmHg)  

  Age  >    80 years  

  Diabetic retinopathy  

   In addition, caution should be observed during the fi rst trimester 

of pregnancy, the fi rst 20 hours of menstruation, bacterial 

endocarditis and where there are abnormal screening tests for 

haemostasis. Patients with previous treatment with streptokinase 

within 3 – 4 months are unlikely to respond to repeated treatment 

due to antibody formation. Adherence to these precautions and 

contraindications should be more strict for the treatment of DVT 

than of massive PE.   
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fi lter insertion. The primary indication for an IVC fi lter is the 
prevention of PE in patients with established VTE who have a 
contraindication to anticoagulation. Once the fi lter is in place, 
there is a tendency for clinicians to delay anticoagulation. 
However, anticoagulation should be considered in all patients 
with an IVC fi lter once a temporary contraindication to anti-
coagulation has passed. A large randomized trial showed no 
reduction in mortality or long - term risk of PE after 2 years of 
permanent indwelling catheters; indeed there was an increased 
risk of recurrent thrombosis.  

  Anticoagulant  t herapy 

 The objective of anticoagulant therapy in the acute phase is to 
prevent further progression of the thrombus as well as (further) 
PE. It is not suffi cient to start treatment with vitamin K antago-
nists alone, because of the delay of about 5 days until they 
provide full anticoagulation. A once - daily treatment dose of 
subcutaneous LMWH can be given and will have immediate 
effect and so patients with DVT are usually managed as outpa-
tients, unless they have renal failure where intravenous UFH is 
required. With UFH an initial intravenous bolus should be 
given and treatment is continued with intravenous infusion 
until anticoagulation with a coumarin, usually started simulta-
neously, has become effective. Treatment with UFH is targeted 
at an APTT of 2 – 2.5 times the upper limit of normal, which is 
measured 4 hours after starting the infusion and then at least 
once daily. With APTT below the target range, another bolus 
dose is given and the infusion rate is increased. Conversely, with 
APTT above the treatment range, the infusion may be halted 
for 30   min and should be restarted at a reduced rate. 

 Failure to reach the therapeutic APTT range is associated 
with a poor antithrombotic effect, whereas a possible associa-
tion between long APTT results and bleeding complications is 
less evident. Occasionally, there may be diffi culties in reaching 
a therapeutic APTT with inherited and acquired defi ciencies of 
antithrombin. If the APTT is not prolonged despite increased 
doses of UFH, and especially if there is clinical deterioration, 
the antithrombin level should be measured and, if there is a 
defi ciency, the addition of antithrombin, either by using fresh 
frozen plasma or antithrombin concentrates, should be consid-
ered. More often, a therapeutic APTT is not achieved despite 
normal antithrombin levels, but there is no evidence of clinical 
progression. This condition is believed to be caused by high 
levels of acute - phase proteins, such as FVIII or histidine - rich 
glycoprotein, which counteract the prolongation of APTT 
but apparently not the antithrombotic effect of heparin. 
Measurement of anti - FXa in these patients often demonstrates 
therapeutic levels and should be taken into account so that 
undue increment of the dose of heparin is avoided. 

 If the baseline APTT is prolonged, the reason may be pres-
ence of a lupus anticoagulant (mildly to moderately prolonged 
APTT) or congenital defi ciency of FXII (severely prolonged 

and pregnancy. Haemorrhagic complications are higher in 
patients with a recent invasive procedure such as pulmonary 
angiogram or placement of an inferior vena cava (IVC) fi lter. 
There is a reported incidence of intracranial haemorrhage of 
approximately 2%, with higher rates in the elderly and those 
with poorly controlled hypertension. The major haemorrhage 
rate ranges from 11 to 20%.   

 Heparin is discontinued 30   min before thrombolytic therapy 
and restarted 2 – 4 hours after its discontinuation. Regional 
or local infusion of fi brinolytic agents has not proved to be 
more effective, for bleeding complications are still prevalent. 
Antipyretics such as paracetamol may be given for febrile reac-
tions and steroids for more pronounced allergic reactions, but 
prophylaxis with the latter does not provide any additional 
benefi t. 

 With major haemorrhage, the infusion should be stopped 
and blood losses replaced. For patients undergoing streptoki-
nase therapy, the situation is more complex. Because of the 
indirect pharmacokinetics, a paradoxical effect may occur if the 
infusion of streptokinase is slowed or stopped. More plasmino-
gen will then become available for transformation to plasmin 
by already circulating streptokinase – plasminogen complexes. It 
is therefore vital to reduce the proteolytic potential, which can 
be done with aprotinin, an antiplasmin agent. Conventional 
inhibitors of fi brinolysis, such as tranexamic acid, are not effec-
tive as they only counteract plasminogen conversion to plasmin 
but do not inhibit already formed plasmin. With very low levels 
of fi brinogen and major haemorrhage, infusion of fi brinogen 
(concentrate or cryoprecipitate) is also indicated. 

 Plasma fi brinogen level should be monitored every 12 – 24 
hours. If the level is not reduced whatsoever, it is unlikely that 
a thrombolytic effect is achieved. The target is approximately 
0.2 – 1.0   g/L, but levels higher than 0.2   g/L do not exclude the risk 
of haemorrhage, and therapeutic levels do not provide a guar-
antee for removal of the thrombus.  

  Venous  t hrombectomy 

 There are insuffi cient data to evaluate the long - term benefi t of 
surgical removal of the thrombus. The procedure is often com-
bined with formation of an arteriovenous fi stula to improve the 
fl ow, but there is not enough evidence to show that this increases 
the patency rate of the vein. Bleeding is common, often requir-
ing transfusion, and a fatal outcome has been reported in up to 
14%. The benefi t of the treatment is that relief of symptoms is 
immediate, and it may be considered in the rare cases when loss 
of the limb is imminent.  

  Inferior  v ena  c ava  fi  lters 

 A temporary or permanent fi lter provides a tool to prevent 
further PE by reducing the risk during the fi rst 12 days from 
4.8% to 1.1%. However, PE can still occur in patients with IVC 
fi lters, and there is also a small risk of thrombosis at the site of 
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   •      Despite the recognition of specifi c risk factors, it is impossible 
to predict exactly which individuals within a group at risk will 
have VTE.  
   •      Screening with ultrasound has low sensitivity for DVT and is 
not cost - effective.  
   •      Over 80% of DVT are clinically silent and often confi ned to 
the calf vein. The concern is that such asymptomatic DVT can 
become symptomatic and/or embolize. There is no way of pre-
dicting which patients will develop symptomatic VTE without 
warning and as a result of asymptomatic DVT.    
 Therefore in view of our inability to predict the exact individu-
als in a high - risk group who will develop VTE, the standard 
approach is to administer thrombophylaxis to all those at risk. 

  Effi cacy and  s afety of  t hrombophylaxis 

 Many randomized clinical trials over the past 35 years have 
demonstrated the effi cacy and safety of thrombophylaxis, sum-
marized elegantly and regularly by the American College of 
Chest Physicians. The National Institute for Health and Clinical 
Excellence (NICE) have produced guidelines for the UK. 
Thrombophylaxis can be separated into mechanical and phar-
macological methods. 

  Mechanical  m ethods 
 Mechanical approaches include antiembolic stockings, inter-
mittent pneumatic compression devices, mechanical foot 
pumps and IVC fi lters. All except IVC fi lters reduce the risk 
of DVT. IVC fi lters reduce the risk of embolism from an 
established DVT and can therefore be considered secondary 
prophylaxis. Antiembolic stockings apply graded circumferen-
tial pressure on the legs, greatest distally, which increase the 
velocity and volume of blood fl ow in the deep veins. They have 
a lower grade of compression compared with graduated com-
pression stockings used in patients with post - thrombotic syn-
drome, and need to be fi tted correctly to work effectively. 
Intermittent pneumatic compression causes sequential com-
pression of the legs in a wave - like milking effect. Foot pumps 
squeeze the plexus of veins known as the venae comitantes of 
the lateral plantar artery and thus reduce venous stasis. 

 The poor quality, low number and poor end points of the 
studies of mechanical thrombophylaxis have been widely criti-
cized. A recent well - conducted study showed that thigh - length 
stockings do not alter the risk of DVT after stroke but did have 
a 5% risk of skin breaks, ulcers, blisters and skin necrosis. 
Mechanical methods are contraindicated in patients with criti-
cal limb ischaemia, limb fractures and severe neuropathy, while 
ill - fi tted stockings may cause oedema, arterial ischaemia and 
superfi cial thrombosis. 

 The key end point of the effi cacy of thrombophylaxis is 
reduction in death rate due to PE, and to ascertain this requires 
thousands of patients in one or several trials, which would need 

APTT for homozygous patients), and monitoring of treatment 
with UFH is often diffi cult. The alternatives are monitoring 
with anti - FXa or treatment with LMWH, which does not 
require monitoring. 

 Patients with suspected PE can be managed in the same way 
with LMWH subcutaneously and vitamin K antagonists orally. 
It is thus possible to give this treatment on an outpatient basis, 
but patient safety has so far not been demonstrated for outpa-
tient management of PE in a randomized trial. Treatment for 
DVT with LMWH can be undertaken safely without hospitali-
zation. Randomized trials have demonstrated equal effect and 
safety with LMWH injected once or twice daily. For hospitalized 
patients, LMWH is associated with a lower incidence of haem-
orrhage than treatment with UFH. In the case of very ill patients 
or with a high risk of bleeding, it still may be preferable to treat 
with UFH, infused intravenously, in view of the shorter half - life 
if the treatment has to be discontinued abruptly and protamine 
sulphate used to neutralize residual UFH. Interestingly, initial 
treatment with LMWH instead of UFH is associated with a 
reduced mortality during 3 months of follow - up due to an 
increased survival in the subgroup of patients with concomitant 
cancer. 

 Although the dose of LMWH is adjusted according to body 
weight, there are confl icting data regarding whether the dose 
should be increased linearly or  ‘ capped ’  in obese patients. 
Patients with mild to moderate renal failure (serum creatinine 
200 – 400    µ mol/L) should have anti - FXa levels after 2 – 3 days at 
the time of peak concentration and, if above 1   unit/mL, the dose 
should be reduced. For patients with severe renal failure UFH 
is preferred. 

 Patients with VTE should be mobilized early, preferably 
within 1 day, unless thrombolytic therapy is given. Mobilization 
does not increase the risk of new PE, and pain and swelling of 
the leg diminish more rapidly than if the patients are immobi-
lized for 1 week. Patients should wear compression stockings as 
soon as they are out of bed.   

  Primary  p rophylaxis ( t hrombophlyaxis) 

 A systematic review by the US Agency for Healthcare Quality 
and Research ranked PE as the most common preventable cause 
of hospital death, and thrombophylaxis as the number one 
strategy to improve patient safety in hospitals. Despite good 
clinical evidence of the effi cacy and cost - effectiveness of 
thrombophylaxis, there has been failure of its implementation 
internationally. 

 Most inpatients have several risk factors for VTE. The base-
line risk is estimated to be 5 – 15% for those adults who are 
acutely unwell in medical beds, with risks of about 50 – 60% in 
hip replacement surgery and severe stroke and nearly 100% in 
spinal cord injury/polytrauma cases. The arguments for using 
thrombophylaxis in all those at risk include the following. 
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unpredictable pharmacokinetics of warfarin leading to a signifi -
cant risk of both over -  and under - anticoagulation. 

 The evidence for using antiplatelet drugs in thrombophylaxis 
is based on methodologically fl awed studies and has been shown 
to be inferior to LMWH. For example, in a trial of joint replace-
ment randomized to aspirin or LMWH, the relative reduction 
in VTE risk of LMWH was 63% over aspirin. Moreover, aspirin 
is associated with an increased risk of bleeding, especially when 
combined with other methods. Its use in thrombophylaxis is 
not recommended in all the major guidelines.   

  For  h ow  l ong  s hould  t hrombophylaxis 
 b e  g iven? 

 The acute - phase response that produces a prothrombotic state 
persists for weeks after surgery. Although the risk of postopera-
tive DVT is highest within the fi rst few weeks after surgery, VTE 
complications may occur later. Extended prophylaxis for up to 
35 days has been shown to reduce VTE in those with ongoing 
signifi cant risk factors for VTE, and so LMWHs are licensed for 
extended use for 28 – 35 days in major hip, abdominal or cancer 
surgery, reducing the risk of VTE by a further 60% from 2.7% 
to 1.1%.   

  Secondary  p rophylaxis 

 After a VTE, if initial treatment with UFH or LMWH is not 
followed by a period of secondary prophylaxis, the risk of recur-
rence over 90 days is 29%. Secondary prophylaxis is usually 
given with vitamin K antagonists, commonly with warfarin. In 
some European countries, phenprocoumon or acenocoumarol 
is prescribed predominantly. Phenprocoumon has a half - life of 
160 hours compared with 20 – 55 hours for warfarin, which may 
cause diffi culties when the drug has to be eliminated quickly in 
case of overdose or haemorrhage. Acenocoumarol has a half - life 
of only 11 hours, and this does not result in a requirement for 
twice - daily dosing. Comparative studies with warfarin and 
acenocoumarol have demonstrated a similar effect and safety 
profi le. 

 Treatment with a vitamin K antagonist should be started 
concomitantly with the initial anticoagulant therapy, or once 
the diagnosis of PE or DVT is established. The optimal intensity 
is an INR of 2.0 – 3.0, at least during the fi rst 6 months after an 
episode of VTE. It may take 3 – 10 days to reach this target range 
and the maintenance dose varies from 1 to 20   mg daily. The 
time to reach the therapeutic range and to fi nd the individual 
maintenance dose is shortened with higher initial dosing (war-
farin 15   mg daily versus lower doses, or warfarin 10   mg vs. war-
farin 5   mg) and by using a nomogram or computer software for 
the dose adjustments. The higher induction dose of 15   mg 
should be avoided in patients with a high risk of bleeding and 
is contraindicated in patients with defi ciency of protein C or 

to include post - mortem studies. Such studies have not been 
performed for mechanical thrombophylaxis. However, the 
main advantage of mechanical methods is that they do not 
produce an increased bleeding risk. Stockings and intermittent 
pneumatic compression act in a synergistic manner when 
combined with pharmacological agents in surgical patients. 
However, there is no evidence to suggest that there is any benefi t 
when IVC fi lters are added to appropriate thrombophylaxis. 
Insertion is common in trauma patients who have a very high 
risk of VTE, but this has never been shown to be protective in 
a trial.  

  Pharmacological 
 UFH and LMWHs have been clearly shown to reduce the risk 
of death due to PE. The modern trials of pharmacological 
thrombophylaxis use a composite primary outcome measure of 
symptomatic and asymptomatic VTE. A meta - analysis of 46 
trials of UFH thrombophylaxis in surgery showed that UFH, 
when compared with placebo, reduced the all - cause mortality 
from 4.2% to 3.2%. Fatal PE were reduced from 0.8% to 0.3%, 
symptomatic PE from 2.0% to 1.3% and DVT from 22% to 9%. 
However, bleeding events were signifi cantly increased from 3.8 
to 5.9%. 

 A problem with UFH is the need for frequent dosing. Thrice -
 daily dosing of UFH 5000   units was more effective in reducing 
the rate of VTE and especially PE, but the risk for major bleed-
ing is signifi cantly increased compared with twice - daily dosing. 
UFH has been largely superseded by LMWHs whose longer 
half - lives allow once - daily administration, although UFH 
remains the fi rst choice in renal dysfunction, in which LMWH 
accumulates, causing increased bleeding, due to its long half - life 
and renal excretion. LMWH has been shown to reduce the risk 
of VTE by a similar amount as UFH (60 – 70%), with a similar 
bleeding risk compared with placebo. 

 Hospital - acquired VTE is more common in medical than 
surgical patients because medical patients are the commonest 
admissions. Indeed 70 – 80% of hospital - acquired fatal PE occurs 
in medical patients. Apart from being an older cohort, 40% of 
medical patients have more than one risk factor for VTE, 
including previous VTE, cancer, stroke, heart failure, chronic 
obstructive airways disease, sepsis and bed rest. Approximately 
5000 acutely ill medical patients have been entered into rand-
omized controlled trials comparing LMWH with placebo and 
studies comparing LMWH with UFH. For example, the 
MEDENOX study showed that enoxaparin 40   mg was superior 
to both enoxaparin 20   mg and placebo given for a median of 6 
days to acutely ill medical patients. There was a signifi cant 
reduction in DVT between 6 and 14 days in those patients who 
received enoxaparin 40   mg to 5.5%, compared with 15% who 
received placebo ( P     <    0.001). There were no signifi cant differ-
ences in bleeding between the groups. Fondaparinux is also 
licensed for thrombophylaxis. Postoperative adjusted - dose oral 
vitamin K antagonists are unfashionable in Europe due to the 
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ment for more than 6 – 12 months is associated with an increased 
risk of bleeding. Factors associated with a higher risk of recur-
rence are shown in Table  47.6 . For the majority of patients, 
treatment of at least 6 months is recommended. Shorter treat-
ment is indicated for a distal DVT and temporary risk factor, 
such as trauma, surgery or oral contraceptives (6 weeks), or for 
patients with a high risk of bleeding (3 months).   

 In randomized trials on the duration of secondary prophy-
laxis, there has typically been an annual incidence of 2 – 4% of 
major haemorrhage. One option to reduce this risk is to reduce 
the intensity of anticoagulant therapy, and studies on cou-
marins targeted at an INR of less than 2.0 have shown a favour-
able risk – benefi t profi le. Large randomized trials on low - intensity 
warfarin therapy in the extension of secondary prophylaxis after 
at least 3 – 6 months of treatment, targeted at the usual INR of 
2.0 – 3.0, have shown that a prophylactic antithrombotic effect 
is obtained but perhaps less than with full intensity, although 
the annual incidence of major haemorrhage was only 0.9 – 1.0% 
and may be an option in some low - risk patients. However, 
secondary prophylaxis targeted at an INR of 1.5 – 2.0 was not 
tested in patients with active cancer, for whom even standard 
vitamin K antagonist therapy is often insuffi cient (see below). 

 A decision in favour of prolonged anticoagulation should be 
weighed against the cost and burden for the patient of monitor-

S because of the increased risk of warfarin - induced skin 
necrosis. 

 The initial treatment with UFH or LMWH may be discon-
tinued when the vitamin K antagonist has been given for at least 
5 days and an INR of at least 2.0 has been achieved for two 
consecutive days. The secondary prophylaxis with vitamin K 
antagonists is then continued for a period that sometimes can 
be decided very shortly after the diagnosis of VTE, but which 
often requires reassessment due to the results of evaluation for 
thrombophilia or other investigations that may favour a longer 
treatment period. Conversely, bleeding complications or poor 
compliance may prompt a shortening of the planned treatment 
period. In order to improve the quality of anticoagulant therapy, 
it is crucial that the patient is followed properly as an 
outpatient. 

 Treatment is monitored by measuring the INR. Dose adjust-
ments become more precise, with less INR results outside the 
therapeutic range, if decision support aids, such as nomograms, 
algorithms or computer software, are used. Staff in charge of 
dose adjustments should be trained and follow a large number 
of patients regularly. Well - motivated patients should be encour-
aged to perform self - testing with capillary blood sampling using 
a  ‘ point - of - care ’  instrument and to be in charge of dose adjust-
ments, with advantages in terms of less clinical complications. 
This requires some training and visits to an anticoagulant clinic 
a few times per year for comparison of the results with those 
obtained at the laboratory. 

 All patients who receive vitamin K antagonists should be 
informed about the following (printed information should also 
be provided). 
   •      The risk of bleeding.  
   •      Whom to contact whenever such symptoms occur.  
   •      The risk of using acetylsalicylic acid and non - steroidal anti -
 infl ammatory drugs, which impair platelet function, and about 
the alternatives that can be used. Although paracetamol inter-
acts with warfarin, this is not clinically signifi cant.  
   •      Vast numbers of drugs interact with vitamin K antagonists so 
that the possibility of an interaction should be questioned for 
each new drug prescribed. Several herbal medicines, including 
St John ’ s wort, ginseng and garlic, reduce the concentration of 
warfarin in blood.  
   •      The effect of large amounts of dark green vegetables, which 
contain considerable amounts of vitamin K and may therefore 
neutralize the anticoagulant effect, but stressing that a regular 
intake of moderate amounts of vegetables is recommended.    

  Duration of  s econdary  p rophylaxis with  o ral 
 v itamin  K   a ntagonists 

 The optimal duration of secondary prophylaxis is dependent 
on a risk – benefi t analysis between avoidance of haemorrhagic 
complications and recurrent VTE. Meta - analyses have shown 
that a longer duration reduces the risk of recurrence, but treat-

  Table 47.6    Factors associated with a higher risk of recurrence of 

venous thromboembolism. 

   Higher risk   

  Triggering risk factor not identifi ed  

  Proximal DVT and/or PE  

  Presence of cancer  

   Thrombophilic defects   

  Defi ciency of antithrombin, protein C or protein S  

  Homozygosity for FV Leiden or prothrombin G20210A  

  Antiphospholipid antibodies  

   Follow - up of the thrombotic disease   

  Persistently increased D - dimers  

  Remaining thrombus on ultrasound examination  

   Lower risk   

  Triggering risk factor removable or permanent  

  Distal DVT  

   Thrombophilic defects   

  Heterozygosity for FV Leiden  

  Heterozygosity for prothrombin G20210A  

   Follow - up of the thrombotic disease   

  Normalized level of D - dimers  

  Normalized ultrasound  
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  Table 47.7    Suggested duration of secondary prophylaxis in 

relation to presence of risk factors. 

   Condition     Duration  

   Thrombophilic defects not identifi ed or unknown   

  First event, distal DVT, provoked by 

temporary risk factor  

  6 weeks  

  First event, distal DVT with idiopathic 

or permanent risk factor, or any 

proximal DVT or PE  

  6 months or longer  

  As above with increased risk of 

bleeding  

  3 months  

  Single life - threatening event    12 months or longer  

  First event, active cancer    Until cancer resolved  

  Second event, contralateral DVT    As after the fi rst event  

  Second event, ipsilateral or PE    12 months or longer  

  More than two events    Indefi nitely  

   Thrombophilic defects identifi ed   *    

  Defi ciency of antithrombin    Indefi nitely  

  Defi ciency of protein C or protein S    12 months or longer  

  Homozygous form of thrombophilic 

defect  

  Indefi nitely   †     

  Double heterozygous for 

thrombophilic defects  

  Indefi nitely  

  Antiphospholipid syndrome    Indefi nitely  

  Hyperhomocysteinaemia    As without   ‡     

  Elevated FVIII activity    6 months or longer  

  FV Leiden mutation, heterozygous    As without the defect  

  Prothrombin polymorphism, 

heterozygous  

  As without the defect  

  Life - threatening event and any defect    Indefi nitely  

    * Independent of the event being provoked by a temporary or 

permanent risk factor, whenever the thrombophilic defect is 

permanent.  

    †  Possibly excluding the homozygous form of prothrombin 

G20210A.  

    ‡  Consider the use of B vitamins thereafter.   

  Source :   modifi ed from Schulman  (2003)  with permission. 

ing the treatment, effects on the quality of life in view of restric-
tions regarding diet and other concomitant medications and, 
fi nally, the fact that about 1% of patients annually will have a 
major haemorrhage. Suggestions for the duration of secondary 
prophylaxis are given in Table  47.7 . However, a signifi cant 
minority of patients may wish to stop coumarins and instead 
take thrombophylaxis at times of haemostatic stress, for example 
prophylactic doses of LMWH at times of surgery or during 
long - haul air travel.   

 Although it is not clear that the risk of recurrence is higher 
after the second episode of VTE than after the fi rst, recurrent 

DVT in the ipsilateral leg causes additional damage to the 
venous valves and increases the risk of post - thrombotic syn-
drome signifi cantly. Patients with PE have a higher risk of 
recurrent symptomatic PE than do patients with initial DVT, 
and extension of secondary prophylaxis may thus be justifi ed 
after recurrent PE. Patients with antiphospholipid syndrome 
have a high risk of recurrence without anticoagulation and 
therefore anticoagulation should be extended. 

 Cessation of vitamin K antagonists is often associated with 
an increment in prothrombin fragment 1+2 and D - dimers, 
independent of whether they were stopped abruptly or gradu-
ally, and so there seems to be no clinical benefi t in stopping 
gradually.  

  Management in the  c ase of  b leeding 
or  s urgery 

 Excessive anticoagulation may be identifi ed as an isolated pro-
longed INR above 4 or in combination with bleeding. Although 
elimination of one dose of the vitamin K antagonist, possibly 
followed by a reduction of the maintenance dose, may suffi ce 
in most cases, the addition of oral vitamin K 1  1   mg reduces the 
risk of bleeding. The reason for excessive anticoagulation should 
be investigated and may reveal an interaction with other drugs 
or irregular dosing. 

 In the case of major or life - threatening bleeding, reversal with 
vitamin K 1  is too slow, as only a weak effect is noticed after 2 
hours and the full effect occurs after 6 hours. Replacement of 
the defi cient vitamin K - dependent coagulation factors is neces-
sary, but the volumes of fresh plasma required are so large 
(typically 2 – 3   L to reduce the INR from 4.0 to 1.5 in a patient 
with body weight of 80   kg) that there is a substantial risk of 
volume overload. Prothrombin complex concentrate is the 
agent of choice: it carries no risk of volume overload and 
has undergone viral inactivation to eliminate the risk of 
transmission of HIV or hepatitis B or C. A few cases with 
thromboembolic complications in association with the use of 
prothrombin complex concentrate have been reported, but the 
risk appears small as no complications were observed in pro-
spective cohorts. 

 In patients with bleeding at INR levels within or below the 
therapeutic range, cancer should be suspected and investiga-
tions of the source are indicated. 

 For minor surgery, such as tooth extractions or dermatologi-
cal surgery, anticoagulant therapy can be maintained within the 
therapeutic range. Randomized trials have shown an excellent 
prophylactic effect against bleeding complications after dental 
extractions if the patients were prescribed mouth rinses with 
the fi brinolytic inhibitor tranexamic acid every 6 hours. 

 For major surgery, the INR has to be reduced to below 1.5, 
either by complete interruption or by reduction in the vitamin 
K antagonist. Substitution with LMWH or UFH is given peri-
operatively until therapeutic INR has been regained.  
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75% of the initial treatment dose may be a better alternative 
than vitamin K antagonists. Long - term LMWH may prolong 
survival in patients with cancer and VTE, and perhaps also in 
those without VTE. This does probably not apply to terminally 
ill patients but rather to those with an expected survival of at 
least 1 year. However, many questions remain to be answered: 
the mechanism for this effect, whether the effect is confi ned to 
certain types of cancer, the minimum treatment period required 
and the optimal dose of LMWH. Secondary prophylaxis should 
continue as long as active cancer is present, unless the severity 
of bleeding complications precludes treatment.  

  Venous  t hromboembolism in  p regnancy 

 The incidence of VTE in association with pregnancy is 0.5 – 1.0 
per 1000 with one to two fatal cases of PE in 100   000 pregnan-
cies. DVT occurs commonly in the left iliofemoral vein. This 
may generate a clinical picture that is different from the one 
generally seen in DVT. The only symptoms may be abdominal 
cramps, sciatic back pain or fever. Objective diagnosis is even 
more important in the pregnant patient, as failure to treat an 
undiagnosed VTE as well as treatment of a false - positive diag-
nosis may cause harm. 

 Pressure from the uterus on the pelvic veins may simulate the 
effect of thrombosis on ultrasonography, particularly in the 
third trimester. These examinations are more accurate if the 
mother is resting on her side. The radiation dose from phlebog-
raphy, ventilation – perfusion lung scanning, spiral CT or pul-
monary angiography is so small that the possible risk for the 
child of future malignancy caused by radiation or hypothy-
roidism due to free iodine is substantially less than the risk of 
missing the diagnosis. These examinations should therefore be 
performed if they are considered to be important for the diag-
nosis, but obviously with all available precautions. MRI or 
direct thrombosis imaging is not known to cause any harm 
to the fetus and, if available, may be a useful diagnostic 
tool. D - dimers are not helpful in these patients, who often 
have increased levels, especially during twin pregnancies or 
pre - eclampsia. 

 Thrombolytic therapy may be considered for massive DVT 
or PE, but the risk of bleeding is particularly high if this is used 
shortly before or during the delivery or the puerperium. 
Thrombectomy for iliac or iliofemoral DVT can be performed 
safely, but there are no studies to show that this gives any better 
results than anticoagulant therapy. 

 Despite the lack of clinical trials of LMWHs during preg-
nancy, they are widely used because of their ease of administra-
tion and good safety profi le. There is debate as to whether 
twice - daily administration is better than once daily, for the half -
 life of LMWH is shorter in pregnancy due to improved renal 
clearance. It is not clear whether anti - FXa levels need to be 
monitored in pregnancy; there have been no clinical trials to 

  Secondary  p rophylaxis with  LMWH  

 Secondary prophylaxis with UFH twice daily subcutaneously, 
adjusted to prolong the APTT 1.5 times the normal value at 6 
hours after injection, has been shown to be as effective as 
vitamin K antagonists. However, this never gained any popular-
ity due to the requirement for two doses and adjustments. A 
meta - analysis of studies on secondary prophylaxis, comparing 
LMWHs with vitamin K antagonists, has shown that they are 
equally effective and safe. LMWH injected once daily subcuta-
neously may be the drug of choice for patients with a short 
treatment duration (6 weeks or less), with pronounced diffi cul-
ties in achieving stable INR values, or when monitoring of the 
vitamin K antagonist is problematic. The dose of LMWH 
should be approximately 50% of the initial treatment dose and 
monitoring with anti - FXa is not required unless there is impair-
ment of renal function or the patient is obese. The risk of 
osteoporosis with long - term LMWH is minimal and HIT is very 
rare.   

  Treatment of  p atients with  c ancer 

 In cohorts of unselected patients with VTE, the prevalence of 
cancer is about 20%. Even occult cancer increases the risk of 
thrombosis for several years until it becomes clinically manifest. 
The diagnosis and treatment of patients with VTE and known 
cancer differs somewhat from what has been described above. 
The diagnosis of DVT with ultrasonography or phlebography 
may become false positive due to obstruction of the iliac vein 
by a pelvic tumour mass or metastases, and CT may therefore 
be the diagnostic method of choice. Compression of a pulmo-
nary artery by a tumour mass or tumour emboli may simulate 
perfusion defects by PE, both on lung scanning and on pulmo-
nary angiography. Measurement of D - dimers may not be of any 
value in these patients, who typically have elevated levels even 
in the absence of VTE. 

 Initial treatment should preferably be given with LMWH in 
view of the survival benefi t in patients with cancer over the fol-
lowing 3 months in comparison with those treated with UFH. 
Although patients with cancer have massive VTE more fre-
quently than those without cancer, thrombolytic therapy is very 
hazardous, as the risk of bleeding is aggravated by necrosis in 
highly vascularized tumour tissue, erosion of normal tissues 
and thrombocytopenia due to bone marrow invasion by tumour 
or aplasia after chemotherapy. In some of these patients, the 
risk of bleeding is so pronounced that in the case of PE or 
massive DVT there is an indication for an IVC fi lter. 

 Long - term anticoagulation with coumarins in patients with 
cancer is unsatisfactory, because there is an increase in the 
annual risk of recurrence of 14 – 18% compared with patients 
without cancer and, paradoxically, an increase in major bleed-
ing of 7 – 11%. For secondary prophylaxis, LMWH at a dose of 
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similar or more pronounced effects. Knee - high stockings are 
suffi cient for the vast majority of patients; they should be of 
compression class II (20 – 30   mmHg), fi tted individually and 
should be worn whenever the patient is not recumbent.     

  Chronic  t hromboembolic  p ulmonary 
 h ypertension 

 A prospective long - term follow - up study of patients after PE 
showed that 3.8% of patients at 2 years had evidence of chronic 
thromboembolic pulmonary hypertension, suggesting that it is 
a relatively common complication of PE. The diagnosis should 
be considered in those with dyspnoea after PE. Pulmonary 
endarterectomy is the fi rst treatment of choice in patients 
with severe pulmonary hypertension, and it reduces pulmonary 
vascular resistance dramatically, although the perioperative 
mortality is 5 – 9%. Five - year survival of over 80% has been 
described.  
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assess the level of anti - FXa activity required in pregnancy, so 
target levels are extrapolated from non - pregnant studies. After 
VTE some physicians continue with the treatment dose until 
the end of pregnancy, but usually secondary prophylaxis is 
carried on with a reduced dose of LMWH. Vitamin K antago-
nists should be avoided if possible because of an increased risk 
of fetal haemorrhage and because of teratogenic effects. Unlike 
coumarins, UFH and LMWH do not cross the placenta. 

 At the time of delivery, blood samples are taken on admission 
for platelet count, APTT and PT to evaluate the risk of bleeding, 
and LMWH administration ceased. According to current guide-
lines, based on expert opinion, regional anaesthesia cannot be 
commenced or terminated within 24 hours of a treatment dose 
of LMWH or 12 hours after the previous prophylactic dose of 
LMWH. After acute VTE in pregnancy, after birth the prophy-
laxis is continued for at least 6 weeks and with a total duration 
that is at least as long as would have been chosen for a non -
 pregnant patient with the same risk factors. Alternatively, cou-
marins can be given after delivery, and LMWH is then stopped 
when the INR is within 2.0 – 3.0 for at least 2 days and after a 
minimum of 5 days. Neither LMWH nor vitamin K antagonists 
are secreted in breast milk in any amounts that can have an 
effect on the baby, although it seems sensible to ensure that the 
neonate receives intramuscular vitamin K to prevent haemor-
rhagic disease of the newborn. 

 Women with inherited antithrombin defi ciency require 
higher doses of heparin and regular anti - FXa activity monitor-
ing. Administration of antithrombin concentrate should be 
considered in association with delivery to allow for safe cessa-
tion of LMWH.  

  The  p ost -  t hrombotic  s yndrome 

 Thrombi that do not undergo thrombolysis or which are not 
removed rapidly will destroy venous valves in the healing 
process, where they are transformed into fi brous tissue. Venous 
return of blood becomes impaired, accompanied by increased 
venous pressure. Permeation of fl uid to the extravascular space 
causes oedema and creates a perivascular barrier to plasma pro-
teins, which reduces the transport of nutrients to the tissues and 
results in skin atrophy and, in the most severe cases, venous 
ulcers. This process takes between 1 and 5 years, sometimes 
even longer, and is seen in 30% of patients 2 years after an event. 
The tools available to reduce the risk of developing the post -
 thrombotic syndrome include the following. 
   •      Thrombolytic therapy, which has limited use due to the risk 
of haemorrhage.  
   •      Ensure that more than 50% of the time on coumarins is in 
the target range.  
   •      Graduated compression stockings for 2 years after an episode 
of DVT reduce the incidence of post - thrombotic syndrome by 
half. It is not known if shorter or longer treatment would have 
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  Introduction 

 In haemostasis, a sequence of local events culminates in spon-
taneous arrest of bleeding from a traumatized blood vessel. The 
normal haemostatic mechanisms are suffi cient to seal any vas-
cular discontinuity. Three closely linked biological systems are 
involved: platelets, blood vessels and coagulation proteins. 
Platelets, anucleate cells that are derived from the cytoplasm of 
bone marrow megakaryocytes, circulate in the bloodstream for 
about 7 – 10 days. In the resting state platelets do not normally 
interact with endothelial cells or other blood cells but do so 
when the vessel wall is disrupted. Adhesion to exposed suben-
dothelial components allows platelet activation and release of 
active substances (e.g. ADP) from intracellular organelles that 
amplify and propagate activation and, fi nally, platelet aggrega-
tion that plugs the ruptured blood vessel. At this primary stage 
of haemostasis platelets stop bleeding from damaged blood 
vessels transiently and provide the surface which promotes 
blood coagulation that strengthens the platelet plug (the 
secondary phase of haemostasis). Clinically, abnormalities of 
platelet adhesion and aggregation exhibit a history of spontane-
ous and/or easy bruising and a prolonged skin bleeding time. 
The characteristic clinical features of abnormal bleeding due to 
platelet defi ciencies are distinct from those seen in disorders 
of plasma coagulation factors (Table  48.1 ). The occurrence 
of superfi cial bleeding in patients with platelet disorders as 
opposed to the deeper bleeding in patients with clotting factor 
disorders is a useful clinical pointer, but it must be remembered 

that the activities of platelets and coagulation factors are closely 
related.   

 Bleeding associated with platelet abnormalities manifests as 
haemorrhages from small vessels. Petechiae usually develop on 
the skin and the visible mucous membranes, but they may be 
distribuited throughout the body including internal organs. 
Characteristically, bleeding resulting from platelet diseases is 
immediate and transient, tends to stop promptly with local 
pressure and does not recur when the pressure is removed. 
When this pattern of bleeding occurs in the neonatal period, 
infancy and childhood, a congenital platelet disorder should be 
suspected. However, the disease may be clinically silent and the 
patient may enter adult life before bleeding occurs. 

 The family history may be of great importance, providing a 
characteristic pattern of inheritance, but it should be remem-
bered that a negative family history does not exclude an inher-
ited platelet abnormality, i.e. the family history is usually 
negative in autosomal recessive traits. A comprehensive medical 
history and a careful clinical examination of the patient present-
ing with a haemorrhagic disorder is crucial for the correct diag-
nosis. Subsequent laboratory tests chosen on the basis of the 
clinical information obtained will lead to a precise defi nition, 
where possible, of the platelet abnormality. 

 Congenital defects of platelets may give rise to bleeding syn-
dromes of varying severity and are diffi cult to classify because 
of the rarity of many forms, the extreme heterogeneity, and also 
because of incomplete knowledge about a variety of diseases. 
Table  48.2  classifi es congenital platelet disorders into two main 
groups: thrombocytopenias and thrombocytopathies. Each 
group is further divided according to specifi c criteria based on 
functional and biochemical defects. Such a classifi cation, as 
others, should be viewed as tentative, because some disorders 
may be characterized by multiple pathogenetic factors whereas 
others are grouped together for convenience of classifi cation 
rather than on their known pathophysiology.    
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pseudothrombocytopenia include paraproteinaemias, cold 
agglutinins, giant platelets, previous contact of platelets with 
foreign surfaces (i.e. dialysis membrane), lipaemia and EDTA -
 induced platelet clumping. The possibility of a pseudothrom-
bocytopenia must be ruled out through manual counting and/
or examination of an adequately stained blood fi lm before con-
cluding that a patient has true thrombocytopenia. 

  Congenital  n on -  i nherited  t hrombocytopenia 

 Congenital thrombocytopenia not ascribed to inherited causes 
may be the result of a series of pathogenetic mechanisms, most 
likely attributable to defi cient marrow platelet production or 
enhanced platelet destruction. 

  Drugs and  c hemical  a gents 
 The maternal use of drugs and chemical agents may cause 
thrombocytopenia by suppressing platelet production, by dam-
aging platelets directly or by inducing the formation of platelet 
antibodies. Maternal ingestion of ethanol, thiazides, chlo-
rpropamide, tolbutamide, estrogens, steroids and other drugs 
may selectively suppress thrombopoiesis. Alkylating agents, 
antimetabolites or chemotherapeutic drugs capable of crossing 
the placenta may lead to severe thrombocytopenia in newborns 
as the result of a predictable suppression of the bone marrow. 
The maternal ingestion of quinine, quinidine, hydralazine or 
selected antibiotics known to induce immune - mediated throm-
bocytopenia may induce congenital immune - mediated throm-
bocytopenia. In these newborns, thrombocytopenia usually 
improves rapidly and very rarely gives rise to severe or fatal 
haemorrhages.  

  Alloimmune  t hrombocytopenia 
 Immune thrombocytopenia may also result from the placental 
transfer of platelet antibodies formed as the result of active 
immunization of the mother by fetal platelet isoantigens, if the 
fetus has inherited a paternal platelet - specifi c antigen that 
induces antibody formation. Transplacental passage of the 
maternal antibody, usually of the IgG isotype, may induce 
severe thrombocytopenia in the fetus. This usually occurs when 
the mother has PlA1 - negative platelets and the fetus carries 
PlA1 - positive platelets. Newborns may show petechiae and 
purpura, or more severe bleeding at the time of birth, or may 
appear normal at delivery and then manifest severe bleeding 
within the fi rst week after birth. In this case, thrombocytopenia 
usually improves within 1 month but severe and fatal intracra-
nial haemorrhages may occur.  

  Bone  m arrow  i nfi ltration 
 Congenital thrombocytopenia caused by bone marrow 
infi ltration is extremely rare, being limited to cases of dis-
seminated reticuloendotheliosis and congenital leukaemia. 
Thrombocytopenia with or without associated myeloid and 

  Thrombocytopenias 

 Thrombocytopenia defi nes a subnormal number of platelets in 
the circulating blood, usually below 100    ×    10 9 /L. Acute throm-
bocytopenia is the most frequent cause of severe bleeding and 
the risk of haemorrhage is inversely proportional to the platelet 
count, with spontaneous bleeding occurring frequently at a 
platelet count below 20    ×    10 9 /L. When automated methods are 
used,  ‘ artefactual thrombocytopenia ’  or pseudothrombocyto-
penia can be observed. Different mechanisms can cause a falsely 
low platelet reading. This may happen in patients with a wide 
variety of clinical disorders. Non - technical factors inducing 

  Table 48.1    Main specifi c clinical differences between diseases of 

coagulation factors and platelet disorders. 

   Findings     Disorders of 

coagulation  

   Platelets/vessels  

  Onset of bleeding    Delayed after 

trauma  

  Spontaneous or 

immediately 

after trauma  

  Mucosal bleeding    Rare    Common  

  Petechiae    Rare    Characteristic  

  Deep haematomas    Characteristic    Rare  

  Ecchymoses    Large and solitary    Small and multiple  

  Haemarthrosis    Characteristic    Rare  

  Bleeding from 

superfi cial cuts 

and scratches  

  Minimal    Persistent; often 

profuse  

  Sex of patient    80 – 90% male    Equal  

  Table 48.2    Classifi cation of congenital platelet disorders. 

   Thrombocytopenia   

  Non - inherited thrombocytopenia  

     Drugs and chemical agents  

     Isoimmune thrombocytopenia  

     Infi ltration of bone marrow  

     Infections  

     Other causes  

  Inherited thrombocytopenias  

     Thrombocytopenias with reduced platelet size  

     Thrombocytopenias with normal platelet size  

     Thrombocytopenias with increased platelet size  

   Thrombocytopathies   

  Disorders of platelet adhesion  

  Disorders of platelet signalling transduction  

  Disorders of platelet aggregation  
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  Inherited  t hrombocytopenias with  r educed 
 p latelet  s ize 
 Wiskott – Aldrich syndrome (WAS) is a rare (1 in 250   000) 
X - linked recessive disorder characterized by eczema, suscepti-
bility to infections associated with defects in cellular and 
humoral immunity, and thrombocytopenia with reduced plate-
let size. The gene responsible for WAS maps to Xp11.4 and 
codes for a protein, WASp, expressed only in haemopoietic -
 derived cells and which is involved in the transduction of signals 
from the receptor to the actin cytoskeleton. Intermittent bleed-
ing, recurrent bacterial and viral infections, and progressive 
eczema occur during the fi rst months of life. Death at an early 
age commonly results from intracranial haemorrhage, infection 
or lymphoreticular malignancy. A number of kindreds have 
been reported in whom  X - linked thrombocytopenia  (XLT) 
occurred alone or in association with partial manifestations of 
WAS. XLT is caused by a mutation within the  WAS  gene. 
Patients with XLT mainly suffer from an isolated bleeding 
tendency.  

  Inherited  t hrombocytopenias with  n ormal 
 p latelet  s ize 
 Congenital defi ciency of megakaryocytes is a rare form of 
thrombocytopenic purpura in the newborn and may occur with 
skeletal, renal or cardiac malformations. Isolated  congenital 
amegakaryocytic thrombocytopenia  is an autosomal recessive 
syndrome leading to bone marrow aplasia later in childhood. 
This disorder is associated with abnormalities in the expression 
or function of the thrombopoietin receptor c - Mpl, and a series 
of mutations in the c - Mpl gene ( THPO ) have been identifi ed. 
Most commonly, associated skeletal anomalies are present. 
Bilateral agenesis of the radius is the most commonly associated 
abnormality, so - called  thrombocytopenia with absent radius  
(TAR) syndrome. The TAR syndrome is an autosomal recessive 
disease characterized by severe, even fatal, haemorrhagic 
manifestations. Although abnormalities in the thrombopoietin/
c - Mpl signalling pathway have been suggested, no mutations 
have been found in genes coding for these proteins. In some 
infants, the ulna and humerus may also be absent and other 
skeletal abnormalities may occur. In addition, proximal 
radio - ulnar synostosis, syndactyly and other skeletal abnor-
malities are reported in association with an autosomal 
dominant congenital amegakaryocytic thrombocytopenia in 
patients carrying heterozygous mutations of the  HOXA11  
gene. Less commonly, patients manifest cardiac and other 
minor defects.  Schulman – Upshaw syndrome , which is caused 
by mutations in the  ADAMTS13  gene, is characterized by 
thrombotic thrombocytopenic purpura with neonatal onset 
(congenital microangiopathic haemolytic anaemia), thrombo-
cytopenia and frequent relapses, and response to fresh plasma 
infusion.  

erythroid depression occurs in children with numerous 
infi ltrative disorders, including solid tumours, myelofi brosis, 
Gaucher disease, Niemann – Pick disease and the 
mucopolysaccharidoses.  

  Infections 
 Thrombocytopenia, usually mild but sometimes very severe, is 
commonly seen in infected newborns and several mechanisms 
are probably responsible. In fact, impaired platelet production 
as a result of invasion of megakaryocytes, the destruction of 
circulating platelets and the formation of antigen – antibody 
complexes may explain many instances of thrombocytopenia 
associated with viral infections. Maternal infection with toxo-
plasma, cytomegalovirus, rubella, herpesviruses or hepatitis 
varicella, as well as recent maternal vaccinations (rubella), may 
induce congenital thrombocytopenia.  

  Other  c auses 
 Occasionally, children born to women with chronic idiopathic 
thrombocytopenic purpura manifest congenital thrombocyto-
penia. It is conceivable that autoantibodies causing the disease 
in the mother cross the placenta and bind fetal platelets. Other 
causes of congenital thrombocytopenia due to increased platelet 
consumption or destruction include common maternal disor-
ders such as pre - eclampsia, systemic lupus erythematosus 
or other autoimmune diseases, especially if the woman has 
antiphospholipid antibodies. A moderate to severe thrombocy-
topenia has been observed in association with giant cavernous 
haemangioma, fi rst described by Kasabath and Merritt, in 
which the consumption of platelets occurs primarily within the 
tumour. Thrombocytopenia is often found associated with 
coagulation abnormalities typical of disseminated intravascular 
coagulation and the severity tends to parallel the size of the 
vascular tumour.   

  Inherited  t hrombocytopenias 

 Several inherited diseases may present with thrombocytopenia 
as an accompanying feature of generalized bone marrow failure 
(e.g. Fanconi anaemia) or metabolic diseases causing marrow 
infi ltration (e.g. Gaucher disease). These and other complex 
clinical syndromes (e.g. Noonan syndrome) are not discussed 
in this chapter. Inherited thrombocytopenias are very rare. In 
some of these diseases thrombocytopathy may coexist with 
thrombocytopenia (e.g. Bernard – Soulier syndrome, Wiskott –
 Aldrich syndrome). These diseases are discussed in the appro-
priate section according to the most prominent defect. As 
proposed by the Italian Working Group, both platelet size and 
the presence (syndromic) or absence (non - syndromic) of other 
clinical features, different from those deriving from platelet 
abnormalities, are helpful criteria for classifying inherited 
thrombocytopenias. 
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selective defi ciency in the number and content of  α  - granules. 
As a result of this, platelets are either markedly hypogranular 
or agranular and display defi ciency of  α  - granule proteins, 
such as fi brinogen, von Willebrand factor, thrombospondin, 
 β  - thromboglobulin and platelet factor 4. Recently, a missense 
mutation has been identifi ed at position 759 in the  GATA1  
gene that induces an amino acid change (Arg216Gln) which 
segregates in an X - linked fashion, suggesting that the  GATA1  
gene is required for regulation of platelet  α  - granules. 
Thrombocytopenia is usually pronounced and severe bleeding 
may occur.  Mediterranean macrothrombocytopenia  is an asymp-
tomatic disorder with moderate isolated thrombocytopenia and 
large platelets inherited as an autosomal dominant trait. The 
condition is characterized by mild or no clinical manifestations 
and normal bone marrow megakaryocytosis, platelet survival 
and  in vitro  platelet functions. Platelets from some patients 
suffering from Mediterranean macrothrombocytopenia show 
reduced expression of the GPIb/IX platelet receptor and 
heterozygous mutations within the GPIb α  ( GP1BA ) or GPIb β  
( GP1BB ) genes have been described. Therefore, in these patients 
Mediterranean macrothrombocytopenia may be classifi ed as a 
heterozygous form of Bernard – Soulier syndrome (see below). 
The remaining patients with Mediterranean macrothrombocy-
topenia do not show a reduction in the content of the GPIb/IX 
platelet receptor and the pathogenesis of this form remains to 
be clarifi ed. 

 A thrombocytopenia resulting from enhanced platelet 
destruction may be present in  type 2B von Willebrand disease . 
Patients suffering from this syndrome show a qualitative abnor-
mality of plasma von Willebrand factor (VWF) such that VWF 
binds inappropriately to circulating platelets. The molecular 
bases are mutations within the VWF gene, usually in exon 28, 
that give rise to increased reactivity of VWF with the platelet 
receptor GPIb/IX. Clearance of the resulting VWF – platelet 
complexes leads to thrombocytopenia and the selective loss of 
the largest VWF multimers from plasma. In general, the degree 
of thrombocytopenia is moderate and bleeding is of variable 
severity. A mutation in the VWF gene has been identifi ed in a 
kindred previously labelled  Montreal platelet syndrome , a very 
rare platelet disorder characterized by giant platelets, reduced 
platelet count and spontaneous  in vitro  platelet aggregation; this 

  Inherited  t hrombocytopenias with  i ncreased 
 p latelet  s ize 
 Thrombocytopenias with increased platelet size are character-
ized by the presence of an increased platelet volume with a 
reduced number of platelets (megathrombocytopenia) and are 
the commonest inherited forms of thrombocytopenias. Among 
them, a series of diseases have been characterized at the molecu-
lar level, whereas other clinical entities still await clear identifi -
cation of the molecular defect. Giant platelets and moderate 
thrombocytopenia are most frequently found in certain popula-
tions of Mediterranean extraction and may also be associated 
with other inherited or congenital syndromes, such as May –
 Hegglin anomaly, Bernard – Soulier syndrome and stomatocyto-
sis.  May – Hegglin anomaly  is a rare autosomal dominant disease 
characterized by giant platelets and basophilic inclusions (D ö hle 
bodies) within granulocytes. Large D ö hle bodies are seen in 
peripheral blood and in bone marrow granulocytes, and most 
patients show mild neutropenia but no signifi cant susceptibility 
to infection. About 50% of patients have signifi cant thrombo-
cytopenia deriving from ineffective thrombopoiesis, but the 
occurrence of life - threatening haemorrhage is rare. In patients 
suffering from May – Hegglin anomaly the platelets show not 
only a greatly increased (twice normal) volume but most of 
them also display bizarre morphology and hypergranularity. 
Closely related to the May – Hegglin anomaly is a group of other 
autosomal dominant diseases known as Sebastian, Fetchner and 
Epstein syndromes. Their main characteristic is the presence in 
almost all patients of giant platelets with thrombocytopenia. In 
addition, patients may develop sensorineural hearing loss, cata-
ract and glomerulonephritis, and most of them display D ö hle 
bodies. The exact classifi cation of patients according to the 
presence or absence of the above - mentioned clinical signs is 
shown in Table  48.3 . The molecular basis of these syndromes 
has been elucidated. All these clinical entities are caused by 
mutations that occur within a gene ( MYH9 ) located on the long 
arm of chromosome 22 (22q13.1). This gene codes for the heavy 
chain of non - muscle myosin IIA (NMMHC - IIA), a protein 
involved in the contractile activity of the cytoskeleton.   

  Grey platelet syndrome  (GPS) is a rare disorder inherited as 
an autosomal dominant trait, although recessive transmission 
has been shown. It is characterized by large platelets with a 

  Table 48.3    Main clinical differences among syndromes due to mutations within the   MYH   9  gene. 

   Disease     Macrothrombocytopenia     Renal desease     Hearing loss     Cataract     Leucocyte inclusion  *    

  MHA    Present    Absent    Absent    Absent    Present  

  SBS    Present    Absent    Absent    Absent    Present  

  EPS    Present    Present    Present    Absent    Absent  

  FTS    Present    Present    Present    Present    Present  

    * Ultrastructural differences in leucocyte inclusions exist (see Balduini  et al . 2003).  

  EPS, Epstein syndrome; FTS, Fetchner syndrome; MHA, May – Hegglin anomaly; SBS, Sebastian syndrome.   
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surface, become activated, release the contents of their storage 
organelles, and aggregate to each other. Abnormalities in any of 
these stages  –  adhesion, activation, secretion and aggregation 
 –  may give rise to congenital disorders of platelets. Patients 
suffering from any of these diseases usually show a bleeding 
diathesis with a prolonged bleeding time and a normal platelet 
count.   

  Disorders of  p latelet  a dhesion 

 The interaction of platelet receptors with elements of the 
subendothelium, collagen, fi bronectin and blood components 
allows platelet adhesion to the subendothelium, but it also 
occurs through the bridging effect of VWF (Figure  48.2 ). A 
series of receptors have been identifi ed on the platelet surface 
and they interact with one or more of these elements. The most 
important receptors are GPIb/IX and  α  2  β  1  (previously known 
as GPIa/IIa). The  α  2  β  1  receptor is one of the receptors on the 
platelet surface that binds collagen and is a member of the 
integrin  β  1  subfamily. Other receptors for collagen are GPIV 
and GPVI. Binding of molecules to these receptors leads to the 
subsequent binding to other receptors, which serves to reinforce 
adhesion and to generate intracellular signals, such as calcium 
mobilization and protein phosphorylation.   

  Bernard – Soulier  s yndrome 
 Bernard – Soulier syndrome (BSS) is a bleeding disorder charac-
terized by giant platelets on the blood smear, mild or moderate 
thrombocytopenia, and prolongation of the skin bleeding time 
disproportionate to the thrombocytopenia. BSS is a recessively 
inherited autosomal disorder and consanguinity is common in 
reported kindreds. Based on reported data, the frequency of BSS 
has been estimated to be approximately 1 in 1 million popula-
tion. Bleeding may be severe and fatal haemorrhages may occur. 

kindred has now been reclassifi ed as having type 2B von 
Willebrand disease. Type 2B von Willebrand disease should be 
distinguished from the rare pseudo von Willebrand disease (or 
 platelet - type von Willebrand disease ). The defect in this auto-
somal dominant condition results from mutations in the gene 
encoding the GPIb α  subunit of the platelet receptor GPIb/IX. 
The few mutations identifi ed give rise to a gain of function of 
the platelet receptor and increase the affi nity for VWF, resulting 
in spontaneous binding of platelets to VWF and leading to 
shortened platelet survival and thrombocytopenia. The reasons 
why most patients suffering from platelet - type von Willebrand 
disease show variable enlarged platelets remain unclear. 

 Other very uncommon causes of macrothrombocytopenia 
are  Jacobsen syndrome  and  Paris – Troussau syndrome . Both are 
syndromic diseases inherited as autosomal dominant traits and 
characterized by chromosomal deletion encompassing the same 
region of chromosome 11 (11q23.3 – q24.2). A heterozygous 
deletion of the  FLI1  gene has been identifi ed in unrelated chil-
dren with deletions of 11q23 and Paris – Trousseau thrombocy-
topenia. Interestingly, in patients suffering from Jacobsen 
syndrome without thrombocytopenia, the chromosomal dele-
tion did not include the  FLI1  gene, suggesting that deletion 
of this gene is responsible for the thrombocytopenia that 
occurs in most patients with Jacobsen and Paris – Trousseau 
syndromes.    

  Thrombocytopathies 

 Platelets have a complex ultrastructure comprising a multitude 
of molecules and the malfunctioning of any of these may give 
rise to a specifi c disease (Figure  48.1 ). Platelets participate in 
haemostasis by adhering to exposed elements of the suben-
dothelial matrix. They then spread onto the subendothelial 
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(25   kDa) of GPIb and the non - covalentely associated subunits 
GPIX (22   kDa) and GPV (82   kDa). They all share structural and 
functional features suggesting a common evolutionary origin. 
Different transcripts encode the four polypeptide chains and, 
with the exception of that of GPIb β , genes show continuous 
(intron - depleted) open reading frames. In addition, each 
element contains one or more homologous 24 - amino - acid 
leucine - rich glycoprotein repeats. The genetic heterogeneity in 
the glycoprotein content of BSS patients shows that multiple 
molecular abnormalities may lead to a similar clinical disorder, 
and implies that BSS may be the result of defects within the 
subunits that hamper the coordinate expression of the complex 
on the platelet membrane. In this respect, BSS would resemble 
abnormalities of other multi - subunit complexes, in which a 
defect in a single subunit prevents the assembly and surface 
expression of the complex. 

 In addition to quantitative and qualitative abnormalities of 
the GPIb α  gene, the recognized BSS phenotype has also been 
documented in patients with detrimental mutations within 
platelet GPIX and GPIb β  genes. Very few patients with a defect 
in one of the platelet receptors for collagen have been described. 
These patients show mild bleeding disorders and a selective 
impairment, at a variable extent, in collagen response, adhesion 
to subendothelial surfaces and collagen - induced platelet aggre-
gation. Platelets have two major receptors for collagen, the  α  2  β  1  
integrin, with a major role in adhesion of platelets to suben-
dothelial surfaces, and GPVI, mainly involved in platelet activa-
tion. Thus, it is conceivable that collagen binding to platelets 
occurs through a multistep mechanism involving fi rst the 
attachment of platelets to exposed collagen of the subendothe-
lium in fl owing blood by means of the  α  2  β  1  receptor and then 
platelet activation through a second receptor, GPVI.   

Cutaneous haemorrhages and muscle and visceral bleeding are 
common. Epistaxis and menorrhagia may be diffi cult to control. 
Haemarthrosis has also been reported. Platelet counts range 
from as low as 20    ×    10 9 /L to near normal and, on the peripheral 
blood fi lm, over 80% of platelets are usually larger than 2.5    µ m, 
often up to 8.0    µ m in diameter. The number of bone marrow 
megakaryocytes is usually normal. 

 Patients presenting with BSS show absent platelet agglutina-
tion in response to ristocetin (in the presence of human VWF) 
and normal aggregation, ATP secretion and thromboxane (Tx)
B 2  formation in response to a variety of aggregating agents, and 
delayed response to thrombin. Biochemical and cellular factors 
contributing to these abnormalities have been clarifi ed. Because 
of the defective binding with VWF, platelets in BSS do not 
agglutinate in response to ristocetin and have substantial reduc-
tion in their ability to adhere to sites of vascular injury where 
subendothelial VWF becomes exposed. As a consequence, plug 
formation, the primary haemostatic response, is impaired in 
BSS and increased and prolonged bleeding occurs. Variable 
levels of the GPIb – IX – V complex have been detected on the 
platelet surface of patients with BSS, some patients with BSS 
exhibiting nearly normal amounts (variant type of BSS). Despite 
the difference in glycoprotein content, the clinical bleeding 
problems and platelet functional and morphological abnor-
malities of these patients were indistinguishable from the clas-
sical BBS phenotype. 

 The GPIb – IX – V receptor complex provides the principal site 
mediating the interaction of platelets with the adhesive VWF. 
The entire cDNA sequences encoding the protein chains com-
prising this receptor have been deduced, allowing studies on the 
molecular basis of the syndrome. This complex consists of four 
proteins: the disulphide - linked  α  - chain (135   kDa) and  β  - chain 
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tors activate whereas P2Y 12  receptors inhibit adenylate cyclase 
through G s  and G i2  respectively. Platelet activation by means of 
binding to receptors gives rise to hydrolysis of phosphoinositide 
by phospholipase (PL)C, leading to the formation of inositol 
trisphosphate, which in turn functions as a messenger to release 
calcium from intracellular stores. In addition, hydrolysis of 
phosphoinositide leads to the formation of diacylglycerol that 
activates protein kinase C. The activation of protein kinase C is 
thought to play a major role in platelet secretion and in the 
activation of the  α  IIb  β  3  complex. Although defects in PLC acti-
vation, calcium mobilization and protein phosphorylation have 
been suggested in several patients, unique patients have been 
reported with defi ciency in platelet G  α q , G s  hyperfunction and 
reduced expression of PLC β 2. 

 Following stimulation, platelet PLA 2  mobilizes arachidonic 
acid from the phospholipid pool. The arachidonic acid is then 
metabolized by cyclooxygenase and thromboxane synthase to 
form TxA 2 , a strong platelet - aggregating agent that is necessary 
for the secretion response. A defect in arachidonic acid mobili-
zation and TxA 2  production has been identifi ed in some 
patients. Few patients with impaired liberation of arachidonic 
acid have been described. Platelets in individuals with this 
defect show abnormal aggregation and secretion in response to 
a series of stimulating factors but normal production of TxA 2  
in response to arachidonic acid. Several patients have been 
reported with defi ciency of cyclooxygenase and show a slightly 
prolonged bleeding time and impaired platelet aggregation. In 
addition, a few patients show a defect in TxA 2  formation and 
present with a variable bleeding diathesis.  

  Disorders of  p latelet  a ggregation 

 Platelet aggregation may be defi ned as the interaction of acti-
vated platelets with one another and occurs after adhesion of 
platelets to the wall of the injured blood vessel. A series of 
factors are capable of inducing platelet aggregation and may be 
classifi ed as primary and secondary platelet - aggregating agents. 
Primary aggregating agents are those factors, such as ADP, 
adrenaline and thrombin, able to directly induce platelet aggre-
gation independently of their ability to release intraplatelet ADP 
or to induce the production of prostaglandins. Secondary 
aggregating agents are factors that induce aggregation of plate-
lets through their ability to provoke the release reaction of ADP 
or the synthesis of prostaglandins. Accordingly, disorders due 
to impairment of platelet aggregation may be classifi ed into 
defects of primary aggregation (Glanzmann thrombasthenia), 
selective impairment of platelet receptors (ADP, adrenaline) 
and defects of secondary aggregation (storage pool disease, 
selective impairment of platelet receptors such as thromboxane 
and collagen).  In vitro , a series of substances are employed to 
challenge platelets and the manner in which they respond to 
these stimuli may be helpful for identifying specifi c thrombo-
cytopathies (Table  48.4 ).   

  Disorders of  p latelet  s ignalling  t ransduction 

 Platelets that adhere to the subendothelial surface become acti-
vated and begin the production or release of several intracellular 
messengers, which modulate a series of platelet responses such 
as calcium mobilization, protein phosphorylation and produc-
tion of arachidonic acid. Activated platelets also release sub-
stances stored in their granules, some of which act in the 
recruitment of additional platelets and lead to the formation of 
the primary haemostatic plug (Figure  48.3 ). Several signalling 
mechanisms are involved in events that govern platelet 
responses, starting with platelet adhesion to injured blood 
vessel and leading to secretion and aggregation. Available evi-
dence suggests that specifi c abnormalities in platelet signalling 
mechanisms may be the basis of platelet dysfunction, and the 
term  ‘ platelet signalling disorders ’  defi nes a group of heteroge-
neous abnormalities in platelet secretion and signal transduc-
tion. Congenital defects of platelet signalling mechanisms are 
grouped together for convenience of classifi cation rather than 
by the pathophysiology of specifi c diseases. Patients suffering 
from these defects represent the vast majority of subjects pre-
senting with inherited thrombocytopathies.   

 Many platelet receptors are coupled to G proteins: P2Y 1  and 
TxA 2  receptors and thrombin act via G  α q ; prostaglandin recep-

(a)

(b)
ADP ADP ADP

(c)

     Figure 48.3     Platelets, after adhering to the subendothelial surface 

(a), become activated, release intracellular messengers (b) and 

aggregate each other leading to the formation of the primary 

haemostatic plug (c).  
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edly reduced, amounts of the  α  IIb  β  3  receptor on their surface, 
usually 10 – 20% of normal values. Platelets manifest suffi cient 
amounts of receptors to allow microaggregate formation, 
although there is still a profound defect in the ability to form 
large aggregates. Clot retraction is only moderately impaired. In 
addition, a series of patients with a variant form have been 
described who present near - normal levels of the  α  IIb  β  3  complex, 
which is dysfunctional in that platelets, when activated, can 
neither aggregate nor bind fi brinogen. Extreme variability in the 
clinical symptoms is present, even among patients with similar 
degrees of platelet abnormality and prolongation of the bleed-
ing time. In general, no aggregation abnormalities are detected 
in heterozygotes, but a decreased amount of the  α  IIb  β  3  integrin 
has been reported, platelet content being approximately half of 
normal.  

  Selective  i mpairment of  p latelet  r eceptors 
 Defects of platelet ADP receptors have been characterized in a 
few patients and all suffered from a bleeding diathesis. On the 
platelet surface, different types of ADP receptors have been 
identifi ed, including two G protein - coupled receptors, P2Y 1  
and P2Y 12 . The P2Y 1  receptor is responsible for the shape change 
of platelets and transient platelet aggregation, giving rise to 
centralization of platelet granules and formation of fi lopodia, 
while the P2Y 12  receptor is involved in amplifi cation of the 
response and in the stabilization of platelet aggregates through 
full activation of the  α  IIb  β  3  integrin. The P2Y 12  receptor defect 
is inherited as an autosomal recessive trait and most patients so 
far identifi ed were born from consanguineous parents. In these 
patients, blunted platelet aggregation in response to ADP, with 
a retained shape change, has been reported. Only one patient 
has been briefl y reported with a defect of the P2Y 1  receptor. This 
patient showed impaired platelet aggregation in response to 
ADP and other agonists. 

 The selective impairment of adrenaline ( α  2  - adrenergic) 
receptors has been associated with bleeding. A number of indi-

  Defects of  p rimary  a ggregation: 
Glanzmann  t hrombasthenia 
 Glanzmann thrombasthenia (GT) is a bleeding diathesis marked 
by prolonged bleeding time, normal platelet count, and absence 
of platelet aggregation in response to platelet agonists such as 
ADP, collagen, arachidonic acid and thrombin. Platelet agglu-
tination induced by ristocetin and VWF is normal. This con-
genital bleeding disorder is associated with impaired or absent 
clot retraction. GT is one of the less common of the congenital 
bleeding disorders (prevalence 1 in 1 million) and is transmitted 
as an autosomal recessive trait; consanguinity has been reported 
in affected kindreds. The clinical features are those expected 
with platelet dysfunction: easy and spontaneous bruising, 
mucosal membrane bleeding, subcutaneous haematomas, and 
petechiae. Rarely, patients suffer from intra - articular bleeding 
with resultant haemarthroses. Fatal haemorrhages have been 
reported. 

 Quantitative or qualitative (variant GT forms) abnormalities 
of the platelet  α  IIb  β  3  integrin (also known as GPIIb/IIIa complex) 
have been shown to be responsible for this disorder. Mutations 
within the genes that code for  α  IIb  β  3  subunits have been 
described in GT patients. As with other integrins,  α  IIb  and  β  3  
subunits are prominent integral components of the platelet 
membrane that form heterodimers containing specifi c sites for 
platelet – platelet cohesion. The  α  IIb  β  3  integrin serves as a platelet 
receptor for fi brinogen, fi bronectin, vitronectin and VWF. In 
addition, the  α  IIb  β  3  integrin modulates, to some extent, calcium 
infl ux, cytoplasmic alkalinization, tyrosine kinase phosphoryla-
tion and clot retraction. 

 The clinical heterogeneity of GT has been stressed on the 
basis of platelet function testing or using crossed immunoelec-
trophoresis, Western blot, fl ow cytometry and fi brinogen 
binding. Type I GT is characterized by the lack of surface -
 detectable  α  IIb  β  3  complex and a profound defect in platelet 
aggregation and clot retraction. At variance with type I, platelets 
of patients suffering from type II GT have detectable, but mark-

  Table 48.4    Platelet response to aggregating agents in different thrombocytopathies. 

   Disorder     ADP     Adrenaline     Collagen     Arachidonic acid     Ristocetin  

  Bernard – Soulier    Normal    Normal    Normal    Normal    Absent  

  Pseudo von Willebrand disease    Normal    Normal    Normal    Normal    Increased at 

low doses  

  ADP receptor defect    Impaired    Impaired    Impaired    Impaired    Present  

  Adrenaline receptor defect    Normal    Impaired    Normal    Normal    Present  

  Collagen receptor defect    Normal    Normal    Impaired    Normal    Present  

  Defect of signal transduction    Variable 

impairment  

  Variable 

impairment  

  Variable 

impairment  

  Variable 

impairment  

  Present  

  Glanzmann thrombasthenia    Absent    Absent    Absent    Absent    Present  

   δ  - Storage pool disorder    Impaired    Impaired    Impaired    Variable    Present  

  Thromboxane receptor defect    Impaired    Impaired    Impaired    Impaired    Present  
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granule defi ciency. Collagen - induced aggregation is absent or 
markedly reduced, whereas ristocetin - induced agglutination is 
normal. In several kindreds, the disorder appeared to be inher-
ited as an autosomal dominant trait. However, in other families 
the type of inheritance could be not determined. In the absence 
of other congenital abnormalities or an associated  α  - granule 
defi ciency, SPD is inherited as an autosomal dominant trait. 

 The other forms of  δ  - SPD coincident with other congenital 
abnormalities, such as TAR, are usually inherited as autosomal 
recessive traits, or as X - linked traits as in the case of WAS. An 
SPD is usually present in Hermansky – Pudlak syndrome and in 
Ch é diak – Higashi syndrome.  Hermansky – Pudlak syndrome  
(HPS) is a rare autosomal recessive inherited disorder charac-
terized by the presence of oculocutaneous albinism, absence of 
platelet dense granules, and infi ltration of ceroid - pigmented 
reticuloendothelial cells in the lung and the colon, leading 
to pulmonary fi brosis and infl ammatory bowel disease. HPS 
results from the abnormal formation of intracellular vesicles. 
The impaired function of specifi c organelles indicates that the 
causative genes encode proteins operative in the formation of 
lysosomes and vesicles. HPS displays genetic heterogeneity and, 
so far, mutations in eight orthologous genes have been found 
in patients with this disease:  HPS1 ,  HPS2  ( AP3B1 ),  HPS3 , 
 HPS4 ,  HPS5 ,  HPS6 ,  HPS7  ( DTNBP1 ) and  HPS8  ( BLOC1S3 ). 

 In  Ch é diak – Higashi syndrome  (CHS) a variable degree of 
oculocutaneous albinism and a poor resistance to respiratory 
and cutaneous infections are usually found. The infections are 
generally fatal during infancy or in early childhood but patients 
may also die of a chronic lymphohistiocytic infi ltration known 
as the accelerated phase during the second or third decades of 
life. CHS is extremely rare and is inherited as an autosomal 
recessive trait. Unlike HPS, CHS does not seem to display locus 
heterogeneity and the only gene proved to cause CHS,  LYST , is 
located on chromosome 1q42.1 – 42.2. HPS and CHS both 
present fi ndings typical of an SPD: bleeding of mucosae, 
epistaxis and spontaneous soft - tissue bruising. On the other 
hand, in  Quebec platelet disorder , a rare autosomal dominant 
bleeding disease associated with abnormal proteolysis of  α  -
 granule proteins, platelets show increased stores of urokinase 
plasminogen activator and genetic studies implicate a major 
role for a mutation in an uncharacterized  cis  element near the 
urokinase plasminogen activator gene. Intraplatelet generation 
of plasmin is thought to trigger degradation of stored  α  - granule 
proteins, increasing risks for a number of bleeding symptoms, 
including delayed - onset bleeding after haemostatic challenges 
that responds only to fi brinolytic inhibitor therapy. Recently, 
Paterson  et al.  clarifi ed the pathogenisis of the Quebec platelet 
disorder: a duplication of the PLAU gene. 

 Several patients have been described with selective impair-
ment of the TxA 2  receptor, a mild lifelong disorder, exhibiting 
mucosal bleeding and easy bruising and defective platelet aggre-
gation in respone to several agents but not thrombin. Autosomal 
dominant inheritance has been suggested in some cases.    

viduals with an impaired aggregation response to adrenaline 
and a congenital defect of platelet  α  2  - adrenergic receptors have 
been described and some of them presented a history of easy 
bruising.  

  Defects of  s econdary  a ggregation 
 Secondary aggregation disorders are more frequent than 
primary aggregation disorders and the most common in this 
category are the storage pool defi ciency (SPD) syndromes. SPD 
syndromes may be classifi ed in a system that takes into account 
the content of both dense and  α  granules (Figure  48.4 ). Thus 
 δ  - SPD identifi es patients who show low platelet content of 
dense granules only. Patients with defi ciency of both types of 
granules are designated  α  δ  - SPD. Finally, patients presenting 
with reduced or absent platelet content of  α  - granules but 
normal levels of dense granules ( α  - SPD) are categorized as 
patients with GPS. The disorder is heterogeneous and the term 
SPD includes a group of disorders having as their common 
feature a diminution in secretable substances stored in platelet 
granules.   

 A storage pool disease is found as an associated defect in most 
of the patients carrying other rare syndromes, such as WAS and 
the TAR syndrome. However, the majority of patients present-
ing with an SPD have no associated diseases and are otherwise 
normal. The clinical features of this type of secondary aggrega-
tion disorder are those expected with a platelet function defect 
and consist of easy and spontaneous bruising, mucocutaneous 
haemorrhages, haematuria and epistaxis. Patients with  δ  - SPD 
or  α  δ  - SPD usually have absent ADP -  and adrenaline - induced 
secondary aggregation waves, although the primary waves are 
present. Patients with  δ  - SPD may present a severe or partial 

ADP
Serotonin

β-Thromboglobulin

Platelet factor 4

Fibronectin

Platelet-derived
growth factor

von Willebrand factor

Fibrinogen

Factor V

Dense granule

α-Granule

     Figure 48.4     In platelets, granules are the storage site for 

substances that are important in the haemostatic process. The 

 α  - granules contain proteins involved in adhesion (fi bronectin, 

VWF), cell – cell interaction (P - selectin) and in promoting 

coagulation (FV, platelet factor 4), whereas the content of dense 

granules is important in recruiting additional platelets (ADP, 

serotonin).  
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will benefi t from this treatment in order to prevent or control 
future bleedings. 

 The use of recombinant activated factor VII (rFVIIa) has 
been proved to be helpful in the treatment of bleeding in hae-
mophilic patients with inhibitors. Recently, administration of 
rFVIIa has been employed to stop bleeding in patients with 
congenital platelet disorders, such as BSS, SPD and GT. In addi-
tion, in thrombasthenics this drug has been employed to avoid 
bleeding during surgical procedures. However, adverse reac-
tions have been described, such as venous thromboembolism 
and arterial ischaemia. Based on the evidence from the litera-
ture, rFVIIa is currently approved in Europe for prophylaxis 
and treatment of bleeding in patients with GT with antibodies 
to GPIIb/IIIa and/or HLA, and past or present refractoriness to 
platelet transfusion. The recommended dose is a bolus injection 
of 90    µ g/kg at 2 - hour intervals for a minimum of three doses. 

 A second generation of synthetic thrombopoietin agonists, 
including AMG 531 and eltrombopag, have shown great poten-
tial in the treatment of forms of thrombocytopenia, including 
immune thrombocytopenic purpura and chemotherapy -
 induced thrombocytopenia. It is conceivable that thrombopoi-
etin agonists would be helpful in congenital thrombocytopenia 
with reduced plasma levels of endogenous thrombopoietin.  

  Platelet  t ransfusions 

 Platelet transfusions, using platelets from HLA - matched donors 
when available, are employed to control severe haemorrhage in 
thrombocytopenic patients or in individuals with thrombocy-
topathies. Since the risk of post - traumatic as well as of sponta-
neous bleeding increases as the platelet count falls, spontaneous 
haemorrhage becomes common as platelet count drops below 
20    ×    10 9 /L and is extremely likely at counts below 5    ×    10 9 /L. 
Extensive clinical experience has shown that control of bleeding 
is possible on achievement of an adequate elevation in the cir-
culating platelet count. However, the coexistence of platelet 
dysfunction has to be taken into account in order to correctly 
calculate the dosage of platelets required. Platelet transfusions 
are effective in controlling bleeding but may be responsible for 
transmission of infectious diseases, febrile reactions or develop-
ment of alloimmunization. In patients carrying thrombocy-
topathies, platelet transfusions should be employed only for the 
treatment of severe bleeding because of the risk of alloimmuni-
zation. The occurrence of platelet alloimmunization is more 
frequent in patients lacking a membrane glycoprotein, such as 
in BSS and GT. Alloantibodies develop because the defi cient 
proteins are recognized as foreign and, in turn, induce refrac-
toriness to platelet transfusion.  

  Other  m easures 

 Splenectomy has generally no effect in congenital thrombocy-
topathies and in thrombocytopenias but has proven effective in 

  Therapy 

 As a rule, there is no specifi c treatment for the vast majority of 
congenital platelet disorders. In congenital thrombocytopenias 
due to maternal use of drugs or chemical agents, thrombocyto-
penia recovers after a few days to a few weeks, as in the case 
of thiazide drugs. In surviving thrombocytopenic newborns 
infected with rubella or cytomegalovirus, platelets levels may 
return to normal after several months. In newborns with 
alloimmune congenital thrombocytopenia, platelets return to 
normal values in 14 – 21 days. Only severe cases need to be 
treated with washed platelets, corticosteroids or exchange trans-
fusions. In general, the main treatments in patients with con-
genital platelet diseases are general measures aimed at avoiding 
bleeding and the use of supportive therapeutic approaches for 
controlling haemorrhage. However, since types and severity of 
bleeding vary in different patients, therapeutic approaches have 
to be individualized. 

  General  m easures 

 Education of patients is of great importance. Patients and their 
parents have to be instructed to avoid trauma. Regular dental 
care may be helpful in preventing gingival bleeding. Drugs that 
impair platelet functions, such as acetylsalicylic acid - containing 
medications, should be avoided. In women, oral contraceptives 
can be used to prevent menorrhagia. Local measures, such as 
the application of fi rm pressure in the case of epistaxis, will 
usually suffi ce in the event of mild bleeding.  

  Drugs 

 Antifi brinolytic agents are useful as an adjunctive measure to 
prevent and control mild or moderate bleeding and may stop 
menorrhagia and other mild bleeding manifestations from 
mucous membranes, such as epistaxis. In the case of more 
serious bleeding, antifi brinolytic drugs such as tranexamic acid 
may be used, either 15 – 25   mg/kg orally three times daily or 
10   mg/kg i.v. three times daily. 

 Desmopressin (1 - desamino - 8 -  d  - arginine vasopressin or 
DDAVP) is the mainstay of therapy of patients with congenital 
platelet defects. Depending on the platelet defect, administra-
tion of DDAVP may shorten the bleeding time. Intravenous, 
subcutaneous or intranasal administration of DDAVP increases 
factor VIII and VWF transiently by releasing them from storage 
sites and its use has been suggested to be of value in some 
patients presenting with congenital platelet defects, such as 
those with BSS, May – Hegglin anomaly, GPS, SPD and GT. The 
drug is usually administered at a dose of 0.3    µ g/kg in 50   mL of 
saline by slow intravenous infusion (over 30   min) in order to 
avoid possible hypotensive effects. In general, since the response 
to DDAVP varies among patients but is constant in each patient, 
a test dose may be of value in identifying those patients who 
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gene responsible has been identifi ed and several patients have 
been characterized at molecular level (Table  48.5 ). This 
information has allowed more accurate comprehension of con-
genital thrombocytopenias and thrombocytopathies. Careful 
collection of personal and family clinical data, physical exami-
nation and appropriate laboratory testing are of value for the 
evaluation of a patient presenting with bleeding due to congeni-
tal platelet disorders (Figure  48.5 ). Using this approach, in 
many instances it is possible to correctly identify the platelet 
defect. However, despite recent advances in knowledge, in most 
patients with a congenital bleeding disorder and impairment of 
platelet function, the underlying molecular mechanisms are still 
unknown. In the near future, one of the challenges will be to 
ameliorate our understanding of congenital platelet disorders 
in order to obtain powerful tools for prevention, diagnosis and 
therapy of bleeding. On the other hand, gene therapy may offer 

patients with WAS. Allogeneic bone marrow transplantation 
may provide, in theory, an effective cure for inherited disorders 
involving platelet count or function, restoring normal meg-
akaryocytopoiesis. Transplants have been successfully per-
formed with complete correction in patients with WAS and 
severe GT. However, the risks of such a drastic procedure still 
outweigh those related to bleeding tendency and it is therefore 
rarely required in patients suffering from congenital platelet 
disorders.   

  Conclusions 

 Over the last few years, a series of improvements to better 
understand the pathogenesis of congenital platelet disorders 
have been achieved. In several congenital platelet diseases, the 

  Table 48.5    Genes involved in 

congenital platelet disorders. 
   Disorder     Gene     Locus  

  Wiskott – Aldrich syndrome     WAS     Xp11.4 – p11.21  

  X - linked thrombocytopenia     WAS     Xp11.4 – p11.21  

  Congenital amegakaryocytic thrombocytopenia    MPL    1p34  

  Congenital amegakaryocytic thrombocytopenia 

and radioulnar synostosis  

   HOXA11     7p15.2  

  Schulman – Upshaw syndrome     ADAMTS13     9q34  

  May – Hegglin anomaly and Sebastian, Epstein 

and Fetchner syndromes  

   MYH9     22q13.1  

  Mediterranean macrothrombocytopenia     GP1BA     17pter – p12  

  Jacobsen and Paris – Troussau syndromes     FLI1     11q24.1 – q24.3  

  Bernard – Soulier syndrome     GP1BA     17pter – p12  

   GP1BB     22q11.21 – q11.23  

   GP9     3q21.3  

  Pseudo von Willebrand disease     GP1BA     17pter – p12  

  ADP receptor defect     P2RY12     3q24 – q25  

   P2RY1     3q25.2  

   P2RX1     17p13.3  

  Adrenaline receptor defect     ADRA2A     10q24 – q26  

  Collagen receptor defect     ITGA2     5q11.2  

  Glanzmann thrombasthenia     ITGA2B     17q21.32  

   ITGB3     17q21.32  

  Hermansky – Pudlak syndrome     HPS1     10q23.1 – q23.3  

   HPS2  ( AP3B1 )    5q14.1  

   HPS3     3q24  

   HPS4     22cen – q12.3  

   HPS5     11p14  

   HPS6     10q24.32  

   HPS7  ( DTNBP1 )    6p22.3  

   HPS8  ( BLOC1S3 )    19q13.32  

  Ch é diak – Higashi syndrome     LYST     1q42.1 – q42.2  

  Quebec platelet disorder    near  PLAU  locus    10q24  

  Thromboxane receptor defect     TBXA2R     19p13.3  
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a cure for congenital platelet disorders. Hopefully, improve-
ments in such approaches will allow treatment of the majority 
of patients suffering from severe congenital platelet disorders.      
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  Introduction 

 Primary immune thrombocytopenia (ITP), previously called 
idiopathic thrombocytopenic purpura, is an autoimmune 
bleeding disorder that affects both children and adults. Until 
fairly recently, it was considered an autoantibody disorder in 
which platelets, opsonized with antiplatelet antibody, were 
removed prematurely by the reticuloendothelial system. More 
recently, studies have shown that in many patients there is a 
relative platelet underproduction that contributes to the throm-
bocytopenia seen in this disease. 

 Many patients have no clinical problems but bleeding may 
occur. ITP is unpredictable in its clinical course. To date, treat-
ment has aimed at reducing the platelet destruction, mainly 
through immunosuppression. However, new thrombopoietin 
receptor agonists have been developed that enhance bone 
marrow platelet production. These newer targeted treatments 
are likely to be associated with less toxicity due to immunosup-
pression than traditional therapies.  

  Clinical  f eatures 

 The two principal forms of ITP, paediatric and adult, are 
quite distinct in their underlying cause and presentation. In 

children, ITP may follow a viral illness or immunization. The 
profound thrombocytopenia may be associated with extensive 
petechiae, purpura and bruises. There may also be bleeding 
from mucous membranes such as the nose or mouth. Despite 
the severity of the clinical features, most children need little 
treatment, and undergo spontaneous remission in the majority 
of cases. Around 15% will develop a more chronic form of the 
disease. 

 ITP in adults is much more insidious. There is generally no 
prodromal illness and the patient may be aware of petechiae or 
excessive bruising, and seek medical attention. ITP is often 
diagnosed by chance, for example during hospital admission for 
surgery or full blood count (FBC) is checked for other reasons. 
This is particularly true if the platelet count is not very low and 
there are no skin manifestations of thrombocytopenia. 

 ITP, particularly in adults, is heterogeneous. Many patients 
suffer few clinical problems related to their thrombocytopenia 
while others have major bleeding from the outset. The platelet 
count alone appears to be an unreliable predictor of outcome, 
and the clinical symptoms and signs of ITP are infl uenced by 
patient age, general health, comorbidities, medication and 
many other factors that have not been identifi ed. In addition, 
there may be an acquired platelet dysfunction caused by anti-
body binding to an important region of the glycoprotein mol-
ecules on the platelet surface. Autoantibodies reacting with 
glycoprotein (GP)IIb/IIIa may affect platelet aggregation, and 
anti - GPIb/IX autoantibodies can impair platelet adhesion to 
the subendothelial matrix, causing unexpectedly severe bleed-
ing for the level of platelet count. Other autoantibodies such as 
antiphospholipid antibodies occur in up to 30% of patients with 
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  Pathophysiology 

 ITP in adults is a typical organ - specifi c autoimmune disease 
and, in common with other autoimmune diseases, there is a 
skewing of the Th1/Th2 response towards Th1 (proinfl amma-
tory). These are disorders in which there are antibodies or cells 
(B cells, T cells, antigen - presenting cells, or others) that react 
against self antigens. These may cause disease if the target tissue 
is damaged. The binding of antibodies to target cells results in 
clearance of the antigen from the body. The normal adaptive 
response, such as that seen in microbial infection, results in 
complete removal of the non - self antigen. In autoimmune 
disease, however, there is continual production and incomplete 
clearance of the antigen, leading to perpetuation of the immune 
attack. In ITP the antigen is platelet glycoprotein, found on 
megakaryocytes and platelets. 

 Autoimmune disorders occur in around 5% of the popula-
tion, although not all are symptomatic. In all, there are more 
than 80 distinct disorders, most of which are uncommon, 
apart from rheumatoid disease and autoimmune thyroiditis. 
Autoimmune diseases are clinical syndromes in which there is 
loss of tolerance to self, mediated by activation of T or B lym-
phocytes or other cells.  

   ITP   i s  m ultifactorial 

 From studies of other autoimmune diseases, it is quite clear that 
ITP has a multifactorial basis, and that loss of tolerance to a self 
antigen alone is not suffi cient to generate the autoimmune dis-
order. Patients probably require (i) a specifi c set of genetic 
determinants, such as polymorphisms within major histocom-
patibility complex (MHC), CTLA4, or other genes; (ii) dysregu-
lation of the immune response (involving dendritic cells, T 
or B cells, or all three); and (iii) an environmental  ‘ trigger ’ . 
The trigger may be infectious, for example a viral infection. 
Autoimmune disease arises only when all these determinants 
are present in an individual at the same time. This is further 
reinforced by the observation that self - reactive lymphocytes are 

ITP, and these may affect platelet and vascular function. 
However, in general, unlike the thrombocytopenia that accom-
panies bone marrow failure, serious bleeding is not common in 
patients with ITP. The reason for this is not completely under-
stood, but is believed to be partly due to the large proportion 
of young (metabolically active) platelets present in ITP com-
pared with other causes of thrombocytopenia. The other factor 
which is often overlooked is that the large platelets in ITP are 
not counted accurately by automated counters. The true plate-
let count in patients with ITP is therefore higher than the 
reading given when using an automated analyser.  

  Reaching a  c onsensus on  t erminology 

 Until recently, comparing data from clinical studies in ITP has 
been made extremely diffi cult due to the inconsistent way in 
which terminology has been used. For example, the term 
 ‘ refractory ’  has been interpreted in different ways. For some it 
implies the post - splenectomy patient who has failed to respond 
or who has relapsed. Others interpret the term to mean those 
who do not respond well to treatment irrespective of splenec-
tomy status. Similarly, deciding what constitutes a  ‘ complete 
response ’  to therapy differs from study to study, making com-
parisons of drug treatments fraught with problems. 

 In order to address this, a group of experts held a consensus 
meeting and agreed on the terminology that should be used in 
ITP. These have been published and will be used in all drug 
trials, and in the clinic, from now on. The key terminologies are 
listed in Table  49.1 .   

 Chronic ITP implies disease that has been present for 12 
months or more from diagnosis. Previously, the term  ‘ chronic ’  
applied to individuals who had ITP for 6 months or longer. 
However, because patients may remit between 6 and 12 months, 
the term  ‘ chronic ’  has now been redefi ned to refer to those 
individuals whose ITP has been present for 12 months or 
greater (Figure  49.1 ).    

  Table 49.1    New Consensus Terminology defi nitions. 

  Immune 

thrombocytopenia  

  Primary (old term  ‘ idiopathic ’ )  

  Secondary (SLE, etc.)  

  Diagnosis    Requires platelet count  <    100    ×    10 9 /L  

   ‘ Acute ’  and  ‘ chronic ’  

replaced by  

   ‘ Newly diagnosed ’ ,  ‘ persistent ’  and 

 ‘ chronic ’  (see Figure  49.1 )  

  Severe ITP    Where there is clinically relevant 

bleeding irrespective of platelet 

count  

  Refractory    Failed splenectomy or relapse  and  

severe ITP or risk of bleeding  

0 3 12 months

Newly
diagnosed Persistent Chronic

     Figure 49.1     Stages of ITP using the new Consensus Terminology. 

After diagnosis until 3 months the patient is described as having 

newly diagnosed ITP. If the ITP persists beyond 3 months, it is 

termed persistent ITP and once the 12 - month milestone has been 

reached the disease is described as chronic ITP.  
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 So far we have focused our attention on the B cells in ITP. 
However, at the T - cell level, it has been demonstrated that T 
cells from patients with chronic ITP will proliferate  in vitro  to 
disulphide - reduced GPIIb/IIIa or the molecule ’ s tryptic pep-
tides. This suggested that autoreactive CD4 +  Th cells in chronic 
ITP need to recognize a modifi ed GPIIb/IIIa molecule, imply-
ing that antigen - processing mechanisms within recipient anti-
gen - presenting cells may be required to present GPIIb/IIIa 
autoantigens in the context of self HLA - DR molecules. 
Subsequently, mapping studies using six large (200 amino 
acids) recombinant fragments encoding different portions of 
the GPIIb α  and GPIIIa chains showed that the T cells from 
patients with ITP recognized primarily the amino - terminal 
portion of the two GP chains (GPIIb α  18 – 259 and GPIIIa 22 –
 262) and that these molecules also stimulated the production 
of antiplatelet autoantibodies. Ultimately, the GPIIIa molecule 
has been mapped for CD4 +  T - cell specifi cities by using 15 - mer 
peptides of the GPIIIa chain and this has revealed several 
immunodominant peptides spanning the entire breadth of the 
molecule.  

  The  r ole of  Helicobacter  p ylori  in 
the  d evelopment of  ITP  

 This Gram - negative microaerophilic bacterium is the main 
cause of gastritis and peptic ulcer disease. It has also been impli-
cated in the development of gastric adenocarcinoma and 
mucosa - associated lymphoid tumours, and in some autoim-
mune disorders. A number of studies have shown improvement 
in platelet counts in ITP patients positive for  H. pylori  following 
eradication of the bacterium. However, the data from different 
studies are confl icting, with some centres showing a very high 
rate of response to eradication while others have a low rate. 
Further support for the involvement of  H. pylori  in ITP comes 
from studies which have shown that there is a reduction in the 
level of antiplatelet antibodies in plasma following eradication 
of the bacterium. 

 How  H. pylori  may initiate or perpetuate ITP is not known. 
Possibilities include molecular mimicry, where there is cross -
 reactivity between the antibody, bacterium and platelet anti-
gens. The bacterial protein Cag - A may be the target antigen and 
research has shown that there is molecular mimicry between 
Cag - A and platelet - associated antibodies. Further evidence of 
involvement of bacterial antigens and ITP comes from the work 
of Semple and colleagues who showed that, in the presence 
of platelet autoantibodies, the lipopolysaccharide of Gram -
 negative bacteria can enhance platelet phagocytosis. Although 
the role of  H. pylori  is not fully elucidated, it is worth screening 
patients with ITP for the presence of the bacterium and eradi-
cating with standard triple therapy to see whether the patient ’ s 
platelet count responds. 

 In paediatric ITP, the underlying cause of thrombocytopenia 
is most likely molecular mimicry or immune complex deposi-

commonly found in normal individuals. For example, siblings 
of patients who have autoimmune disorders are more likely to 
have autoantibodies themselves, with no overt evidence of 
autoimmune disease. This may be because they have not been 
exposed to the environmental trigger required to tip the balance 
towards autoimmune disease. 

  Antiplatelet  a ntibodies and  t heir  t argets 

 The autoantibodies involved in ITP are generally IgG, but IgA 
and IgM autoantibodies have been reported. Opsonized plate-
lets are removed prematurely by the reticuloendothelial system 
via an Fc - dependent mechanism. In addition, the autoantibod-
ies may impair megakaryocyte growth and development, plate-
let release and may also induce apoptosis of megakaryocytes. 
The overall result of this is failure of platelet production. 

 There are various assays for measuring antiplatelet anti-
bodies. Looking for the presence of platelet - associated IgG is 
of no value since this is found in non - immune as well as 
immune thrombocytopenia. More sophisticated assays, such as 
the monoclonal antibody - specifi c immobilization of platelet 
antigens (MAIPA) assay, has greater specifi city (90%) albeit 
with low sensitivity (50 – 65%). Using MAIPA, platelet - associ-
ated IgG and antigen capture assays, several platelet antigens 
have been characterized. These include GPIIb/IIIa ( α  IIb  β  3 , the 
fi brinogen receptor) and GPIb/IX (the von Willebrand recep-
tor), which appear to be the most frequently involved. Less 
commonly, GPIa/IIa, GPIV and GPV are involved. Recent 
reports suggest that around 40% of autoantibodies are reactive 
to both GPIIb/IIIa and GPIb/IX. In terms of disease chronicity, 
GP - specifi c autoantibodies may be important in the pathogen-
esis of chronic ITP; from available data GPIIb/IIIa appears to 
play a major role in the development of chronic ITP in 30 – 40% 
of cases.  

  Which  p latelet  e pitopes  a re  i nvolved? 

 Research has shown that the 33 - kDa chymotryptic core frag-
ment of GPIIIa is a frequent target of the autoantibodies. 
Fujisawa and colleagues, using synthetic peptides correspond-
ing to GPIIIa sequences, showed that in 5 of 13 sera from 
patients with chronic ITP, binding was to residues 721 – 744 or 
742 – 762, corresponding to the carboxy - terminal of GPIIIa. 
Recently, Nieswandt and colleagues have examined the patho-
genic effects of IgG monoclonal antibodies of different IgG 
subclasses against murine GPIIb/IIIa, GPIb α , GPIb/IX, GPV 
and CD31. Their fi ndings suggest that, at least in mice, the 
antigenic specifi city of the antiplatelet antibodies determines 
the pathogenic effects rather than the IgG subclass. They also 
demonstrated that antibodies against GPIb/IX caused throm-
bocytopenia through an Fc - independent mechanism, while 
that from autoantibodies against GPIIb/IIIa involved the Fc 
system. 
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and recently it was shown that ITP patients have a direct CD8 +  
T cell - mediated cytotoxicity that induces platelet destruction. 
At present, however, it is unknown whether cell - mediated 
platelet destruction contributes to the severity of disease or to 
the diffi culty of treatment in some patients with ITP. However, 
recent studies by Wadenvik ’ s group in Sweden suggests that in 
some patients with ITP, T cells may interact directly with plate-
lets inducing platelet lysis (Figure  49.2 ).    

  Thrombopoietin  l evels in  ITP  

 Since thrombopoietin (TPO) is the principal growth factor 
involved in platelet production, it might be expected that TPO 
levels would be raised in patients with ITP. Plasma TPO levels 
are undoubtedly elevated in patients with aplastic anaemia, 
chemotherapy - induced thrombocytopenia and other marrow 
failure syndromes. However, in ITP, levels of TPO are normal 
or only modestly elevated (Figure  49.3 ). The reason for this has 
been poorly understood until fairly recently.   

 The liver produces TPO at a constant rate and this binds to 
TPO receptors on platelets and megakaryocytes. The free 
(unbound) TPO is able to stimulate the bone marrow to gener-
ate suffi cient platelets to counterbalance the natural daily plate-
let losses through platelet senescence. The key here appears to 
be the free TPO component. The greater this level, the more the 
bone marrow is driven to produce increased numbers of plate-
lets. If the megakaryocyte mass and platelet numbers are 
increased, such as in ITP, TPO is bound to the receptors on 
these cells, leaving little free TPO to stimulate the bone marrow 

tion. In a typical case of molecular mimicry, the child generally 
suffers a trivial viral illness or receives an immunization. The 
antibody against the virus, by chance, recognizes an epitope on 
the platelet. This results in platelet opsonization followed by 
platelet destruction. An alternative mechanism involving 
immune complex formation occurs when immune complexes 
between antibody and viral antigen are adsorbed onto the plate-
let surface leading to the premature removal of the platelet. 
Immune complexes are transient phenomena and as far as we 
are aware do not cause ongoing platelet destruction.  

   T   c ells  m ay  a lso  b e  i nvolved 

 The role of T cells in the development of ITP is becoming 
clearer. That T cells are involved has been known for some time, 
since the autoantibodies in ITP are predominantly of the IgG 
subclass, and isotype switching from IgM to IgG requires T - cell 
help. However, some 40% of patients with chronic ITP have no 
detectible autoantibodies yet are thrombocytopenic and appear 
to have true ITP. CD8 +  T cells have been linked to the patho-
genesis of many autoimmune diseases such as type 1 diabetes, 

Platelet
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     Figure 49.2     Model of cell - mediated cytotoxicity in chronic ITP. 

In the case of chronic ITP in the active phase, cytotoxic 

lymphocytes release toxic contents, such as granzyme B and 

perforin, and platelet lysis occurs.  
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levels are normal or modestly elevated. This is believed to be due 

to absorption of free TPO by the increased megakaryocyte and 

platelet mass which is found in ITP.  (From Nichol  1998  with 

permission.)   
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 A full physical examination should be normal apart from the 
expected clinical signs associated with thrombocytopenia. In 
addition to the  ‘ dry purpura ’  of ITP, there should be an exami-
nation of the mucous membranes, including the mouth, and 
optic fundi looking for the presence of retinal haemorrhage. 
Enlargement of the liver, spleen or lymph nodes suggests an 
alternative diagnosis. 

 The laboratory investigation of ITP is straightforward. The 
FBC should confi rm the isolated thrombocytopenia. There may 
be a degree of iron defi ciency anaemia but this should be in 
proportion to the clinical history. There should be no abnormal 
white blood cells or red cell fragments in ITP. If the latter are 
found, the underlying diagnosis may be thrombotic thrombo-
cytopenic purpura, a disorder that is far more serious than ITP 
and which requires urgent treatment. Table  49.3  outlines the 

in patients with ITP. There is therefore a relative lack of TPO 
in patients with ITP, which compounds the platelet losses that 
occur through increased destruction of platelets by the reticu-
loendothelial system. 

 In summary, ITP is much more complex than originally 
believed, with several mechanisms leading to thrombocytope-
nia (Table  49.2 ).     

  Natural  h istory of  ITP  

 This has not been systematically studied. It is not clear which 
patients require treatment, whether treatment has any major 
benefi cial effect on the patient, whether patients live longer, or 
whether treatment alters the natural history of the disease. For 
the majority of patients, ITP is a fairly minor disorder. Serious 
bleeding is not common and clinical sequelae of the disease 
are generally absent in patients with platelet counts above 
30    ×    10 9 /L. There have been a few studies published looking at 
clinically relevant bleeding and platelet count. In normal indi-
viduals, there is a correlation between the platelet count and 
bleeding. The lower the platelet count, the more likely is bleed-
ing. In ITP this is not the case, and most patients with ITP show 
little bleeding until the platelet count drops below 20    ×    10 9 /L. 
One study showed that no grade 4 bleeding occurred in patients 
with platelets greater than 10    ×    10 9 /L.  

  Diagnosis 

 Despite signifi cant advances in our understanding of ITP, the 
diagnosis remains one of exclusion in both paediatric and adult 
ITP. A thorough history should be obtained, looking for dis-
eases that might cause thrombocytopenia. The patient should 
be asked about bleeding during previous surgery or dentistry. 
The sites of bleeding should be determined. In children, the 
possibility of child abuse should be considered, although abused 
children will not generally have petechial haemorrhages or 
purpura, though they may have bruising. 

  Table 49.2    Potential causes of thrombocytopenia in  ITP . 

  Autoantibody opsonization of platelets leading to destruction by 

the reticuloendothelial system  

  Autoantibody opsonization of megakaryocytes, with inhibition of 

megakaryocyte growth, differentiation and platelet release  

  Autoantibody - induced megakaryocyte apoptosis  

  Relative thrombopoietin defi ciency  

  Molecular mimicry and immune complex formation  

  T - cell direct lysis of platelets  

  Table 49.3    Investigation of suspected  ITP . 

   Basic evaluation of ITP   

  Patient history  

  Family history  

  Physical examination  

  Full blood count  

  Peripheral blood fi lm  

  Blood group (Rh) and reticulocyte count  

  Direct antiglobulin test  

  Quantitative immunoglobulin measurement  

  Bone marrow examination  *    

   Helicobacter pylori   

  HIV  

  HCV  

   Tests that may be useful in selected cases   

  Antiphospholipid antibody (including anticardiolipin and lupus 

anticoagulant)  

  Antithyroid antibody and thyroid function  

  Pregnancy test  

  Antinuclear antibodies  

  Viral PCR for parvovirus and cytomegalovirus  

   Tests of unproven or uncertain benefi t   

  Glycoprotein - specifi c antibody  

  Thrombopoietin assay  

  Reticulated platelet count  

  Indirect platelet - associated IgG  

  Bleeding time  

  Platelet survival study  

  Serum complement levels  

    * The need for bone marrow remains contentious and the 

indications for performing this test are discussed in Table  49.4 .   
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  Management 

 Major haemorrhage is the most feared event in patients with 
ITP. Over the years, attempting to prevent this by treating all 
patients with a platelet count below 30    ×    10 9 /L has led to over -
 treatment. However, catastrophic bleeding is not commonly 
seen and the main aim of treatment today has shifted away 
from trying to normalize the platelet count towards fi nding a 
strategy that will allow the patient to achieve a  ‘ safe ’  platelet 
count. What constitutes a safe platelet count will vary from 
patient to patient, and also each patient with ITP will have dif-
fering requirements throughout their disease history. For 
example, a young patient with platelet count of 20    ×    10 9 /L 
should be safe to work and carry out normal day - to - day activi-
ties but would not be deemed safe if he or she wished to ski or 
undergo surgery. The safe platelet count would therefore be 
higher during these haemostatic challenges. So the one - size - fi ts -
 all approach has failed to work over the years and has caused 
increased morbidity and mortality in patients due to the adverse 
effects associated with many of the treatments in current use. 
When considering ITP treatments, we need to separate these 
into two major approaches: short - term and long - term treat-
ments. These are discussed later. 

 There are many current treatments for ITP, although most 
have not been approved (licensed) for this indication. Those 
that do have a licence for ITP include corticosteroids, intrave-
nous immunoglobulin (IVIg) and intravenous anti - D. All the 
others, of which there are many, have been used for many years 
but they have never undergone formal study and are not specifi -
cally approved for ITP. Even those that are licensed have vari-
able licences, where the drugs are available in some European 
countries but not others. TPO receptor agonists are available in 
the USA and Australia but have not been fully approved in 
many other countries including the European Union. 

 All current treatments are of relatively low effi cacy when used 
alone (around 30%), and all treatments address solely platelet 
destruction. They do this through a variety of different mecha-
nisms but the net result is immunosuppression. The original 
rationale behind this was that in order to reduce the degree of 
autoantibody production, platelet opsonization and destruc-
tion by the reticuloendothelial system, the entire immune 
response should be suppressed. To some extent this works, 
although the treatments are purely palliative and once the treat-
ment stops the platelet count drops to baseline levels once 
again. The disadvantage of immunosuppression is that, as well 
as reducing the level of antiplatelet antibody or diminishing the 
effectiveness of the reticuloendothelial system, normal immu-
nity is suppressed. This can lead to infections and other com-
plications. One study from 2001 showed quite clearly that, of 
the patients with ITP who died, at least half succumbed to infec-
tion caused by the immunosuppressive agents. 

most useful tests in the diagnosis of ITP, along with other tests 
that are either of limited value or no value.   

  Bone  m arrow  e xamination 

 Previously, one of the mainstays of diagnosis was assessment of 
the bone marrow. The rationale behind this was the possibility 
of a patient having a marrow disorder such as leukaemia, lym-
phoma or infi ltration. It was believed that detection of these by 
performing a bone marrow aspirate and trephine biopsy would 
aid diagnosis and management. However, studies to date have 
shown quite clearly that in patients with isolated thrombocyto-
penia, and with no atypical symptoms or signs, no cases of bone 
marrow pathology were detected. For this reason, recent guide-
lines do not recommend performing a bone marrow examina-
tion in such individuals. If patients fail to respond to, or relapse 
following, fi rst - line treatment, then a bone marrow examina-
tion should be carried out. Similarly, if there is any hepatome-
galy, splenomegaly, lymphadenopathy or any clinical or 
laboratory feature suggesting the presence of a disease other 
than ITP, a bone marrow examination should be performed. 
Bone marrow examination should also be performed if the 
patient is above the age of 60 years, since myelodysplasia 
becomes more likely, and myelodysplastic syndrome may 
resemble ITP. Finally, a bone marrow examination should pos-
sibly be carried out if splenectomy is being contemplated (Table 
 49.4 ), but in patients who have previously responded well to 
fi rst - line therapies this test is probably unnecessary.   

 Cytologically, the bone marrow in ITP generally shows 
normal development and maturation of all cell lines. 
Megakaryocyte numbers are typically normal or increased. 
Increased numbers of small megakaryocytes may be a feature, 
suggesting increased proliferation of megakaryocytes required 
to compensate for the peripheral blood thrombocytopenia. 
What has not been appreciated until very recently is that the 
megakaryocytes may not be producing platelets at a suffi cient 
rate, possibly through inhibition of platelet formation or release 
caused by the autoantibodies. In addition, MacMillan and 
others have shown that the binding of the glycoprotein autoan-
tibodies may have other profound effects on thrombopoiesis, 
including the induction of apoptosis of megakaryocytes. The 
thrombocytopenia in ITP may therefore be due to peripheral 
destruction of platelets and a failure of production.   

  Table 49.4    Indications for bone marrow examination in  ITP . 

  Failure to respond to, or relapse following, fi rst - line therapy  

  Presence of atypical clinical or laboratory features  

  Age  >    60 years  

  Before splenectomy (but see text)  
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  Short -  t erm  t reatment 

 This refers to treatments lasting 2 weeks or more, which can be 
used when patients have a sudden drop in their platelet count 
leading to an unacceptably low platelet count, or when patients 
face haemostatic challenges such as planned surgery or dentistry 
or other high - risk activity, where the main risk is excessive 
bleeding. Patients are generally started on treatment 1 or 2 
weeks prior to the event, with regular monitoring of platelet 
counts. Providing the counts reach a satisfactory level, the 
surgery or other procedure is carried out and the treatment is 
stopped shortly afterwards. By about 2 weeks the platelet count 
will have drifted back to baseline levels. Table  49.6  shows the 
target platelet counts for the most common procedures.    

  Long -  t erm  t reatment 

 This is required when patients have an unsupported platelet 
count that is too low for normal day - to - day activities. Generally, 
these patients will have failed other therapies or, if they 
responded to corticosteroids, they require unacceptably high 
doses to maintain a safe count. In this setting the aim is not to 
achieve a specifi c count but rather to move the platelet count 
into a  ‘ safe ’  zone. This will vary from patient to patient. In 
general, once platelets exceed 15 – 20    ×    10 9 /L the risk of bleeding 
is low. Older individuals, or those with comorbidities or previ-
ous bleeding, will generally require a higher platelet count. 

 As we have already seen, most of the existing treatments used 
for long - term platelet control have known toxicities. The aim 
with long - term treatment is to use a treatment that has accept-
able levels of toxicity but which achieves the desired platelet 
count.  

  Role of  s plenectomy for  l ong -  t erm  c ontrol of 
the  p latelet  c ount 

 Splenectomy has been used as a treatment for ITP for many 
years. The procedure increases the lifespan of antibody - coated 
platelets and may reduce antibody production. Responses are 
seen in about two - thirds of patients who achieve a normal 
platelet count, and the response is often sustained with no addi-
tional therapy for at least 5 years. Even patients who do not have 
a complete response may still expect a partial or transient 

 Traditionally, treatments have been grouped into fi rst line, 
second line, third line, and so on depending on the disease stage 
in which they are used. These terms are not particularly useful 
clinically but do provide a guide as to which treatments to use 
initially and which should be used later. 

 First - line therapies comprise corticosteroids, IVIg and anti -
 D. These three treatments work fairly quickly (within 24 – 48 
hours) and their effi cacy rates are high at around 70 – 80%. The 
disadvantage of these and most of the other treatments is that 
the platelet count generally drops once the treatment is stopped. 
These treatments are seldom curative, and must be considered 
palliative therapies. In addition, IVIg and anti - D are pooled 
blood products. 

 If patients fail to respond to fi rst - line treatment they may 
then be given a second - line drug, such as azathioprine or myco-
phenolate mofetil. These agents are much slower - acting and the 
effi cacy rates are much lower than with fi rst - line therapies 
(Table  49.5 ). As with fi rst - line drugs, second -  and third - line 
treatments are palliative.   

 Splenectomy is a surgical second - line option for patients who 
have relapsed after treatment with a fi rst - line drug, although 
many clinicians prefer to defer splenectomy until later in the 
disease course. The rationale behind splenectomy is that the 
spleen is generally the main site of platelet destruction (and 
probably autoantibody production), so that removing the 
spleen prolongs the lifespan of the platelets and the platelet 
count rises. Although considered  ‘ curative ’ , splenectomy does 
not in fact cure ITP. Usually the autoantibodies remain and 
continue to opsonize the platelets. However, the main organ of 
platelet destruction has been removed and hence this is a form 
of phenotypic  ‘ cure ’ . 

  Table 49.5    Treatment options after fi rst - line therapy. 

   Non - approved second - line treatments   

  Azathioprine  

  Dexamethasone  

  Methylprednisolone  

  Ciclosporin  

  Mycophenolate mofetil  

  Cyclophosphamide  

  Danazol  

  Dapsone  

  Vincristine  

  Rituximab  

   Surgical second - line treatment   

  Splenectomy  

   Approved second - line treatments   

  Romiplostim  

  Eltrombopag  

  Table 49.6    Target platelet counts for procedures. 

   Procedure     Target platelet count  

  Dentistry (non - invasive)    Splenectomy  

  Dentistry (fi llings, local anaesthesia)     ≥    30    ×    10 9 /L  

  Minor surgery     ≥    50    ×    10 9 /L  

  Major surgery     ≥    80    ×    10 9 /L  
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only for patients who have failed splenectomy. The new 
Terminology Consensus document published in 2009 defi nes 
refractory ITP as that where the patient has undergone splenec-
tomy which has failed or relapsed, and who has  ‘ severe ’  ITP 
(clinically relevant bleeding) or a risk of bleeding. Some 20% or 
more of adult patients fall into this category. Clinically, patients 
with refractory ITP pose a major challenge since, by defi nition, 
they are resistant to many of the treatments in current use. They 
often have low platelet counts, in addition to bleeding that is 
diffi cult to control since the disease is unresponsive to conven-
tional therapies. 

  Is  d rug  t reatment  n eeded? 

 Many adults with chronic refractory ITP are able to tolerate 
severe thrombocytopenia (platelet count as low as 10    ×    10 9 /L) 
relatively well, with near - normal quality of life. For patients 
who fail to respond to standard therapies and who require treat-
ment, a limited number of options are available. The risks of 
continuing therapy should be discussed and evaluated with the 
patient and compared with the benefi ts that treatment may 
provide. Patients should be assessed for other possible causes of 
their thrombocytopenia, including drug - induced, infection, 
inherited thrombocytopenia and myelodysplastic syndromes. 
Instead of receiving further ineffective treatments, many 
patients choose to live with lower platelet counts and, providing 
they remain free of bleeding, a watching brief can be kept. If 
any bleeding does occur, the patient can be treated with rescue 
therapy such as IVIg in combination with intravenous corticos-
teroids or cyclophosphamide, aimed at raising the platelet 
count rapidly.  

  Rituximab 

 This chimeric monoclonal antibody targets the CD20 antigen 
on B cells and is licensed for B - cell non - Hodgkin lymphoma. 
There have been several studies of its use in ITP and other 
autoimmune haematological disorders. However, there are no 
randomized controlled studies and the drug has not been 
approved for use in ITP. Nonetheless, rituximab does appear to 
be effective in ITP, even when patients have failed multiple 
therapies. The largest review of rituximab in ITP was conducted 
by Arnold and colleagues, whose data suggest that around 60% 
of patients will respond to rituximab and approximately 40% 
of all patients will achieve a complete response. The responses 
are bimodal, with an early phase within 1 – 2 weeks and a second 
peak at about 6 – 8 weeks. Response duration varies from 2 
months in partial responders to 5 years or more in about 15 –
 20% of initially treated patients. 

 There are safety concerns with rituximab. For example, it 
should be used with caution in any patient who has positive 
hepatitis B core antibody status since hepatitis B may be reac-
tivated. Adverse events associated with rituximab are usually 

increase in platelet count. Around 14% of patients do not 
respond and approximately 20% of responders will relapse 
months or years later. 

  Postoperative  c omplications of  s plenectomy 
 In a recent systematic analysis, the complication rates of 
splenectomy were 12.9% with laparotomy and 9.6% with lapar-
oscopic splenectomy. The mortality rate is 1.0% with the open 
laparotomy procedure and 0.2% with laparoscopy. 

 Venous thromboembolism (VTE) may occur following 
splenectomy, particularly if the platelet count rises to 
1000    ×    10 9 /L or more. ITP itself carries a small increased risk of 
VTE, although the exact level of risk is not known, but there 
may be an additive VTE effect in patients with ITP who undergo 
splenectomy. ITP patients should be evaluated for this risk and 
appropriate thrombophylaxis should be provided.  

  Predicting the  r esponse to  s plenectomy 
 Clinicians have long sought possible predictors of response to 
splenectomy. Potential predictors have included response to 
oral corticosteroids, IVIg and others. Indium - labelled autolo-
gous platelet scanning appears to be the most sensitive predictor 
of response to splenectomy. However, indium scanning is not 
available in every hospital but is limited to only a few centres 
worldwide.  

  Prevention of  i nfection  a fter  s plenectomy 
 Splenectomized patients are at long - term risk for opportunistic 
post - splenectomy infection (OPSI) with encapsulated 
bacteria. OPSI is often rapidly progressive and has a poor 
outcome. The main organisms responsible for sepsis in 
splenectomized patients are pneumococci (50%), meningo-
cocci and  Haemophilus infl uenzae . 

 In order to prevent OPSI, patients should be given prophy-
lactic polyvalent pneumococcal vaccine at least 4 weeks prior 
to, or 2 weeks after, splenectomy with revaccination according 
to local guidelines.  H. infl uenzae  b and meningococcal C 
conjugate vaccinations should also be administered prior to 
splenectomy. Revaccination in susceptible individuals for  H. 
infl uenzae  should be administered according to local guidelines. 
Vaccination status should be recorded in the case notes. In 
patients who have received rituximab in the past 6 months, 
vaccinations may not be effective due to B - cell depletion. 

 In the UK the Chief Medical Offi cer advises the long - term 
use of oral antibiotics in the form of phenoxymethylpenicillin 
250 – 500   mg twice daily, or equivalent, or erythromycin 500   mg 
twice daily if the patient is allergic to penicillin. However, the 
need for lifelong antibiotic prophylaxis remains unproven.    

  Patients with  r efractory  ITP  

 The term  ‘ refractory ’  has caused confusion over the years due 
to a lack of agreement about whether the term should be used 



Postgraduate Haematology

936

ing antibodies to develop, pharmaceutical companies decided 
to create drugs with no sequence homology to the native TPO 
protein. Two TPO receptor agonists are now approved in the 
USA: one is a peptibody called romiplostim, and the other, 
eltrombopag, is a small non - peptide molecule. Both have been 
studied in patients with ITP both before and after splenectomy. 
The effi cacy rates are encouraging in all patients, and since they 
do not involve immunosuppression and are not corticosteroid -
 based, they appear to offer many advantages over the drugs in 
current use. These drugs are likely to be used in place of the 
non - approved and relatively ineffective standard ITP therapies 
for non - pregnant adults, since the drugs have not been licensed 
for ITP in pregnancy or childhood. Studies in the latter have 
recently been approved in a number of countries in the 
European Union.  

   ITP  in  c hildren 

 Children with ITP are treated based on clinical bleeding, quality 
of life and not just platelet count. Severe bleeding is uncommon 
in children with ITP, even when the platelet count is very low 
( <    10    ×    10 9 /L). The incidence of intracranial haemorrhage 
(ICH) in children with ITP is around 0.1 – 0.5%. As with adult 
ITP, there is no method to predict which children will develop 
ICH, and this complication has been reported even in children 
receiving treatment for ITP. In general, however, ICH is com-
moner in patients with refractory or resistant disease than at 
initial presentation. Investigation of childhood ITP is similar to 
that in adults, although the incidence of  H. pylori  infection is 
much lower and there is no need to screen for this. 

   ‘ Watch and  w ait ’   p olicy 

 Around 70% of children with acute ITP do not have signifi cant 
bleeding symptoms and can be managed without drug therapy. 
Admission to hospital should be reserved for children with 
clinically signifi cant bleeding, such as severe epistaxis or gas-
trointestinal or other bleeding. Most children with minor, mild 
or moderate symptoms can be safely managed in the outpatient 
setting. The emphasis is towards treating symptoms rather than 
platelet counts, since the platelet count is a surrogate marker 
and does not accurately predict clinical outcome.  

  General  m easures for  p ersistent and  c hronic 
 ITP  in  c hildren 

 The management of children with persistent/refractory ITP is 
much the same as for newly diagnosed ITP. Many children 
stabilize with an adequate platelet count ( >    20 – 30    ×    10 9 /L) and 
have no symptoms unless injured. In children who are less than 
10 years of age at diagnosis, spontaneous remission is likely to 
occur, and expectant management can continue depending on 
the risk of bleeding and the degree of activity restriction of the 

mild or moderate, with a low incidence of infections. However, 
B -  and T - cell repertoires do not return to normal even when 
B - cell numbers have normalized. Severe infectious complica-
tions, including  Mycoplasma pneumoniae  and  Aspergillus 
niger , echovirus, papovavirus and cytomegalovirus, have been 
reported. There are also reports of over 50 cases of progressive 
multifocal leucoencephalopathy (PML) associated with rituxi-
mab treatment in patients with lymphoma and connective 
tissue disorders. The use of cyclophosphamide, a potent immu-
nosuppressant, appears to increase the risk of PML. 

 In terms of dosing, instead of using standard lymphoma 
doses (375   mg/m 2  weekly for 4 weeks), lower doses of rituximab 
(100   mg i.v. weekly for 4 weeks) have been shown to be equally 
effective. Finally, rituximab in combination with high - dose 
dexamethasone has recently been explored as a fi rst - line treat-
ment option, and appears to be highly effective in treatment -
 naive patients.  

  Combination  c hemotherapy 

 This form of treatment may be effective for some patients with 
chronic refractory ITP. Recently, Tao and colleagues investi-
gated a combination comprising intravenous cyclophospha-
mide on days 1 – 5 or 7 and prednisone on days 1 – 7, combined 
with vincristine on day 1, and one of the following: azathioprine 
on days 1 to 5 or 7 or etoposide on days 1 – 7. The overall 
response rate in the 31 patients treated was 67.9%, including a 
complete response in 41.9%; the therapy was well tolerated. 
Other combinations, such as CHOP and COP, have been used. 
However, the toxicities and side - effects of these therapies make 
them unpopular with both clinicians and patients. 

 Other treatments that have been used with variable success 
include alemtuzumab, stem cell transplantation and interferon 
alfa. These modalities of treatment have low effi cacy and high 
toxicities and are best avoided, unless they are used within a 
trial setting.   

  New  t reatments:  TPO   r eceptor  a gonists 

 Because of the relative lack of TPO seen in ITP, as discussed 
earlier, there is the potential to use exogenous TPO in order to 
stimulate the bone marrow to generate more platelets. Early 
experience with recombinant human TPO (rhTPO) and recom-
binant human megakaryocyte growth and development factor 
(rhMGDF) yielded mixed results. The drugs appeared to be 
effective in raising the platelet count, but cross - reacting anti-
bodies to the drugs neutralized endogenous TPO, making 
patients more thrombocytopenic than before the drug was 
given. For this reason development of rhTPO and rhMGDF 
ceased. More recently, rather than develop TPO receptor 
agonist drugs based on endogenous TPO, where there would be 
signifi cant sequence homology and the potential for neutraliz-
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  Laboratory  i nvestigation of  ITP  in  p regnancy 

 ITP in pregnancy, as with other types of ITP, is a diagnosis of 
exclusion. All investigations carried out in pregnancy are aimed 
at excluding conditions that may result in thrombocytopenia. 
Some disorders such as thrombotic thrombocytopenic purpura 
and HELLP syndromes require urgent diagnosis and treatment 
since the mortality rates are high (Table  49.8 ).    

  Management of  ITP  in  p regnancy 

 There should be close collaboration between the obstetrician, 
haematologist, obstetric anaesthetist and neonatologist. Treat-
ment is largely based on the risk of maternal haemorrhage. 
Throughout the fi rst two trimesters, treatment is initiated when 
the patient is symptomatic and/or when platelet counts fall 
below 20    ×    10 9 /L, or when it is necessary to produce an increase 
in platelet count to a level considered safe for procedures such 
as obstetric delivery or epidural anaesthesia. Patients with plate-
let counts of 20 – 30    ×    10 9 /L or more do not require routine 
treatment.  

  Delivery 

 A platelet count above 50    ×    10 9 /L is generally acceptable for 
standard vaginal or Caesarean delivery. For epidural anaesthesia 

child. The onset of menstruation may be problematic and can 
be managed with antifi brinolytic agents and the combined con-
traceptive pill. 

 The optimal management of chronic ITP in childhood is not 
known. Treatment should be tailored to each individual child 
and situation, and therapy should be effective and it should not 
carry more risk than the untreated condition.  

  Treatment  o ptions in  c hildhood  ITP  

 Children with severe bleeding symptoms should be treated. 
Treatment should also be considered in children with moderate 
bleeding or those at increased risk of bleeding. 

  First -  l ine  t reatment in  c hildren 
 The majority of children require no medical treatment, and can 
be managed using a  ‘ watch - and - wait ’  policy. If treatment is 
deemed to be required, options include IVIg, anti - D and corti-
costeroids. The other drugs used in adult ITP are not suitable 
for childhood disease due to their toxicities and long - term 
sequelae. 

 IVIg raises the platelet count in more than 80% of children 
and does so more rapidly than steroids or no therapy. Transient 
side - effects are seen in 75% of children. Intravenous anti - D 
immunoglobulin can be given to Rh(D) - positive children as a 
short infusion and is useful in the outpatient setting. Mild 
extravascular haemolysis is common, with a mean drop in hae-
moglobin of 1   g/dL. Like IVIg, anti - D is a pooled blood product 
but it is derived from a smaller donor pool. The safety profi le 
of anti - D is good with no reported transmission of infection to 
date. However, there have been reports of severe intravascular 
haemolysis leading to disseminated intravascular coagulation, 
most of which have been fatal. Prednisolone at a dose of 1 – 2   mg/
kg daily for a maximum of 14 days is effective in around 75% 
of children (platelet count  >    50    ×    10 9 /L) within 72 hours. More 
prolonged high - dose corticosteroid regimens are associated 
with increased toxicity. There are data to suggest that higher 
doses of prednisolone (4   mg/kg) for shorter courses may be 
more effective and associated with fewer side - effects.    

   ITP  in  p regnancy 

 Thrombocytopenia occurs in 5% of pregnancies, but most of 
these cases are gestational rather than immune - mediated. The 
diagnosis of ITP involves the exclusion of other causes of 
thrombocytopenia during pregnancy. Patient history, physical 
examination, blood count and blood fi lm examination are used 
as in non - pregnant patients. The work - up of a pregnant patient 
with ITP is essentially the same as that of a non - pregnant 
patient. There are some conditions specifi c to pregnancy and 
these should be considered when investigating a pregnant 
patient with thrombocytopenia (Table  49.7 ).   

  Table 49.7    Causes of maternal thrombocytopenia in pregnancy. 

  Gestational thrombocytopenia  

  Pre - eclampsia, HELLP syndrome, disseminated intravascular 

coagulation  

  Folate defi ciency  

  Massive obstetric haemorrhage  

  Acute fatty liver  

   HELLP, haemolysis, elevated liver enzymes, low platelets.   

  Table 49.8    Investigation of suspected  ITP  in pregnancy. 

  Coagulation screening (prothrombin time, PT)  

  Activated partial thromboplastin time (APTT)  

  Fibrinogen assay  

  Liver function tests including bilirubin, albumin, total protein, 

transferases,  γ  - glutamyl transferase and alkaline phosphatase  

  Antiphospholipid antibodies, including anticardiolipin antibodies 

and lupus anticoagulant  

  SLE serology  

  Review of the peripheral blood fi lm  

  Reticulocyte count  

  Bone marrow examination: not required to make the diagnosis of 

ITP in pregnancy  
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a platelet count of 75    ×    10 9 /L is required, although this is not 
evidence - based.  

  Treatment  o ptions in  p regnancy 

 The primary treatment options for maternal ITP are similar to 
those of other adult ITP patients, namely corticosteroids and 
IVIg. There is limited evidence for the use of intravenous anti -
 D, splenectomy and azathioprine. Other agents, such as vinca 
alkaloids, rituximab, danazol and most immunosuppressive 
drugs (apart from azathioprine), should not be used in preg-
nancy because of possible teratogenicity. 

  Corticosteroids 
 These are the most cost - effective option. Prednisolone is ini-
tially given at a dose of 10 – 20   mg/day and may then be adjusted 
to the minimum dose that produces a haemostatically effective 
platelet count. At least 90% of the administered dose of pred-
nisone is metabolized in the placenta by 11 β  - hydroxlase, but 
high doses may have an effect on the fetus.  

  Intravenous  i mmunoglobulin 
 If prolonged high - dose steroid therapy is required or signifi cant 
side - effects occur, or a rapid platelet increase is required, 
IVIg should be considered. The conventional doses of IVIg and 
likely response rates are similar to those seen in non - pregnant 
patients.  

  Options for  m aternal  ITP   r efractory to  fi  rst -  l ine 
 t reatment 
 As with non - pregnant adults, combining fi rst - line treatments 
in the refractory patient may be appropriate in the weeks prior 
to delivery. High - dose methylprednisolone (1000   mg), possibly 
in combination with IVIg or azathioprine, has been suggested 
as a treatment for pregnant patients refractory to oral corticos-
teroids or IVIg. Azathioprine has been used for many years in 
the post - transplant setting and this drug appears to be safe in 
pregnancy though the response is generally slow. Splenectomy 
in pregnancy is rarely required but if essential is best carried out 
in the second trimester.  

  Management of the  n eonate (of  m others with  ITP ) 
 ITP in the neonate (from mothers with ITP) accounts for 3% 
of all cases of thrombocytopenia at delivery. The fetal or neo-
natal platelet count cannot be reliably predicted from the 
maternal platelet count. After delivery, a cord blood platelet 
count should be determined in all cases. Intramuscular injec-
tions (such as vitamin K) in the fetus should be avoided until 
the platelet count is known. Those infants with subnormal 
counts should be observed clinically and haematologically as 
the platelet count tends to fall further to a nadir between days 
2 and 5 after birth.    
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  Anaemia of  c hronic  d isease 

 The anaemia of chronic disease (ACD) is a common normo-
chromic or mildly hypochromic anaemia that occurs in patients 
with a systemic disease (Table  50.1 ). It is characterized by a 
reduced serum iron and iron - binding capacity, and normal 
or raised serum ferritin with adequate iron stores (Table  50.2 ). 
It is not due to marrow replacement by tumour, bleeding, 
haemolysis or haematinic defi ciency, although these often 
complicate it.   

  Pathogenesis 

 The key factor in the pathogenesis of chronic anaemia in the 
setting of infl ammation, infection and malignancy is an 
increased level of hepcidin. Hepcidin binds to ferroportin and 
the complex serves to prevent transmembrane iron transport. 
The body utilizes this mechanism to reduce the supply of iron 

to microorganisms, but it also results in the reduction of iron 
absorption from the intestine and the sequestration of iron 
within macrophages, reducing supply of iron to developing 
erythrocytes. Additional mechanisms result from increased 
levels of infl ammatory cytokines, including interleukin (IL) - 1, 
IL - 6, tumour necrosis factor (TNF) and transforming growth 
factor (TGF) -  β . These interact with accessory marrow stromal 
cells and with the erythroid progenitors themselves to reduce 
their sensitivity to erythropoietin. In this way, the marrow is 
attempting to aid the recruitment of pluripotent stem cells 
to produce white blood cells in order to combat infection/
infl ammation and possibly malignancy. These infl ammatory 
cytokines have also been shown to reduce the circulating level 
of erythropoietin. However, the defi ciency in erythropoietin is 
relative: although the plasma erythropoietin level in ACD 
remains inversely correlated with the haemoglobin, compared 
with patients with other types of anaemia and normal renal 
function it is inappropriately low. The plasma levels of TNF -  α , 
IL - 1 (IL - 1 α  and IL - 1 β ) and IL - 6 are raised. TNF and IL - 1 have 
been shown in experimental systems to reduce erythropoietin 
production by cultured hepatoma cells. In addition, IL - 1 α  
inhibits erythropoietin production by isolated serum - free per-
fused kidneys. A mild decrease in red cell lifespan occurs in 
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  Iron  m etabolism 

 A characteristic in ACD is the presence of a low serum iron with 
adequate reticuloendothelial iron stores, but with a reduction 
of iron granules in marrow erythroblasts. A fall in serum trans-
ferrin and a rise in serum ferritin occur as part of the acute -
 phase response. The fall in serum iron can occur as early as 24 
hours after the onset of a systemic illness, and will persist during 
the course of a prolonged illness. The fall in serum iron results 
from an impaired fl ow of iron from cells (including intestinal 
mucosal cells, hepatocytes and macrophages) to plasma. This is 
due to increased secretion of hepcidin by hepatocytes in 
response to infl ammation. Hepcidin inhibits release of iron 
from macrophages and iron absorption. Infl ammation can 
cause a 100 - fold increase in urinary hepcidin excretion. 
Microbial products may act on Kupffer cells to secrete IL - 6, 
which then stimulates hepcidin secretion from hepatocytes. 
Low serum iron inhibits proliferation of microorganisms. 
Hepcidin secretion is also increased in iron overload. This 
seems unlikely to be due to a direct effect on hepatocytes. It 
is possible that iron in Kupffer cells or sinusoidal cells, like 
infection, stimulates production of cytokines, which act on 
hepatocytes. 

 In clinical specimens, there is a signifi cant positive correla-
tion between serum and urinary hepcidin and serum ferritin 
levels. The cytokines TNF, IL - 1 and IFN -  γ  have all been shown 
to cause reduced serum iron and increased serum ferritin con-
centrations. The fall in serum iron is probably mainly, if not 
entirely, due to hepcidin. Anaemia usually reduces hepcidin 
secretion. In ACD, this effect is clearly abrogated by the effect 
of infl ammation or malignancy increasing its secretion. 
Increased lactoferrin, occurring in response to infl ammation 
and mediated by cytokines, competes with transferrin for iron 
and forms a complex that is taken up by macrophages in the 
liver and spleen. Increased intracellular apoferritin synthesis 
occurs in response to infl ammation and malignancy and this 
too will bind iron. Both of these mechanisms reduce the amount 
of iron available for binding to serum transferrin.  

  Treatment 

 The severity of the anaemia correlates with the activity and 
severity of the underlying chronic disease. Successful therapy of 
this leads to a reduction in the levels of the mediator cytokines, 
increased erythropoietin production and reduced inhibition of 
erythropoiesis. Correction of the anaemia may take weeks or 
months. Pharmacological doses of recombinant erythropoietin 
have been used successfully to improve anaemia in patients with 
rheumatoid arthritis, cancer and myeloma. This observation 
suggests that inadequate erythropoietin production and its 
reduced action are more important than disturbed iron metab-
olism in the pathogenesis of ACD. It further suggests that the 
suppressive action of various cytokines can be overcome by use 

ACD but is at a level that could be compensated by a normal 
marrow. TNF has been shown to increase apoptosis in erythroid 
cells.  

  Inhibition of  e rythropoiesis 

 Both TNF and IL - 1 inhibit erythropoiesis  in vitro  and it is likely 
that TNF increases apoptosis of bone marrow erythroid cells. 
Anaemia is observed in humans treated with TNF and in 
animals receiving either cytokine. The effect of IL - 1 is probably 
mediated by interferon (IFN) -  γ  secreted by T lymphocytes, 
whereas TNF action is probably mediated by IFN -  γ  produced 
by marrow stromal cells. IL - 6 and TGF -  β  may also have roles 
as mediators of ACD through inhibition of erythropoiesis.  

  Table 50.1    Conditions associated with anaemia of chronic 

disorders. 

   Chronic infections  

 Especially osteomyelitis, bacterial endocarditis, tuberculosis, 

abscesses, bronchiectasis, chronic urinary tract infections  

   Other chronic infl ammatory disorders  

 Rheumatoid arthritis, juvenile rheumatoid arthritis, polymyalgia 

rheumatica, systemic lupus erythematosus, scleroderma, 

infl ammatory bowel diseases, thrombophlebitis  

   Malignant diseases  

 Carcinoma (especially metastatic or associated with infection), 

lymphoma, myeloma  

   Others  

 Congestive heart failure, ischaemic heart disease, AIDS  

  Table 50.2    Haematological features of anaemia of chronic 

disease. 

  Haemoglobin    Not less than 9   g/dL  

  Mean corpuscular volume    Normal or mildly reduced 

(usually 77 – 82   fL)  

  Mean corpuscular haemoglobin    Usually normal; 

occasionally reduced  

  Serum iron    Reduced  

  Total iron - binding capacity 

(transferrin)  

  Reduced  

  Transferrin saturation    Mildly reduced  

  Serum ferritin    Normal or increased  

  Serum and urine hepcidin    Raised  

  C - reactive protein    Usually raised  

  Erythrocyte sedimentation rate    Usually raised  
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 Microangiopathic haemolytic anaemia (MAHA) with intra-
vascular haemolysis may occur in association with disseminated 
carcinoma. An abrupt onset of anaemia and thrombocytopenia 
often occurs, with a leucoerythroblastic blood picture, reticulo-
cytosis and red cell fragmentation. Renal failure may occur as a 
complication. Mucin - secreting adenocarcinomas (especially 
gastric), breast cancer and lung cancer are the most common 
underlying malignancies; in about one - third of patients with 
MAHA, it is the presenting feature of the tumour. Abnormal 
blood vessels may be within the tumour itself (or within 
metastatic tumour thrombi, especially in the lungs) or fi brin 
deposition may occur at other sites because of disseminated 
intravascular coagulation (DIC). Widely disseminated disease 
with bone marrow infi ltration is almost always present and 
the outlook is poor. A syndrome resembling MAHA and 
idiopathic haemolytic – uraemic syndrome (HUS) has been 
reported with a number of chemotherapeutic agents and 
following allogeneic bone marrow transplantation. Principal 
among these is mitomycin, although cisplatin, carboplatin, 
bleomycin and ciclosporin have also been reported to be 
responsible. Immune complex deposition has been implicated 
in the pathogenesis.  

  Red  c ell  a plasia 
 Acquired pure red cell aplasia is associated with a thymoma in 
approximately 50% of patients, although it complicates only 
approximately 5% of thymomas. Antibodies to erythroid pre-
cursors have been demonstrated in some patients, and removal 
of the thymoma (which is usually benign) leads to resolution of 
the anaemia in about half of those affected. Immunosuppressive 
therapy with cyclophosphamide, ciclosporin, steroids or plasma 
exchange may be helpful in patients who relapse. Red cell 
aplasia may also occur in a minority of patients with chronic 
lymphocytic leukaemia (CLL) or non - Hodgkin lymphoma 
and with large granular lymphocytic (LGL) leukaemia and 
as part of general marrow aplasia due to chemotherapy or 
radiotherapy.  

  Leucoerythroblastic  a naemia 
 The blood fi lm (Figure  50.1 ) shows the presence of erythrob-
lasts and granulocyte precursors (e.g. myelocytes and myelob-
lasts). It is seen in primary myelofi brosis but is also frequent 
when there is marrow infi ltration by tumour. This disturbs the 
marrow microvasculature and allows early release of the precur-
sors. Marrow infi ltration is most commonly observed in breast 
(Figure  50.2 ), prostate and haematological malignancies, but 
also in tumours of lung, thyroid, kidney and gastrointestinal 
tract and melanoma. It can also occur as a refl ection of active 
bone marrow response to peripheral consumption (acute 
haemolysis, DIC, septicaemia, hypersplenism) or of extra-
medullary haemopoiesis (e.g. myelofi brosis or megaloblastic 
anaemia).    

of pharmacological doses of erythropoietin. Iron therapy should 
be reserved for patients who have genuine iron defi ciency.   

  Malignancy 

  Anaemia 

 Anaemia is the most frequent haematological abnormality in 
cancer patients and may be due to many causes (Table  50.3 ). 
ACD (see above) will affect almost all cancer patients at some 
stage of their illness. The degree of anaemia refl ects the extent 
of the malignancy and may be worsened by the myelotoxic 
effects of chemotherapy. Plasma erythropoietin levels tend 
to be inappropriately low and therapy with recombinant 
erythropoietin can reduce transfusion requirements by im -
proving the haemoglobin level in cancer patients undergoing 
chemotherapy.   

  Haemolysis 
 Warm antibody autoimmune haemolytic anaemia (AIHA) is 
most frequently found in association with the following malig-
nant diseases: chronic lymphocytic leukaemia, Hodgkin disease 
and non - Hodgkin lymphoma. However, it has also been 
reported in association with solid tumours (e.g. carcinoma of 
the ovary). Cold - antibody AIHA is less common, but occurs in 
association with monoclonal cold agglutinins in chronic cold 
agglutinin disease, Waldenstr ö m macroglobulinaemia and 
myeloma. 

  Table 50.3    Causes of anaemia in cancer patients. 

   Type of anaemia     Associations  

  Anaemia of chronic disease    All neoplasms  

  Blood loss    Gastrointestinal neoplasms, 

gynaecological neoplasms  

  Haemolysis  

     Immune    Ovarian carcinoma, lymphoma, 

others  

     Non - immune 

fragmentation syndrome  

  Mucin - secreting 

adenocarcinomas  

  Haemolysis: secondary to 

drugs  

  Mitomycin, ciclosporin, cisplatin  

  Pure red cell aplasia    Thymoma  

  Megaloblastic    Chemotherapy, folate defi ciency, 

cobalamin defi ciency 

(gastric carcinoma)  

  Leucoerythroblastic    Metastatic disease in bone 

marrow  

  Marrow hypoplasia    Chemotherapy/radiotherapy  

  Myelodysplasia    Chemotherapy/radiotherapy  
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cies (especially ovarian and gastrointestinal carcinoma) are also 
susceptible. The median latency prior to onset of MDS is 2 – 3 
years and AML usually supervenes 6 months to 2 years later.  

  Treatment 
 Erythropoietin is effective in reversing anaemia in a proportion 
of patients with malignant disease, for example myeloma, lym-
phoproliferative disorders, MDS and carcinomas. It is recom-
mended if the haemoglobin is less than 10   g/dL or in symptomatic 
patients with haemoglobin of 10 – 12   g/dL. Recombinant eryth-
ropoietin is not justifi ed if the haemoglobin is above 12   g/dL as 
its use has been associated with an increased risk of thrombosis. 
The expression of both erythropoietin and its receptor is 
reported in a range of human tumours, including breast, 
prostate, colon, overy, uterine and head and neck squamous 
tumours. Caution is therefore advised in the use of recombinant 
erythropoietin to treat cancer - related and cancer treatment -
 related anaemia, and further studies are required. Dosage 
is 10   000   IU three times per week or 30   000 IU as a single 
weekly dose. The dose could be increased if there is no response 
( <    1   g/dL rise in 4 weeks). 

 Patients most likely to respond are those who have low pre-
treatment erythropoietin levels ( <    100   mU/mL), well - preserved 
marrow function and normal/low levels of serum ferritin 
( <    400   ng/mL). A number of studies have demonstrated that 
erythropoietin therapy can lead to a reduced need for blood 
transfusion, better quality of life for patients and possibly 
improved overall outcome of anticancer therapy.   

  Polycythaemia 

 This is a rare complication of non - haematological malignancy. 
It usually arises through elaboration by tumour cells of eryth-
ropoietin and erythropoietin - like peptides. The tumours most 
commonly associated are renal cell carcinoma and hepatoma; 
others include uterine myoma, androgen - secreting ovarian 
tumours, phaeochromocytoma and cerebellar haemangioblas-
toma. Non - malignant conditions affecting these organs (e.g. 
renal cysts, viral hepatitis) may also rarely be associated.  

  White  c ells  (Table  50.4 )  

  Granulocytosis 
 Granulocytosis is a frequent manifestation of non - haematolog-
ical malignancies. In part, the response is due to infl ammation 
induced by the tumour. Interaction of tumour cells with host 
T lymphocytes and mononuclear phagocytic cells leads to the 
production of a range of cytokines, which induce white cell 
proliferation and differentiation. Tumour cells may also secrete 
specifi c agents that directly stimulate reactive proliferation. 
Cancer patients frequently have opportunistic infections, may 
bleed and are typically on a range of medications, all of which 
may infl uence the level of the white cell count.    

  Other  c auses 
 Megaloblastic and dyserythropoietic anaemias are most com-
monly due to chemotherapy - induced disturbance of DNA syn-
thesis within the bone marrow. Folate defi ciency may also occur 
in patients with a poor diet and widespread disease. Cobalamin 
(vitamin B 12 ) defi ciency due to underlying pernicious anaemia 
may complicate cancer of the stomach. Both chemotherapy and 
non - ionizing radiotherapy may lead to the development of 
myelodysplastic syndrome (MDS), which may progress to acute 
myeloid leukaemia (AML). Alkylating agents, especially mel-
phalan and chlorambucil, nitrosoureas and epipodophyllotox-
ins in particular have been implicated, and there is evidence of 
a synergistic effect of these agents with small chronic doses of 
radiotherapy. The principal categories of patients affected are 
those who have received therapy for a haematological malig-
nancy, but patients treated for non - haematological malignan-

     Figure 50.1     Nucleated red cells and an immature myeloid 

precursor in the peripheral blood fi lm of a patient with a 

leucoerythroblastic anaemia.  

     Figure 50.2     Bone marrow aspirate showing infi ltration by 

metastatic breast carcinoma.  
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  Thrombocytosis 
 A raised platelet count is frequently seen as a reactive phenom-
enon in patients with malignancy but is usually less than 
1000    ×    10 9 /L and is rarely of clinical signifi cance.  

  Platelet  f unction  a bnormalities 
 Impaired platelet function leading to excessive bleeding is pri-
marily seen in myeloproliferative disorders (e.g. essential 
thrombocythaemia) and MDS. Paraproteins, especially IgM in 
Waldenstr ö m macroglobulinaemia and IgG in myeloma, are 
frequent causes of impaired platelet aggregation and adhesion. 
Increased platelet aggregation occurs in cancer patients when 
tumour cells release adenosine diphosphate (ADP), prostaglan-
dins or thrombin. Increased platelet adhesiveness has also 
been reported, but is probably secondary to other coagulation 
changes.   

  Coagulation  (Table  50.6 )  

 A wide range of coagulation changes can occur in patients with 
malignant disease and can predispose to either haemorrhage or 
thrombosis. The distinction between activation of the coagula-
tion part of the haemostatic pathway (i.e. DIC), which leads 
physiologically to activation of fi brinolysis (secondary fi bri-
nolysis), and primary or direct activation of fi brinolysis may be 
diffi cult, and in some ways academic, in view of the intimate 
and dynamic relationship that exists between the coagulation 
and fi brinolytic pathways. These patients may also have other 
general medical problems, including infection; they may have 
undergone surgery, chemotherapy or radiotherapy and will 
typically be on a range of medications. All these factors may 
contribute to coagulation changes.   

  Disseminated  i ntravascular  c oagulation 
 Chronic or compensated DIC is probably underdiagnosed in 
cancer patients. It occurs particularly in those with gastrointes-
tinal, lung, pancreatic and breast neoplasms. Thrombosis, 
including migratory thrombophlebitis (Trousseau syndrome) 

  Granulocytopenia 
 This is most frequently due to chemotherapy or radiotherapy 
but may also occur with widespread marrow infi ltration, for 
example by lymphoma or due to LGL leukaemia.   

  Platelets 

  Thrombocytopenia  (Table  50.5 )  
 This may arise through decreased production or accelerated 
peripheral destruction and/or hypersplenism. The former may 
result from extensive marrow infi ltration or be secondary to 
chemotherapy or radiotherapy. Hypersplenism is usually due to 
splenic infi ltration by a haematological malignancy (e.g. lym-
phoma, CLL) but is rarely due to obstruction of the splenic or 
portal vein by hepatic and pancreatic malignancies. Increased 
destruction occurs with DIC. Immune thrombocytopenia may 
occur in association with haematological malignancy (CLL, 
lymphoma, MDS) and rarely may complicate solid tumours 
(e.g. breast, lung, ovary).    

  Table 50.4    White cell changes in malignancy. 

  Neutrophils increased    Most, especially renal Hodgkin disease  

  Neutrophils decreased    Bone marrow infi ltration  

  Hypersplenism  

  Treatment induced  

  Chemotherapy/radiotherapy  

  Large granular lymphocytic leukaemia  

  Basophils increased    Myeloproliferative disorders  

  Eosinophils increased    Hodgkin disease  

  T - cell lymphomas  

  Metastatic adenocarcinoma  

  Other tumours (e.g. lung)  

  Drug allergy  

  Opportunistic infection  

  Monocytes increased    Carcinoma  

  Hodgkin disease  

  Monocytes decreased    Treatment induced  

  Lymphocytes increased    Lymphoid malignancies  

  Post splenectomy  

  Opportunistic infection  

  Lymphocytes decreased    Treatment induced  

  Radiotherapy/chemotherapy  

  Lymphoma  

  Opportunistic infection  

  Table 50.5    Thrombocytopenia in patients with malignant 

disease. 

   Decreased production  

 Chemotherapy/radiotherapy 

 Marrow infi ltration  

   Accelerated destruction  

 Hypersplenism 

 Disseminated intravascular coagulation 

 Drug - induced haemolytic – uraemic syndrome 

 Autoimmune thrombocytopenia  
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or a B - lymphoid malignancy. A number of different mecha-
nisms may operate. The paraprotein may be directed against an 
epitope within the FVIII – von Willebrand factor (VWF) mole-
cule and inactivate it, or reduce its plasma half - life. Alternatively, 
immune complexes may form which bind non - specifi cally to 
FVIII – VWF and accelerate its clearance, or the malignant lym-
phoid cells may actually adsorb FVIII – VWF onto their surface. 
Paraproteins may also interfere with cross - linking of fi brin.    

  Treatment -  i nduced  b leeding  d isorders 
 Thrombocytopenia and MAHA may occur as a result of therapy 
(see below). Cancer patients with poor nutrition or who are on 
long - term antibiotics may develop vitamin K defi ciency.  l  -
 Asparaginase induces defective hepatic protein synthesis and 
can lead not only to impaired production of coagulation factors 
but also to low levels of antithrombin, plasminogen and pro-
teins S and C, and so give rise to thrombosis, most seriously of 
the cerebral veins. Mithramycin, which is used in the treatment 
of malignant hypercalcaemia, causes thrombocytopenia as well 
as platelet function defects, coagulation factor defi ciencies and 
increased fi brinolytic activity.    

  Connective  t issue  d isorders  (Table  50.8 )  

  Anaemia 

 ACD (see above) is the most common haematological abnor-
mality seen in patients with rheumatoid arthritis (RA). Iron 
defi ciency may coexist, particularly in patients taking non - 
steroidal anti - infl ammatory agents. Folate defi ciency may occur 
with severe disease and poor dietary intake. Warm - type AIHA 
with IgG and complement on the red cell surface is most fre-
quently seen in systemic lupus erythematosus (SLE), although 
it can occur in the other connective tissue disorders, notably RA 

and non - bacterial thrombotic endocarditis, is a more frequent 
manifestation of DIC than haemorrhage. In contrast, acute or 
uncompensated DIC is uncommon with solid tumours but 
occurs frequently with acute promyelocytic leukaemia (APL, 
FAB M3) and is associated with excessive bleeding. The trigger-
ing event in APL is likely to be release from the malignant 
promyelocytes of procoagulants and proteases, which may 
directly activate both coagulation and fi brinolysis. Tumour cells 
may activate coagulation by release of tissue factor (TF), which 
activates factor (F)VII. Direct activation of FX through the 
action of a cancer procoagulant has been reported in lung, 
kidney, colon and breast cancer. The sialic acid moiety of 
secreted mucin can directly activate FX, whereas the systemic 
release of trypsin in pancreatic tumours can also activate coagu-
lation. Tumour cells may also activate the monocyte/macro-
phage system to produce procoagulant materials including TF 
and FX activators.  

  Primary  fi  brinolysis 
 This is less common as a cause of increased bleeding than DIC, 
but can occur, for example, in patients with prostatic cancer 
who undergo surgery. The release of proteases from leukaemic 
cells in both APL and monocytic leukaemia has been reported 
to induce fi brinolysis. Platelet counts tend to be higher than 
those seen in DIC, and fi brinogen levels are low, with raised 
fi brin degradation products (FDPs).  

  Acquired  c irculating  a nticoagulants  (Table  50.7 )  
 The most frequent is an acquired von Willebrand syndrome 
(both type 1 and type 2 disease) in patients with a paraprotein 

  Table 50.6    Coagulation changes in malignancy. 

   Bleeding tendency  

 Disseminated intravascular coagulation, acute or chronic 

 Primary fi brinolysis 

 Acquired platelet function defect 

 Thrombocytopenia 

 Circulating anticoagulants/inhibitors  

   Treatment - related bleeding disorders  

 Thrombotic tendency 

 Venous stasis: bed rest, venous compression/invasion by tumours 

 Increased coagulation factors: FI, FV, FVII, FVIII, FIX, FXI 

 Decreased inhibitors of coagulation: low antithrombin, proteins 

C and S 

 Direct activation of coagulation by tumour cells: FVII, FX 

 Indirect activation: via trypsin release, mucin secretion, 

monocytes or endothelial damage 

 Increased platelet aggregability and adhesiveness 

 Thrombocytosis  

  Table 50.7    Circulating anticoagulants in malignancy. 

   Factor inhibitors  

 Factor V 

 Factor VII 

 Factor VIII  

   von Willebrand factor inhibitors  

 Paraproteinaemic disorders 

 Lymphoma 

 Myeloproliferative disorders 

 Chronic lymphocytic leukaemia  

   Others  

 Heparin - like anticoagulants: dysproteinaemias  
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to mature neutrophils have also been reported in SLE. 
Lymphopenia occurs in both SLE and RA, and may be a measure 
of disease activity. Eosinophilia may be seen in SLE, RA, pol-
yarteritis nodosa and Churg – Strauss syndrome. The pathogen-
esis is unknown, but presumably involves release of cytokines 
by T lymphocytes. Functional defects in polymorph and lym-
phocyte function have been reported in SLE and RA.  

  Platelets 

 Immune thrombocytopenia is a common manifestation of SLE 
and also occurs in mixed connective tissue disorders, sclero-
derma, RA and dermatomyositis. Autoantibodies to platelets 
may also impair platelet function. TTP is an association of SLE. 
Thrombocytosis is a non - specifi c reaction to infl ammation and 
tissue damage in connective tissue disorders.  

  Coagulation 

 A wide diversity of coagulation changes may occur in patients 
with connective tissue disorders. In part, this may be due to liver 
and renal disease or to drug therapy. DIC has been reported 
in SLE patients who have high levels of circulating immune 
complexes and resulting angiopathy. The lupus anticoagulant 
(see Chapter  47 ) occurs as a complication in about 10% of 
patients with SLE and is associated with a thrombotic tendency, 
thrombocytopenia, recurrent miscarriages and pulmonary 
hypertension. Specifi c coagulation factor inhibitors encoun-
tered in patients with connective tissue disorders (especially 
SLE) include antibodies to VWF and to FVIII, FVII and 
fi brinogen.  

  Other  c hanges 

 RA is one of the commonest causes of amyloidosis. An increased 
incidence of haematological malignancies (principally Hodgkin 
and non - Hodgkin lymphomas and B - lymphoproliferative dis-
orders, including paraproteinaemias) has been noted in SLE, 
RA and, particularly, Sj ö gren syndrome. A wide range of hae-
matological abnormalities also results from immunosuppres-
sive therapy in these patients.   

  Renal  d isease  (Table  50.9 )  

  Anaemia 

 In acute renal failure, anaemia is commonly due to the drug or 
condition causing the renal failure, for example haemolysis due 
to sepsis or TTP. In chronic renal failure, anaemia is the most 
important haematological abnormality and its management has 
been revolutionized by the availability of recombinant human 
erythropoietin. Patients with acute or chronic renal failure 

and mixed connective tissue disorders. Sideroblastic anaemia 
has been reported in both SLE and RA, but MDS must be 
excluded. Pure red cell aplasia and dyserythropoietic anaemia 
with ineffective erythropoiesis are rare complications of SLE. 
Haemolysis can also occur as part of thrombotic thrombocyto-
penic purpura (TTP), complicating SLE.    

  White  c ells 

 The infl ammatory process in connective tissue disorders can 
lead to a neutrophilia. Neutropenia is a feature of Felty syn-
drome, which is associated with splenomegaly in patients with 
RA. The pathogenesis is multifactorial and involves increased 
margination of neutrophils, sequestration of neutrophils within 
the enlarged spleen, and immune complex - mediated and 
humoral inhibition of granulopoiesis in the marrow. Antibodies 

  Table 50.8    Haematological changes in connective tissue 

disorders. 

   Anaemia  

 Anaemia of chronic disease 

 Iron defi ciency (drug - induced blood loss) 

 Folate defi ciency 

 Sideroblastic anaemia 

 Pure red cell aplasia (PRCA), especially systemic lupus 

erythematosus (SLE) 

 Haemolytic anaemia: immune (especially SLE)/non - immune  

   White cells  

 Neutropenia (e.g. Felty syndrome) 

 Neutrophilia 

 Eosinophilia (e.g. Churg – Strauss syndrome, polyarteritis nodosa)  

   Platelets  

 Thrombocytopenia: immune/non - immune 

 Platelet dysfunction 

 Thrombotic thrombocytopenic purpura 

 Thrombocytosis  

   Pancytopenia  

 SLE  

   Coagulation  

 Lupus inhibitor 

 Specifi c factor defi ciencies 

 Disseminated intravascular coagulation  

   Others  

 Myelofi brosis 

 Drug - related changes (e.g. aplastic anaemia due to gold, 

phenylbutazone; PRCA due to penicillamine) 

 Cryoglobulinaemia 

 Amyloidosis  
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demonstrated. Chronic ambulatory peritoneal dialysis is more 
effective than haemodialysis in removing these inhibitors but, 
as recombinant erythropoietin can overcome these inhibitors, 
they are not of great clinical signifi cance. Red cell survival is 
diminished in renal failure, but this is also a minor factor. Iron 
defi ciency can arise through blood loss (exacerbated by haemo-
dialysis). Folate defi ciency arises in dialysed patients but is now 
prevented by prophylactic folic acid therapy. Renal failure is 
associated with elevated levels of 2,3 - diphosphoglycerate and a 
right shift of the haemoglobin – oxygen dissociation curve. 

 Recombinant erythropoietin therapy can fully correct 
anaemia in renal failure. It can be administered intravenously, 
subcutaneously or intraperitoneally. The subcutaneous route is 
effective at lower doses, and it is usual to commence at 
5 – 75   units/kg per week, given in two or three divided doses. 
Anaemia is corrected up to a level of 10 – 12   g/dL at a rate of 1   g/
dL per month. Subclinical iron defi ciency and impaired mobi-
lization of storage iron are often present, so concomitant iron 
therapy is usually required. This can often be easily accom-
plished by the administration of intravenous iron, for example 
as iron dextran. An impaired response to recombinant erythro-
poietin should prompt a suspicion of iron, cobalamin or folate 
defi ciency, haemolysis, infection, occult malignancy, alumin-
ium toxicity or hyperparathyroidism. Hypertension occurs in 
about one - third of patients treated with recombinant erythro-
poietin and is dose dependent; the risk of thrombosis of an 
arteriovenous fi stula is also increased. 

 The optimum dose of erythropoietin is one that restores the 
haemoglobin level to the normal or near - normal range and 
improves symptoms without increasing the risk of thrombosis; 
for most patients, this is approximately 12 – 12.5   g/dL and should 
not exceed 14   g/dL.  

  Polycythaemia 

 Secondary and inappropriate polycythaemia may result from 
either ectopic erythropoietin production by renal tumours or 
regional renal hypoxia (in benign disease and following renal 
transplantation), which disturbs physiological erythropoietin 
homeostasis. Up to 5% of patients with renal cell carcinoma 
have paraneoplastic polycythaemia.  

  Haemostatic  a bnormalities 

 Abnormal platelet function is probably due to the accumulation 
of toxic metabolites (e.g. guanidinosuccinic and phenolic 
acids). DDAVP (1 - deamino - 8 -  d  - arginine vasopressin) therapy, 
which leads to the appearance of large multimers of 
VWF, can shorten the bleeding time in anaemic patients. 
Dysfi brinogenaemia has been reported rarely, whereas FDPs 
are often elevated and may prolong the thrombin time. 
Hypercoagulopathy with a predisposition to thrombosis can 
also occur, especially after recombinant erythropoietin therapy. 

develop a normochromic normocytic anaemia, with the pres-
ence of ecchinocytes (burr cells) in the blood fi lm. The reticu-
locyte count is normal or slightly low, and the bone marrow 
shows normoblastic erythropoiesis without the erythroid 
hyperplasia expected at that level of anaemia. Patients who have 
undergone nephrectomy tend to be more severely anaemic than 
patients with polycystic disease. Reduced erythropoietin levels 
occur in renal failure and this is the dominant cause of anaemia.   

 An increase in serum creatinine above 133    µ mol/L is associ-
ated with the loss of the normal inverse linear relation between 
plasma erythropoietin and haemoglobin concentration, but 
there is no direct correlation between reduction in glomerular 
fi ltration rate and impairment of renal erythropoietin produc-
tion. Circulating inhibitors of erythropoiesis have also been 

  Table 50.9    Haematological changes in renal disease. 

   Anaemia  

 Failure of erythropoietin production 

 Haemolysis: haemolytic – uraemic syndrome (HUS), thrombotic 

thrombocytopenic purpura (TTP) 

 Iron defi ciency 

 Folate defi ciency 

 Hyperparathyroidism 

 Aluminium toxicity  

   Polycythaemia  

 Renal cell carcinoma 

 Other renal diseases (e.g. cysts, hydronephrosis, nephritic 

syndrome, renal transplantation)  

   Thrombocytopenia  

 HUS 

 TTP 

 Disseminated intravascular coagulation  

   Platelet function abnormalities  

 Abnormal aggregation to ADP, adrenaline, collagen 

 Decreased platelet adhesiveness 

 Reduced platelet factor 3 availability 

 Acquired storage pool defect 

 Abnormal prostaglandin metabolism 

  ↑  Prostacylin 

 Defective platelet cyclooxygenase?  

   Coagulation  

 Hypocoagulability 

  ↓  FXII, FXI, prothrombin 

  ↓  FXII or inhibition 

 Hypercoagulopathy 

  ↓  Protein C 

  ↓  Antithrombin 

  ↓  Fibrinolysis  
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toxicosis. Thyroid hormones stimulate erythropoiesis, and 
tissue oxygen demands are increased in hyperthyroidism, 
whereas in hypothyroidism oxygen utilization is reduced. 
However, plasma volume is also increased and part of the 
anaemia in hypothyroidism is dilutional and/or due to defective 
iron utilization. Coexistent defi ciencies of iron (due to menor-
rhagia or achlorhydria), folate and cobalamin must be excluded.   

 There is an increased incidence of pernicious anaemia in 
patients with hypothyroidism, hypoadrenalism and hypopar-
athyroidism. Antithyroid drugs (carbimazole, methimazole and 
propylthiouracil) can cause aplastic anaemia or agranulocyto-
sis. Anaemia in patients with diabetes mellitus is usually due to 
complications of diabetes, although hyperglycaemia itself may 
lead to shortened red cell lifespan and decreased erythrocyte 
deformability. Polycythaemia (usually pseudo) can also occur 
with endocrine diseases. In anterior pituitary disease, androgen 
defi ciency and adrenal insuffi ciency, a normochromic normo-
cytic anaemia is common. Changes in leucocyte number and 
function are rarely of clinical signifi cance, although many have 
been reported. Chemotaxis, phagocytosis and intracellular 
killing may all be disturbed in diabetes mellitus. Coagulation 
changes may contribute to a mild bleeding diathesis in hypothy-
roidism and to the thrombotic predisposition in diabetes 
mellitus.  

  Liver  d isease  (Table  50.11 )  

 Liver disease causes a greater range of haematological change 
than does disease in any other organ, with the exception of the 
bone marrow. The liver is an important source of erythropoi-
etin in the fetus, and serves as a haemopoietic organ  in utero ; 
extramedullary haemopoiesis occurs within the adult liver only 
in pathological states (e.g. myelofi brosis, severe haemolysis or 
megaloblastic anaemia).   

  Anaemia 

 Anaemia occurs in up to 75% of patients with chronic liver 
disease. Portal hypertension often results in splenomegaly, 
which may cause haemodilution and pooling of red cells. 
Haemorrhage is a frequent complication, often due to oesopha-
geal varices, and the red cell lifespan is shortened even in 
uncomplicated liver disease. Ferrokinetic studies suggest that 
the bone marrow response to anaemia is suboptimal, and many 
of the mechanisms that operate in ACD (see above) may be 
relevant. Macrocytosis occurs in approximately two - thirds of 
patients and erythropoiesis is macronormoblastic, indicating 
abnormal marrow function. Macrocytosis is particularly fre-
quent in alcoholics, in whom reversible sideroblastic change 
may also occur. Target cells occur as the surface area of the cell 
increases, due to increased membrane lipid content without an 
increase in volume. Ecchinocytosis is fairly common because of 

Haemodialysis with heparin anticoagulation can cause platelet 
activation. Fibrinolytic activity, antithrombin and protein C are 
all reduced in renal failure, and FV, FVII, FVIII:C and FX are 
increased. Thrombosis (particularly of the renal vein) is a par-
ticular feature of the nephrotic syndrome. Platelet hyperaggre-
gability with increased plasma  β  - thromboglobulin is described 
and hypoalbuminaemia may enhance the synthesis of prostag-
landins involved in platelet activation.   

  Endocrine  d isease  (Table  50.10 )  

 Both hyperthyroidism and hypothyroidism are associated with 
mild anaemia, which is usually normochromic and normocytic, 
but may be macrocytic in hypothyroidism. A raised mean 
corpuscular volume (MCV) can occur without anaemia in 
hypothyroidism, and low MCV has been described in thyro-

  Table 50.10    Haematological changes in endocrine disease. 

   Red cells  

  Anaemia  

 Thyrotoxicosis (normochromic, normocytic or microcytic) 

 Hypothyroidism (normochromic, normocytic, occasionally 

macrocytic) 

 Diabetes mellitus (usually when complicated by infection, cardiac 

disease, renal failure, enteropathy) 

 Hyperparathyroidism (normochromic, normocytic) 

 Hypoadrenalism (normochromic, normocytic) 

 Hypogonadism (normochromic, normocytic) 

 Hypopituitarism (normochromic, normocytic) 

  Polycythaemia (pseudo)  

 Phaeochromocytoma 

 Cushing syndrome  

   White cells  

 Cushing syndrome: neutrophil leucocytosis 

 Phaeochromocytoma 

 Hyperthyroidism: lymphocytosis 

 Leucopenia: antithyroid drugs 

 Diabetes mellitus: impaired polymorph function  

   Platelets  

 Diabetes mellitus: abnormal platelet function 

 Hyperthyroidism  

   Coagulopathy  

 Diabetes mellitus:  ↑  platelet aggregability,  ↓  prostacyclin, 

 ↑  FVIII,  ↓  antithrombin 

 Estrogen therapy:  ↑  FVIII,  ↑  VWF 

 Cushing syndrome:  ↑  FII, FIV, FIX, FXI, FXII  
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binding of the red cell membrane by abnormal high - density 
lipoproteins. In contrast, true acanthocytes are uncommon in 
uncomplicated liver disease, although they are a characteristic 
fi nding in  ‘ spur - cell anaemia ’  (non - immune haemolytic 
anaemia in patients with alcoholic cirrhosis). Zieve syndrome, 
comprising haemolytic anaemia with hypertriglyceridaemia in 
patients with alcoholic liver disease, is also rare. Haemolysis due 
to the direct toxicity of copper ions on red cells is characteristi-
cally an early presentation of Wilson disease. Intracorpuscular 
changes are rare in liver disease. However, abnormal pyruvate 
kinase activity has been demonstrated in Zieve syndrome, and 
reduction of hepatocyte glucose - 6 - phosphate dehydrogenase 
(G6PD) levels in G6PD - defi cient individuals, and in neonates, 
may exacerbate and prolong hyperbilirubinaemia with haemo-
lysis. Viral hepatitis, including hepatitis A, B and C but most 
frequently hepatitis viruses yet to be fully characterized, may 
lead to a transient and mild pancytopenia or to severe aplastic 
anaemia.  

  Platelets and  h aemostasis 

 These are discussed in Chapter  39 .  

  Liver  t ransplantation 

 Orthotopic liver transplantation (OLT) is increasingly used for 
end - stage liver disease. Thrombocytopenia is frequently present 
prior to transplantation. The count tends to fall postoperatively 
despite platelet transfusions and this may be due to platelet 
sequestration in the transplanted liver. Immune thrombocyto-
penia has also been reported after OLT. Antibody - mediated 
haemolysis occurs in recipients of ABO - incompatible grafts, 
but the engrafted liver can also produce mild haemolysis due to 
anti - recipient ABO antibody. This is a form of humoral graft -
 versus - host disease (GVHD), but T cell - mediated GVHD has 
also been reported after OLT. Although aplastic anaemia is a 
rare complication of viral hepatitis, there are reports that it may 
occur in as many as 30% of patients transplanted for fulminant 
non - A, non - B viral hepatitis.   

  Infections  (Tables  50.12  and  50.13 )  

 Infection may produce a tremendous variety of haematological 
changes. Many of these are covered in other sections of this 
book.   

  Viruses 

  Anaemia 
 Haemolytic anaemia due to red cell autoantibody production, 
usually of the warm type, may occur, although cold - antibody 
syndromes have been reported in measles, infl uenza, infectious 

  Table 50.11    Haematological changes in liver disease. 

   Red cells  

  Anaemia  

 Anaemia of chronic disease 

 Folate defi ciency 

 Iron defi ciency (blood loss) 

 Aplastic anaemia (viral hepatitis, rare) 

 Sideroblastic anaemia (alcohol) 

 Hypersplenism 

 Microangiopathy/disseminated intravascular coagulation (DIC) 

(rare) 

 Autoimmune (rare) 

 Zieve syndrome (rare) 

  Polycythaemia  

 Hepatocellular carcinoma (rare) 

 Infectious hepatitis (rare)  

   White cells  

  Neutrophilia  

 Infection 

 Haemorrhage 

 Malignancy 

 Haemolysis 

  Neutrophil function  

 Impaired chemotaxis (?due to lowered complement levels) 

  Neutropenia  

 Hypersplenism 

  Eosinophilia  

 Parasitic infestation 

 Chronic active hepatitis (rare)  

   Platelets  

  Thrombocytopenia  

 Hypersplenism, hepatic sequestration 

 DIC 

 Autoimmune (e.g. associated with viral hepatitis, primary biliary 

cirrhosis) 

 Post liver transplantation 

  Thrombocytosis  

 Hepatoma (rare) 

  Impaired platelet function  

 Inhibitory factors (including high - density lipoprotein and 

apolipoprotein E) 

 Other 

 Benign monoclonal gammopathy (biliary  +  other cirrhosis) 

 Cryoglobulinaemia (hepatitis B, hepatitis C, alcohol)  
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underlying neutropenia and lymphopenia in viral infections. In 
infectious mononucleosis and other viral infections such as viral 
hepatitis, the virus infects B lymphocytes and the characteristic 
activated lymphocytes seen on the blood fi lm are a reactive 
population of T cells.  

  Platelets 
 Thrombocytopenia may occur due to multiple mechanisms. 
Children with idiopathic thrombocytopenic purpura frequently 
give a history of a preceding viral illness, and autoantibody 
production is well described in infectious mononucleosis, 
rubella and cytomegalovirus infections. Reduction of bone 
marrow thrombopoiesis is frequently subclinical, but it is par-
ticularly important in virus - associated aplasia and dengue fever. 
Thrombocytosis can also occur in response to viral infections.   

  Bacterial,  f ungal and  p rotozoal  i nfections 

  Anaemia 
 ACD can occur in acute infections, overwhelming septicaemia 
and chronic or suppurative infection. Haemolytic anaemia is 
less common, but can occur through both immune (e.g. cold 

Table 50.12 Haematological changes in viral infection.

Neutropenia

Aplasia (see above)

Complicating myalgic encephalitis

(?Enteroviruses, EBV)

Lymphocytosis

Wide variety, especially early in course of infection

Malignant transformation

HTLV-I, EBV, HIV

Platelets
Thrombocytosis (e.g. Kawasaki)

Thrombocytopenia

Often history of viral prodrome in childhood immune 

thrombocytopenic purpura

Autoimmune: EBV, hepatitis, rubella, CMV, HIV

↓ Production: aplasia (see above), measles, dengue, CMV, 

others

↑ Consumption: disseminated intravascular coagulation 

(DIC)/haemolytic–uraemic syndrome (see below)

Coagulation changes
DIC, especially varicella, vaccinia, rubella, arbovirus with/without 

microangiopathy, epidemic haemorrhagic fevers

Haemolytic–uraemic syndrome: coxsackievirus, mumps, 

echoviruses

Haemophagocytosis

Herpesviruses, adenoviruses, CMV

Red cells
Anaemia

Autoimmune

Measles

Epstein–Barr virus (EBV)

Hepatitis

Cytomegalovirus (CMV)

Human immunodefi ciency virus (HIV)

Others including herpesviruses, varicella, infl uenza

Non-immune

Microangiopathic haemolytic anaemia

Reduced red cell production

Marrow hypoplasia

EBV (especially in X-linked lymphoproliferative syndrome)

Hepatitis viruses

HIV

CMV (especially after renal or bone marrow transplantation)

Others (rare) include togaviruses epidemic haemorrhagic 

fevers, dengue

Red cell aplasia

Parvovirus B19, especially with haemolytic anaemia

White cells
Neutrophilia

Especially HIV, infl uenza, hepatitis, rubella, adenoviruses, 

measles, mumps, CMV and EBV as part of nearly all viral 

infections

mononucleosis and mumps. Paroxysmal cold haemoglobinuria 
is rare and occurs in children due to Donath – Landsteiner IgG 
anti - P antibodies. Non - immune MAHA may be associated with 
TTP or DIC, which may be the result of viral infections. 

 Anaemia due to transient red cell aplasia is seen with parvo-
virus B19 infection in patients with haemolytic anaemias 
( ‘ aplastic crisis ’ ). This virus may also cause erythema infectio-
sum, or fi fth disease, in children. It invades and destroys red 
cell progenitors and the aplasia is terminated when neutralizing 
IgM and IgG antibodies develop. If the virus attacks pregnant 
women, it may cross the placenta and cause spontaneous abor-
tion or hydrops fetalis. Intravenous immunoglobulin therapy 
has been used for severe cases (e.g. in pregnancy, HIV infection 
and after bone marrow transplantation). Bone marrow aspirate 
shows characteristic giant erythroblasts. 

 Anaemia occurs with pancytopenia in virus - associated bone 
marrow aplasia, for example with hepatitis viruses. The pres-
ence of viruses, either within lymphocytes or on their cell 
surface, may lead to production of a range of cytokines (includ-
ing TNF, IFN -  α  and IFN -  γ ), which inhibit haemopoietic cell 
proliferation  in vitro  and  in vivo . This may cause a substantial 
reduction in erythropoiesis and is presumably the mechanism 
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haemolysins to cause severe intravascular haemolysis. DIC and 
MAHA can occur in any severe bacterial, fungal or protozoal 
infection. HUS has been associated with a range of bacterial 
infections, including  Salmonella ,  Shigella  and  Campylobacter  
spp., but most frequently with verotoxin - producing strains of 
 Escherichia coli .  

  White  c ells 
 Neutrophilia is the most common manifestation. Circulating 
neutrophils constitute less than 5% of the total body pool, and 
the neutrophil response shows great individual variation, with 
no clear relationship to the severity of the infection. The term 
 leukaemoid reaction  is used to describe marked leucocytosis 
( >    50    ×    10 9 /L), with circulating immature forms occurring in 
patients with non - leukaemic conditions, typically severe infec-
tion or haemolysis or with generalized malignancy. Such reac-
tions are more common in children. Features that distinguish 
such a reactive leucocytosis from CML include the presence 
of toxic granulation, elevated leucocyte alkaline phosphatase, 
D ö hle bodies, and the lack of twin peaks of neutrophils and 
myelocytes in the differential count. Neutropenia can also occur 
with virtually any bacterial infection, although it has been 
most frequently noted with  Salmonella ,  Rickettsia  and  Brucella . 
Defects of neutrophil function may also occur.  

  Platelets 
 Thrombocytosis is frequent in patients with chronic infections, 
and during the convalescent phase of acute infections. 
Thrombocytopenia also occurs during severe bacterial or fungal 
infection, particularly where there is bloodstream invasion or 
in intensive care patients. Certain rickettsial infections (e.g. 
Rocky Mountain spotted fever) are almost always associated 
with thrombocytopenia. Accelerated platelet destruction is the 
most frequent mechanism and can arise through DIC or micro-
angiopathy with platelet attachment to damaged endothelium. 
Immune destruction can also occur and circulating immune 
complexes may lead to thrombocytopenia. Decreased platelet 
production is a less common mechanism, but may occur (e.g. 
in disseminated tuberculosis). The infl ammatory and proco-
agulant responses to infections are clearly related. TNF -  α , 
IL - 1 α  and IL - 6 may activate coagulation and inhibit fi brinoly-
sis, whereas thrombin may stimulate infl ammatory pathways. 
In severe infection, the end result may be endovascular injury, 
DIC, multiorgan failure and death.  

  Haemostasis 
 DIC occurs frequently and may dominate the clinical picture 
in certain infections (e.g. bacterial meningitis). The acute - phase 
response that accompanies severe infection can lead to a rise in 
a range of coagulation factors, which may contribute to throm-
botic manifestations. Suppurative thrombophlebitis, particu-
larly in association with indwelling catheters, can occur in 
relation to both Gram - positive and Gram - negative infections. 

  Table 50.13    Haematological changes in bacterial, fungal and 

protozoal infections. 

      Anaemia   

  Anaemia of chronic disorders  

  Haemolytic  

  Immune:  Mycoplasma , malaria, syphilis (PCH), listeriosis  

  Non - immune:  Clostridium perfringens  (toxin related), 

 Bartonella bacilliformis  (Oroya fever)  

  Malaria/trypanosomiasis with microangiopathy/disseminated 

intravascular coagulation (DIC), septicaemia  

  Haemolytic – uraemic syndrome: verotoxin - producing 

 Escherichia coli  and  Streptococcus pneumoniae     

  Dilutional  

  Splenomegaly (e.g. malaria, schistosomiasis)    

  Blood loss  

   Helicobacter pylori ,  Ancylostoma        

      White cells   

  Neutrophilia  

  Virtually any bacterial/fungal infection    

  Neutropenia  

   Salmonella ,  Rickettsia , brucellosis, pertussis, disseminated 

tuberculosis (TB)  

  Overwhelming septicaemia    

  Neutrophil function defects  

  Rare (e.g.  Bacteroides , endocarditis)    

  Lymphocytosis  

  Whooping cough ( Bordetella pertussis ),  Rickettsia     

  Lymphopenia  

  TB, acute bacterial infections, brucellosis    

  Eosinophilia  

  Aspergillosis, coccidioidomycosis,  Chlamydia , streptococcal 

infections,  Ancylostoma     

  Eosinopenia  

  Common in acute  Bacteroides  infections    

  Monocytosis  

  Subacute/chronic infections (e.g. disseminated TB, listeriosis)    

  Pancytopenia  

  Bone marrow suppression (e.g. disseminated TB, listeriosis)  

  Haemophagocytosis: septicaemia  

  Peripheral destruction (e.g. DIC)       

   PCH, paroxysmal cold haemoglobinuria.   

antibodies with anti - I specifi city in  Mycoplasma  infection) and 
non - immune mechanisms. Direct red cell invasion frequently 
results in severe haemolysis in infections caused by  Bartonella 
baciliformis , with elements of intravascular haemolysis (due 
to increased red cell fragility) and extravascular haemolysis. 
 Clostridium perfringens  produces an  α  - toxin (a lecithinase) and 
a  θ  - toxin, and  Staphylococcus aureus  an  α  - toxin, which act as 
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who are immunosuppressed or who are acutely ill (e.g. septi-
caemic). A familial form is recognized (familial haemophago-
cytic lymphohistiocytosis; see Chapter  17 ) Macrophage 
activation syndrome is a variant form of haemophagocytic lym-
phohistiocytosis that occurs in children with juvenile RA. 
Pancytopenia is usual, although cytopenias affecting an 
individual cell lineage also occur, and coagulopathy due to 
associated DIC is frequently present. Abnormal liver function 
commonly coexists. The serum ferritin is usually markedly 
elevated. The bone marrow (Figure  50.3 ) shows the presence of 
increased numbers of histiocytes displaying haemophagocyto-
sis. Myelofi brosis and/or marrow hypocellularity are present in 
a minority of cases. The underlying mechanisms are poorly 
understood. Excessive production of cytokines (e.g. IFN -  γ  and 
TNF -  α ) by dysregulated T cells has been demonstrated. In mac-
rophage activation syndrome, increased levels of IL - 6, IL - 8, 
IL - 12, IL - 18 and macrophage infl ammatory protein (MIP) - 1 α  

In patients with systemic infl ammation and organ failure due 
to acute infection, plasma protein C levels are reduced, and 
recombinant human activated protein C given as an intrave-
nous infusion over 96 hours reduces the death rate but may be 
associated with increased risk of bleeding. Activated protein C 
promotes fi brinolysis and inhibits thrombosis and infl amma-
tion and reduces circulating levels of D - dimers and IL - 6.   

  Malaria 

 Anaemia is the most prominent haematological manifestation 
of malarial infection. It is most marked with  Plasmodium falci-
parum , which invades erythrocytes of all ages ( P. vivax  and  P. 
ovale  invade only reticulocytes,  P. malariae  only mature cells) 
and can give parasitaemia levels as high as 50%. Cellular disrup-
tion and haemoglobin digestion lead directly to haemolysis. 
Parasitized cells have an increased osmotic facility and lose 
deformability; they thereby become sequestered and destroyed 
within the spleen, which often becomes massively enlarged. 
Non - parasitized cells may then become sequestered within the 
spleen and a raised plasma volume contributes to the anaemia. 
In addition, malarial antigens may attach to non - parasitized 
red cells to give rise to a positive direct antiglobulin test and 
haemolysis via a complement - mediated immune response. 
Acute intravascular haemolysis with haemoglobinuria, often 
leading to renal failure ( ‘ blackwater fever ’ ), occurs rarely in  P. 
falciparum  infection. 

 An inadequate bone marrow response to anaemia is seen 
with relative reticulocytopenia at times of active infection, with 
some recovery after effective therapy. TNF levels are typically 
elevated and ACD occurs. Leucocyte numbers may be slightly 
increased or normal, but leucopenia as a result of splenomegaly 
and impaired marrow function is characteristic. Eosinophilia is 
variable. Thrombocytopenia is seen in nearly 70% of  P. falci-
parum  infections and has multifactorial aetiology. Autoimmune 
mechanisms may operate as for red cells, splenic sequestration 
is a contributory factor, DIC (either acute as in blackwater 
fever, or low grade and chronic) is common, and ADP release 
from damaged red cells may lead to platelet activation and 
consumption.   

  Haemophagocytic  l ymphohistiocytosis 
( o r  h aemophagocytic  s yndrome) 
 (Table  50.14 ) (see also Chapters  10  
and  17 )  

 This may occur in association with a wide range of systemic 
illness including malignancies (e.g. lymphoma), infections 
(particularly viral, e.g. Epstein – Barr virus, HIV) and autoim-
mune diseases. It typically manifests as fever, splenomegaly and 
jaundice with cytopenias. It is particularly common in patients 

     Figure 50.3     Bone marrow aspirate showing active 

haemophagocytosis, which in this patient antedated the 

development of high - grade non - Hodgkin lymphoma by 

6 months.  

  Table 50.14    Conditions associated with reactive 

haemophagocytosis. 

   Infection  

 Viral (e.g. herpesviruses, adenoviruses, cytomegalovirus) 

 Bacterial, especially tuberculosis 

 Fungal  

   Tumours  

 Haematological 

 Others  

   Drugs  

 Phenytoin  
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  Anaemia 

 Maternal plasma volume increases by approximately 50% 
during the fi rst and second trimesters of pregnancy, whereas the 
corresponding increase in red cell mass is only 20 – 30%. A dilu-
tional anaemia results, so that the lower limit of normal hae-
moglobin concentration is approximately 10.5   g/dL between 16 
and 40 weeks of pregnancy. The increase in maternal red cell 
mass, transfer of iron to the fetus (which takes place largely in 
the third trimester) and blood loss during labour together 
impose a requirement of about 800   mg of iron, so that iron 
defi ciency frequently arises in mothers with normal or reduced 
iron stores. Folic acid requirements are also raised during preg-
nancy (increased folate breakdown due to increased nucleic 
acid synthesis in mother and fetus) and routine supplementa-
tion is advised even during early pregnancy to prevent mega-
loblastic anaemia and neural tube defects in the fetus. A 
physiological rise in MCV of 5 – 10   fL occurs during normal 
pregnancy with pre - existing aplasia. AIHA occurring during 
pregnancy is typically severe and refractory to therapy.  

  White  c ells 

 A mild neutrophil leucocytosis with a left shift and occasional 
D ö hle bodies occur during normal pregnancy.  

  Platelets 

 The normal range for the platelet count (140 – 400    ×    10 9 /L) does 
not alter during pregnancy; thrombocytopenia occurring 
during pregnancy requires evaluation. Gestational thrombocy-
topenia complicates 8 – 10% of pregnancies and is characterized 
by mild thrombocytopenia occurring for the fi rst time during 
pregnancy (platelets 80 – 150    ×    10 9 /L) and is usually not associ-
ated with neonatal thrombocytopenia or signifi cant bleeding in 
the mother. Maternal immune thrombocytopenic purpura may 
antedate or present during pregnancy: it is often associated with 
increased levels of platelet - associated IgG, although this is a 
non - specifi c fi nding and the presence of serum platelet autoan-
tibodies to platelet glycoproteins (GP)IIb/IIIa or GPIb/IX is 
more specifi c. The management of immune thrombocytopenic 
purpura is discussed in Chapter  49 . Thrombocytopenia is regu-
larly seen in pre - eclampsia. The mechanism is unknown, but 
increased aggregation is suggested, as low - dose aspirin therapy 
may reduce platelet consumption. TTP may occur at any time 
during pregnancy but typically it is before 24 weeks; the use of 
fresh - frozen plasma and plasma exchange has been shown to 
improve fetal outcome. HUS typically occurs within 48 hours 
of delivery in an otherwise normal pregnancy. 

 The potentially fatal syndrome of haemolysis, elevated liver 
enzymes and low platelets (HELLP) occurs in up to 10% of 
pregnancies complicated by eclampsia. The existence of coagu-
lation abnormalities with red cell fragmentation suggests that 

have also been reported. Treatment should be directed at 
the underlying disease process. Possible precipitating or 
complicating infection must be treated after appropriate 
cultures have been taken. Tuberculosis should be excluded. 
Immunosuppressive therapy (e.g. methylprednisolone) is 
appropriate if the condition occurs in the setting of an autoim-
mune condition. Anti - TNF antibody therapy has been success-
fully used in selected cases. Epstein – Barr virus - associated 
haemophagocytic lymphohistiocytosis may be indistinguisha-
ble from T - cell lymphoma and responds to chemotherapy, such 
as etoposide - containing regimens. The condition is usually of 
brief duration until recovery or, sometimes, death occurs.      

  Haematological  a spects of  p regnancy 
 (Table  50.15 )  

 Pregnancy poses a major physiological challenge to the human 
body and a number of haematological changes accompany it.   

  Table 50.15    Haematological changes during pregnancy. 

   Anaemia  

 Dilutional 

 Iron defi ciency 

 Folic acid defi ciency 

 Aplastic anaemia  

   White cells  

 Neutrophil leucocytosis  

   Platelets  

 Thrombocytopenia 

 Immune thrombocytopenic purpura 

 Eclampsia 

 Haemolytic – uraemic syndrome 

 Thrombotic thrombocytopenic purpura 

 HELLP syndrome (haemolysis, elevated liver enzymes, low 

platelet count) 

 Disseminated intravascular coagulation (DIC) 

 Drug induced  

   Coagulation  

 Coagulation factors: vitamin K - dependent factors FII, FVII, FIX, 

FXI, FX increased, FVIII increased, von Willebrand factor 

increased, fi brinogen increased 

 Coagulation inhibitors: protein C increased or no change, protein 

S decreased, antithrombin decreased or no change 

 Fibrinolytic activity decreased 

 DIC due to: abruptio placentae, intrauterine fetal death, amniotic 

fl uid embolism, obstetric sepsis, eclampsia  
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HIV infection itself is a prominent cause of ACD. There is a 
reduction in erythropoiesis as a result of the mechanisms 
described above. Infi ltration of the marrow by tumour, such as 
Hodgkin lymphoma, is much commoner among HIV - positive 
subjects than among the normal population. There is also a 
relative reduction in erythropoietin levels. Treatment of HIV 
infection by HAART will lead to an improvement in anaemia. 

 Other common causes include bleeding and infection. 
Certain infections, such as  Mycobacterium avium  and parvovi-
rus B19, may directly involve the marrow and lead to decreased 
red cell production. Nutritional anaemia frequently arises from 
a defective diet and gastrointestinal disease (e.g. due to infection 
or drug toxicity) is common. Vitamin B 12  defciency is seen in 
up to one - third of HIV - positive subjects and iron and folate 
defi ciency are also common. Although treatment - induced 
anaemia is less common in the HAART era, treatment is a 
contributory factor in more than 50% of cases.  

  White  c ells 

 Leucopenia is frequently seen and predominantly due to 
lymphopenia. Neutropenia also occurs and is multifactorial. 
Granulocyte and monocyte production are reduced in HIV 

microangiopathy, DIC and endothelial damage all have a role 
in its pathogenesis. Fetal and maternal outcomes are character-
istically poor. 

 Basophilic stippling, crenated red cells and large platelets are 
characteristic peripheral blood fi ndings in acute fatty liver of 
pregnancy.  

  Coagulation  c hanges 

 Normal pregnancy is associated with a range of alterations to 
haemostatic components (see Table  50.15 ), which combine to 
give an increased risk of haemorrhage, thrombosis and DIC, 
occurring in up to 40% of patients with abruptio placentae, 
leading to haemorrhage and shock. Amniotic fl uid embolism 
typically occurs during the course of a diffi cult delivery in a 
multiparous woman and rapidly leads to a picture of chronic 
low - grade DIC, with onset over a period of 1 – 2 weeks. Venous 
stasis resulting from the gravid uterus combines with the coagu-
lation changes to make pregnancy a hypercoagulable state; 
operative delivery imposes an additional risk.   

  Haematological  a spects of  HIV   i nfection 
 (Table  50.16 )  

 HIV infection and its treatment cause a range of haematological 
effects. The newer generation of treatments with highly active 
antiretroviral therapy (HAART) is changing the natural history 
of AIDS and increasingly turning it into a chronic disease. 
HAART is also less toxic, particularly to the marrow, than the 
treatments it has replaced in the developed world and the treat-
ments that continue to be used to treat AIDS in the developing 
world.   

  Pathophysiology 

 The major mechanism by which HIV infection suppresses hae-
mopoiesis is through the action of cytokines (e.g. IFN -  γ , TNF -
  α ). These are elaborated by activated lymphocytes in response 
to infection and have been shown to induce progenitor cell 
apoptosis and reduced growth of short - term marrow cultures. 
Direct infection of CD34 cells by HIV also occurs and cross -
 culture experiments have demonstrated that HIV infection 
impairs proliferation of CD34 cells from AIDS patients more 
than its effect on bone marrow stromal cells. Morphological 
evidence of ineffective myelopoiesis is seen in the marrow, with 
evidence of myelodysplasia in all three lineages. An increased 
number of plasma cells is also frequently observed.  

  Anaemia 

 This is the commonest abnormality, occurring in up to 80% of 
patients; it may be due to a range of factors (see Table  50.16 ). 

  Table 50.16    Haematological complications of HIV. 

     Pancytopenia, ineffective haemopoiesis, MDS  

  Anaemia  

  Drugs: anti - HIV, supportive care (e.g. ganciclovir)  

  Nutritional  

  Bleeding/phlebotomy  

  Anaemia of chronic disease  

  Parvovirus    

  Thrombocytopenia  

  Reduced platelet survival: antibodies, infection, splenomegaly, 

fever  

  Reduced production: megakaryocyte differentiation reduced, 

CD34 reduction    

  Neutropenia: antibody mediated, drug induced  

  TTP/HUS/microangiopathy: usually treatment induced  

  Coagulation abnormalities  

  Thrombosis  

  Antiphospholipid   antibodies plus   anticardiolipin antibodies  

  Protein S defi ciency    

  Malignancy  

  Lymphoma: non - Hodgkin/Burkitt - like, primary CNS, 

Hodgkin disease, others  

  Myeloma  

  Acute myeloid leukaemia       

   HUS, haemolytic – uraemic syndrome; MDS, myelodysplastic 

syndrome; TTP, thrombotic thrombocytopenic purpura.   
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reported to occur with increased frequency, for example 
myeloma and AML. HIV - positive subjects who develop these 
malignancies often display a prolonged premalignant phase, 
with smouldering myeloma and myelodysplasia frequently 
reported.   
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infection; drug - induced changes are common and autoimmune 
neutropenia also occurs. Granulocyte colony - stimulating factor 
has been successfully used to improve the neutrophil count 
in infected HIV - positive subjects. Defects in neutrophil and 
monocyte function have also been demonstrated.  

  Platelets 

 Thrombocytopenia is seen in up to 50% of HIV - infected 
patients. Reduced platelet production can occur for the reasons 
described above; however, it is usually due to increased platelet 
destruction. This is often antibody mediated (immune throm-
bocytopenia; see Chapter  49 ). HIV - specifi c antibodies have 
been shown to share a common epitope with antibodies against 
platelet GPIIb/IIIa. Non - specifi c absorption of immune com-
plexes onto platelets also occurs and predisposes to immune 
thrombocytopenia. Reduced platelet production is common in 
HIV - positive subjects and direct infection of megakaryocytes by 
HIV has been described. Morphologically abnormal megakary-
ocytes are seen in the marrow. Other causes of thrombocytope-
nia include infection and microangiopathy. Both HUS and TTP 
are well described in the setting of HIV infection, particularly 
in the era before HAART. Treament of thrombocytopenia 
depends on the cause. Treatment of HIV infection using 
HAART frequently leads to improvement in the platelet count. 
Immune thrombocytopenia in HIV - infected subjects is treated 
in the same way as in the non - HIV population. However, 
immunosuppression carries particular risks and steroids should 
be used with extreme caution. Splenectomy is often effective, 
and anti - CD20 monoclonal antibody therapy may also be used.  

  Coagulation 

 Coagulation abnormalities can occur in the setting of infection 
and acute illness. Circulating coagulation inhibitors have also 
been described. Protein S defi ciency is well described and pre-
disposes to an increased risk of thrombosis. DIC is common in 
the setting of infection and HIV infection.  

  Other  c hanges 

 Lymphoma is the commonest tumour in HIV - positive subjects 
(Chapter  35 ). Other haematological malignancies are also 
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  Introduction 

 For the purposes of this chapter,  ‘ tropical diseases ’  refers to 
infectious diseases occurring predominantly in tropical areas. 
The chapter has been divided into two sections, covering tropi-
cal diseases in which organisms can be visualized in the blood 
or bone marrow and those that cause secondary haematological 
abnormalities. 

 Around the world, 1 in 35 people (i.e. 2.9% of the popula-
tion) are migrants, moving mostly from poorer to richer coun-
tries. In the UK, net international migration contributed to 68% 
of the population growth in 2005 and travelling migrants are 
responsible for a major component of imported tropical infec-
tions. Rapid increases in worldwide travel mean that haema-
tologists need to know about the tropical diseases that can cause 
haematological abnormalities and be able to take relevant travel 
histories from patients. They also need to be aware of ethnic 
variations in reference ranges to avoid wasting resources on 
unnecessary investigations and to avoid causing undue anxiety 
for the patient.  

  Ethnic  v ariations in  r eference  r anges 

 The white blood cell count and relative and absolute neutrophil 
counts are lower in black people, Yemenite Jews, Palestinians 

and Saudi Arabians than in white people. After the age of 1 year, 
Africans have lower counts than West Indians or black 
Americans (Table  51.1 ). This is due to the non - white popula-
tions having a greater number of neutrophils in the storage 
pool. Stimulation of a neutrophil response in these ethnic 
groups leads to rises in the neutrophil count to the same level 
as white populations irrespective of the baseline level. Indian, 
Chinese and Southeast Asian populations have the same white 
blood cell and neutrophil counts as white northern Europeans. 
The platelet counts in healthy West Indians and Africans may 
be 10 – 20% lower than in Europeans living in the same environ-
ment. It is not clear whether there are true ethnic variations in 
eosinophil counts but counts of up to 2    ×    10 9 /L have been 
described in healthy blood donors in Africa. Interpretation of 
variations in blood counts should therefore take account of the 
individual ’ s ethnic background.    

  Tropical  d iseases with  o rganisms in 
 p eripheral  b lood or  b one  m arrow 

  Malaria 

     Epidemiology and  b iology 
 Four species of plasmodia cause malaria in humans:  Plasmodium 
falciparum ,  P. vivax ,  P. ovale  and  P. malariae .  Plasmodium fal-
ciparum  is by far the most dangerous and causes the greatest 
mortality and morbidity. Over 80% of  P. falciparum  infections 
in the UK are acquired in sub - Saharan Africa, while 85% of  P. 
vivax  infections are acquired in South Asia, especially India and 
Pakistan. In 2007, 1548 cases of malaria were reported in the 
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malaria transmission in aircraft or near airports in temperate 
zones due to infected mosquitoes being brought to non - 
malarious areas. 

 Within a few hours of an infected bite, the sporozoites enter 
the hepatocytes, where they divide (Figure  51.1 ). Rupture of the 
hepatocyte releases the parasites into the blood where they 
attach to red cell membranes using specifi c receptors. The para-
sites feed on the red cell stroma, and the digestion products 
form the characteristic brown pigment (haemozoin) that accu-
mulates in phagocytic cells. In the red cells asexual replication 
of the trophozoites (ring forms) occurs, giving rise to erythro-

UK, of which 1139 (73%) were due to  P. falciparum  and 256 
(16%) to  P. vivax ; there were fi ve deaths. Malaria rates were 
highest in immigrants returning from visits to their countries 
of origin and accounted for one - third of all reports. The major-
ity of travellers (81%) had not taken malaria prevention tablets. 

 Malaria is transmitted by the bite of an infected female 
 Anopheles  mosquito. The infecting agent is the sporozoite and 
thousands of these spindle - shaped cells may be injected by a 
single bite. Infrequently, transmission may also occur through 
blood transfusion, bone marrow transplantation and transpla-
centally (0.5% of all UK cases). There have also been reports of 

  Table 51.1    Automated white cell 

(WBC) and neutrophil counts in adults 

of different ethnic origins (95% 

ranges). 

        Male     Female  

   WBC 

 ( ×    10 9 /L)  

   Neutrophil count 

 ( ×    10 9 /L)  

   WBC 

 ( ×    10 9 /L)  

   Neutrophil count 

 ( ×    10 9 /L)  

  White    3.7 – 9.5    1.7 – 6.1    3.9 – 11.1    1.7 – 7.5  

  Afro - Caribbean    3.1 – 9.4    1.2 – 5.6    3.2 – 10.6    1.3 – 7.1  

  African    2.8 – 7.2    0.9 – 4.2    3.0 – 7.4    1.3 – 3.7  

To mosquito

Sexual cycle in the gut
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     Figure 51.1     Life cycle of the malarial 

parasite.  
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acute malaria and mild jaundice may also occur secondary to 
haemolysis. Other clinical features vary with different species. 

   Plasmodium  f alciparum  
  Plasmodium falciparum  is the only species associated with com-
plicated and severe disease. Death may occur after a single expo-
sure to malaria, particularly in those with no immunity such as 
non - immune travellers or young children in endemic countries. 
Despite this, the majority of infections cause a self - limiting 
febrile illness. Recurrent fevers and other symptoms of malaria 
may be due to either recrudescence of blood forms that 
persist between attacks or to reinfection with a new strain or 
species. Recurrent attacks with different strains lead to the 
development of clinical immunity but not necessarily to com-
plete clearance of parasites. Parasites may therefore be detected 
in a high proportion of adults in endemic areas who are clini-
cally asymptomatic. 

 In addition to fever with rigors, nausea and hot and cold 
phases,  P. falciparum  infection can also present with diarrhoea 
and cough (Table  51.2 ). Serious complications include severe 
anaemia, cerebral involvement and failure of major organs such 
as kidneys and liver.   

 During pregnancy, immunity to malaria is reduced and para-
site density increases. Even if parasites cannot be visualized in 
the peripheral blood, they may be sequestered in the placenta 
and compromise fetal development.  Plasmodium falciparum  is 
therefore an important cause of low birth weight in neonates 
and anaemia in pregnant women. Both of these factors have a 
detrimental effect on the later development of the infant.  

   Plasmodium  m alariae  
 The incubation period of  P. malariae  may be several weeks. It 
is associated with recurrent fever, anaemia and enlargement of 
the liver and spleen. Without treatment, recrudescences may 
occur with decreasing severity over many years. Clinical symp-
toms of malaria have been reported up to 30 years after the 
initial infection.  

   Plasmodium  v ivax  and  Plasmodium  o vale  
 These species cause a similar clinical picture with bouts of fever 
occurring periodically up to 5 years after the initial infection. 
These are relapses, due to reinvasion of red cells by hypnozoites, 

cyte schizonts. The schizonts mature into merozoites and are 
released into the circulation to reinfect other red cells. The 
periodicity of this release varies with the species and is respon-
sible for the classical cyclical nature of malaria fevers. Relapses, 
which can occur months or years after the primary illness, are 
characteristic of infection with  P. vivax  and  P. ovale , and are due 
to maturation of persistent hypnozoites in the liver.   

 A few of the trophozoites develop into male and female 
banana - shaped gametocytes and are taken up by the mosquito 
at a blood meal. Inside the midgut of the mosquito, they 
undergo sexual reproduction and sporozoites migrate to the 
salivary glands, ready to infect another host when the mosquito 
bites. 

 Unlike the schizonts of  P. vivax ,  P. ovale  and  P. malariae , 
those of  P. falciparum  are not commonly seen in the peripheral 
blood of the human host. This is because  P. falciparum  - infected 
cells have surface cytoadherence molecules that enable them to 
be sequestered in the deep tissues. Therefore  P. falciparum  sch-
izonts only appear in the blood in very severe infections or in 
splenectomized patients. Sequestration is responsible for some 
of the severe clinical consequences of  P. falciparum  malaria, 
such as cerebral malaria.  

  Clinical  f eatures 
 The time between the infected bite and the appearance of clini-
cal symptoms and parasites in the peripheral blood varies 
between species. It is 7 – 30 days (mean 10 days) in  P. falciparum  
but can be months, or even years, with other species, particu-
larly  P. vivax  and  P. ovale , because of their hypnozoite stage. 
The dormancy time of hypnozoites varies with the different 
strains. 

 Maximal immunity to malaria takes around 10 years to 
develop and is lost over the course of 1 – 5 years if the individual 
leaves a malarious area and is no longer exposed to infections. 
This is often not appreciated by students or immigrants from 
malaria - endemic countries, who are more prone to severe 
attacks of malaria when they return home after a prolonged 
period in a non - malarious area. 

 All four  Plasmodium  species produce factors that cause 
release of tissue cytokines, especially from leucocytes. These 
cytokines produce fever and contribute to anaemia through 
marrow suppression. Splenomegaly is a common feature of 

  Table 51.2    Clinical features of  P. 

falciparum  malaria infection. 
   Target organ     Clinical features     Potential common misdiagnosis  

  Gastrointestinal    Diarrhoea, vomiting    Traveller ’ s diarrhoea  

  Respiratory    Cough, pulmonary oedema    Pneumonia, cardiac failure  

  Neurological    Delirium, coma, convulsions, 

focal neurological signs  

  Encephalitis, meningoencephalitis  

  Renal    Oliguria, haemoglobinuria    Nephritis  

  Hepatic    Jaundice, hypoglycaemia    Hepatitis  

  Haematological    Anaemia, splenomegaly    Viral infection, lymphoma  
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groups, such as pregnant women and young children, in 
endemic countries. 

 The white cell count in malaria is usually normal but may be 
raised in severe disease. Other white cell changes that have been 
described in malaria include a leucoerythroblastic response, 
monocytosis, eosinopenia and a reactive eosinophilia during 
the recovery phase. Neutrophil activation, indicated by raised 
leucocyte elastase levels, may be apparent in severe malaria. 
Mild thrombocytopenia with counts around 100    ×    10 9 /L is 
common. It is due to increased splenic clearance and is associ-
ated with increased platelet turnover and raised thrombopoie-
tin levels. Pancytopenia without massive splenomegaly has also 
been described. 

 The bone marrow of patients with acute malaria due to any 
of the four species shows prominent dyserythropoiesis. This 
may persist for weeks after the acute infection and is caused 
by intramedullary cytokines produced by the infection. 
Erythrophagocytosis and macrophages containing malaria 
pigment are frequently seen in marrow samples from malaria 
patients. 

 Although malaria is associated with thrombocytopenia and 
activation of the coagulation cascade and fi brinolytic system, 
bleeding and haemorrhage are uncommon even though the 
prothrombin and partial thromboplastin times may be pro-
longed. The trigger for this activation is unknown but there is 
evidence that it may be a combination of procoagulant cytokines 
and parasitized erythrocytes, which can directly activate coagu-
lation pathways. Disseminated intravascular coagulation (DIC) 
is not important in the pathogenesis of severe malaria. 
Fibrinogen levels are often increased and there is rapid fi brino-
gen turnover with consumption of antithrombin and factor 
(F)XIII, and increased fi brin degradation products (FDPs). 
Microparticle formation from platelets, red cells and macro-
phages also causes widespread activation of blood coagulation. 
Malaria has recently been found to result in increased levels of 
circulating active von Willebrand factor (VWF). 

 Haematological indicators of a poor prognosis in severe 
malaria include: 
   •      leucocytosis  >    12    ×    10 9 /L;  
   •      severe anaemia (packed cell volume  <    15%);  
   •      thrombocytopenia  <    50    ×    10 9 /L;  
   •      prolonged prothrombin time ( >    16   s);  
   •      prolonged partial thromboplastin time ( >    40   s);  
   •      reduced fi brinogen ( <    2   g/L);  
   •      hyperparasitaemia  >    100   000/ µ L (high mortality  >    500   000/ µ L);  
   •       >    20% of parasites are pigment - containing trophozoites and 
schizonts;  
   •       >    5% of neutrophils contain visible malaria pigment.     

  Genetic  h aematological  p rotection  m echanisms 
  Plasmdium vivax  needs Duffy blood group antigen as a receptor 
to enter red cells. This antigen is absent in at least two - thirds of 
black races who consequently have a natural resistance to infec-

rather than recrudescences, which are due to incomplete treat-
ment of the primary infection. The trigger for hypnozoites to 
reactivate after dormancy is unknown.   

  Haematological  a bnormalities 
 Normochromic normocytic anaemia is common, particularly 
in children, but the degree and rapidity of onset are very vari-
able. The haemoglobin may fall by up to 2   g/dL each day. In 
malaria - endemic regions, chronic anaemia due to nutritional 
defi ciencies, intestinal helminths, HIV and haemoglobinopa-
thies may be compounded by the effects of malaria. In chroni-
cally anaemic patients, the oxygen dissociation curve is shifted 
to the right so they are better able to tolerate further falls in 
haemoglobin. The clinical effects of anaemia in malaria are 
therefore due to a combination of the degree and rate of fall of 
haemoglobin. 

 The anaemia associated with malaria has multiple aetiologies. 
Red cells containing parasites are removed from the circulation 
by the reticuloendothelial system. There is also accelerated 
destruction of non - parasitized cells and dyserythropoiesis in the 
bone marrow. Both parasitized and non - parasitized red cells 
lose deformability and the high shear rates in the spleen enhance 
their removal by that organ. In acute malaria reticulocyte 
response is suppressed. Erythropoietin levels are usually ele-
vated, although occasionally they are less than anticipated for 
the degree of anaemia. 

 Uncommon complications of malaria that can exacerbate the 
anaemia are hyperreactive malarial splenomegaly and  ‘ blackwa-
ter fever ’ . Hyperreactive malarial splenomegaly is characterized 
by massive splenomegaly with hypersplenism (see later) and 
occurs as a result of a disordered immune response to malaria. 
Blackwater fever is associated with severe intravascular haemo-
lysis with haemoglobinuria, and can lead to acute renal failure. 
It has been associated with antimalarial drugs, particularly 
quinine, and may be more common in individuals with glu-
cose - 6 - phosphate dehydrogenase (G6PD) defi ciency. 

 The high prevalence of severe anaemia in areas with intense 
malaria transmission has generally been ascribed to malaria, but 
recent studies in Malawian children have suggested that the 
anaemia is multifactorial, with bacteraemia, malaria, hook-
worm, HIV and defi ciencies of G6PD, vitamin A and vitamin 
B 12 , but not iron and folate defi ciency, being important. 

 Case fatality rates of children with severe anaemia in Africa 
are 9 – 18% and mortality rises steeply at haemoglobin concen-
trations of less than 4   g/dL. Severe decompensated malarial 
anaemia can be accompanied by hypovolaemia and acidosis and 
therefore requires urgent intravenous rehydration and blood 
transfusion. The high risk of transfusion - transmissible infec-
tions in poorer countries makes it especially important to 
prevent and adequately treat the milder forms of anaemia so 
that transfusions can be avoided. Antimalarial prophylaxis, pre-
sumptive malarial treatment and insecticide - treated bednets are 
valuable in reducing malaria infections and anaemia in specifi c 
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   •      A positive fi lm does not prove that symptoms are due to 
malaria: asymptomatic parasitaemia is common in adults from 
endemic areas.  
   •      Parasites, particularly  P. falciparum  gametocytes, may be 
washed off the slide during staining; bulk staining of slides may 
result in transfer of parasites between slides.  
   •      Parasite density does not necessarily correlate with disease 
severity, although heavy parasitaemia ( >    5% of red cells infected) 
indicates a poor prognosis.    

 Malaria pigment may persist in phagocytic cells for several 
weeks after an acute attack and may be helpful in retrospective 
diagnosis of malaria. Automated haematology analysers may 
produce an abnormal pattern on the white cell differential 
count histogram. Debris below the white cell threshold may be 
due to malaria parasites and manual examination of blood fi lms 
is indicated if this pattern is fl agged up by the analyser.  

  Antigen  d etection 
 Rapid diagnostic tests for malaria are based on detection of the 
malaria antigen histidine - rich protein (HRP)2 or parasite 
lactate dehydrogenase (pLDH). They have been incorporated 
into immunochromatographic antigen - capture kits for rapid 
diagnosis. The sensitivity of these dipstick strip tests approaches 
that of thick fi lm microscopy (i.e. 0.002% parasitaemia equiva-
lent to 100 – 200 parasites/ µ L of blood). HRP2 protein may 
remain positive for 14 days after successful treatment and false 
positives due to rheumatoid factor have been reported. pLDH 

tion with  P. vivax . The protective effect of HbAS against the 
life - threatening complications of malaria is well recognized. 
Similar but less marked protection is associated with other red 
cell genetic abnormalities such as G6PD defi ciency,  α  thalas-
saemia trait and HbC trait.  

  Diagnosis 
  Microscopy 
 Direct visualization of parasites by light microscopy using a 
combination of thick and thin blood fi lms is the gold - standard 
diagnostic technique for malaria (Table  51.3  and Figure  51.2 ). 
A Romanowsky stain (e.g. Field, Giemsa, Leishman) pH 7.2 is 
used so that the parasite cytoplasm stains blue and the nuclear 
chromatin red. A thick blood fi lm should be used as the fi rst 
screening tool as it allows larger volumes of blood to be exam-
ined than the thin fi lm. However, the parasites appear distorted 
due to the process of lysing the red cells so this method cannot 
be used for parasite morphology and speciation. A thin blood 
fi lm allows visualization of undistorted parasites and of the size 
and shape of the red cells but has low sensitivity because of the 
small amount of blood that can be examined.     

 The disadvantages of basing a diagnosis of malaria on blood 
fi lm examination include the following. 
   •      A negative fi lm does not exclude malaria: at least three fi lms 
taken during episodes of fever should be examined and even if 
these are negative it does not entirely exclude the diagnosis 
especially in the presence of antimalarial drugs.  

  Table 51.3    Differentiating features of human  Plasmodium / Babesia  species in stained thin blood fi lms. 

         P. falciparum       P. malariae       P. vivax       P. ovale       Babesia  sp.  

  Appearance of 

infected red 

blood cells (size 

and shape)  

  Both normal    Normal shape; size 

normal or smaller  

  1.5 – 2 times larger 

than normal; 

shape normal or 

oval  

  As for  P. vivax , 

but some have 

irregular edges  

  Both normal  

  Red cells with 

multiple 

parasites/cell  

  Common    Rare    Occasional    As for  P. vivax     Common  

  Stages present in 

peripheral 

blood  

  Rings and 

gametocytes; 

occasionally 

schizonts  

  All stages    All stages    As for  P. vivax     Only rings and rare 

pear - shaped forms 

( ‘ Maltese cross ’ ); 

no gametocytes  

  Ring form (young 

trophozoite)  

  Delicate small ring; 

scanty cytoplasm; 

sometimes at the 

edge of red cell 

( ‘ accol é  form ’ )  

  Ring one - third of the 

diameter of cell; 

heavy chromatin 

dot; vacuole 

sometimes  ‘ fi lled 

in ’   

  Ring one - third to 

half of the 

diameter of cell; 

heavy chromatin 

dot  

  As for  P. vivax     Resembles ring of  P. 

falciparum ; look 

for pear - shaped 

structure  

  Gametocyte     ‘ Crescent ’  or 

 ‘ sausage ’  shape is 

characteristic  

  Round or oval; dark 

coarse pigment  

  Round or oval    Round or oval 

(smaller than 

 P. vivax )  

  No gametocyte  
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population surveys and as a screening test for blood transfusion 
purposes.  

   DNA  -  b ased  m ethods 
 DNA probes have been developed for malaria diagnosis but 
their use is generally restricted to research and epidemiological 
surveys.   

  Haematological  i mplications of  t reatment for 
 f alciparum  m alaria 
 Chloroquine was the fi rst - line treatment for malaria in many 
countries for decades and was generally well tolerated. However, 
widespread parasite resistance has now seriously restricted its 
use and it is therefore being superseded by newer drugs, often 
in combination, to reduce the development of resistance. Some 
antimalarial drugs have signifi cant haematological side - effects, 
as described below. 

is only produced by viable parasites so it becomes negative 2 – 3 
days after successful treatment. None of these kits are able to 
provide quantitative information about parasitaemia but some 
are able to distinguish between  P. falciparum  and other species. 

 Potential uses of malaria antigen detection tests include: 
   •      confi rmation of malaria diagnosis on a blood fi lm;  
   •      detection of  P. falciparum  when the microscopist is inexperi-
enced (e.g. on - call or emergency situations);  
   •      determination of species when there is a possibility of mixed 
infection;  
   •      monitoring response to treatment (not HRP2 - based tests).     

  Antibody  d etection 
 Malarial antibodies can remain in the blood after the eradica-
tion of parasites, so their detection is not useful for diagnosis 
in the acute attack. The main uses of malarial antibody detec-
tion are for excluding malaria as a cause of recurrent fever, for 

(a)

(c)

(b)

     Figure 51.2     Stages in the life cycle of  Plasmodium falciparum  in 

Giemsa - stained thin fi lms; the cells are not enlarged or 

decolorized: (a) delicate early ring forms; (b) ring forms with 

prominent Maurer ’ s clefts; and (c) ring forms and early and late 

schizonts (schizonts are not commonly seen in the peripheral 

blood).  
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occurred in patients without a functioning spleen. In North 
America almost all the cases have been due to  B. microti , which 
usually produces a subclinical infection. Specifi c laboratory 
diagnosis of babesial infection is made by morphological exami-
nation of Giemsa - stained blood smears, serology and amplifi ca-
tion of babesial DNA using polymerase chain reaction (PCR).  

  Clinical  f eatures 
 The incubation period varies from 1 to 4 weeks, and the severity 
and progression of the clinical features vary with the infecting 
species. Most patients have no recollection of a tick bite. The 
disease presents with fever, prostration, mild hepatosplenom-
egaly and haemolytic anaemia with jaundice and haemoglob-
inuria. Severe complications, including acute tubular necrosis, 
respiratory distress and DIC, and a fulminant fatal course has 
been described in patients who are splenectomized, immuno-
suppressed, infected with HIV or elderly.  

  Haematological  a bnormalities 
 The anaemia may be mild to moderately severe and is due to 
parasite - induced abnormalities in the red cell membrane. 
Haemolytic anaemia, which may last for several weeks, is a 
prominent feature of babesiosis, particularly in splenectomized 
individuals. Although the haemolysis is due to complement or 
antibody coating of the red cells, the direct antiglobulin test 
(DAT) is usually negative. Haptoglobin levels are reduced and 
the reticulocyte count is increased. The presence of parasitae-
mia needs to be interpreted with caution as parasites may persist 
for months after the resolution of symptoms and the level of 
parasitaemia does not parallel the severity of disease (see Table 
 51.3 ). Babesia parasites may be confused with Pappenheimer 
bodies in splenectomized patients with active haemolysis. 
Thrombocytopenia may occur in severe cases. Total white cell 
counts are usually normal or low.  

  Haematological  i mplications of  t reatment for  b abesiosis 
 The combination of atovaquone and azithromycin is the treat-
ment of choice for mild or moderate babesiosis, whereas clin-
damycin and quinine and exchange transfusion are indicated 
for severe disease. Atovaquone has been associated with anaemia 
and neutropenia; azithromycin and clindamycin have been 
associated with neutropenia and thrombocytopenia.    

  Filariasis 

     Epidemiology and  b iology 
 There are two groups of human fi lariasis: those that occur in 
the blood (lymphatic fi lariasis) and those that occur in the skin 
(onchocerciasis). Only lymphatic fi lariasis is considered in this 
chapter, as it is associated with detectable organisms in the 
peripheral blood. 

 Two species of fi larial worms cause lymphatic fi lariasis in 
humans and are relevant for haematologists,  Wuchereria ban-

 Pyrimethamine is used in combination with a long - acting 
sulphonamide, such as sulfadoxine (as in Fansidar). It is a 
dihydrofolate reductase inhibitor and may therefore induce 
megaloblastic anaemia and other cytopenias. The sulphur com-
ponent of these combinations may rarely cause cytopenias and 
methaemoglobinaemia. 

 Dapsone acts by inhibiting the synthesis of dihydrofolic acid 
and is used as part of a fi xed combination with proguanil or 
chlorproguanil. It may be associated with haemolytic anaemia, 
methaemoglobinaemia and eosinophilia. 

 Primaquine, an inhibitor of protein synthesis, is active against 
the hypnozoites of  P. vivax  and the gametocytes of  P. falci-
parum . It causes oxidant haemolysis in patients with G6PD 
defi ciency and, rarely, methaemoglobinaemia. 

 Quinine is usually reserved for life - threatening infections 
especially in endemic countries. It acts by disrupting the food 
vacuole of the parasite. Rarely, it is associated with immune 
thrombocytopenia and severe intravascular haemolysis. 

 Mefl oquine, halofantrine and artemisinin - related com-
pounds do not commonly cause signifi cant haematological 
side - effects. A combination of artemether and lumefantrine 
(Coartem or Riamet) is commonly used as fi rst - line treatment 
in endemic areas. It has no major haematological side - effects.  

 Some antibacterial drugs, such as doxycycline, clindamycin, 
trimethoprim and sulphonamides, have also been used for their 
antimalarial effect and may be associated with haematological 
side - effects. 

 For malaria due to  P. vivax ,  P. ovale  and  P. malariae , chloro-
quine is still widely used for treatment as resistance is generally 
low; primaquine is added to prevent relapses in vivax and ovale 
malaria.    

  Babesiosis 

     Epidemiology and  b iology 
 Babesiosis is not a tropical disease but is briefl y described here 
as it can be confused with malaria. Babesiosis is endemic in the 
northeastern and upper midwestern regions of the USA and is 
found sporadically in other parts of the USA, Europe, Asia, 
Africa and South America. It is primarily a disease of animals 
and rarely infects humans. It is due to a protozoan parasite 
transmitted by the bite of the ixodid tick. Following the bite, 
the organisms penetrate red cells, where they take on an oval, 
round or pear shape and multiply by budding. The erythrocytic 
ring forms of  Babesia microti  and  B. divergens  may be confused 
with malaria  P. falciparum  rings, but they do not produce 
pigment or cause alterations in red cell morphology. A minority 
of organisms take on a folded shape and are thought to be 
gametocytes. 

  Babesia bovis ,  B. microti  and  B. divergens  are responsible for 
the majority of human infections, which range from asympto-
matic to severe and occasionally are fatal. Most of the cases 
reported from Europe have been due to  B. divergens  and 
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are recurrent bouts of fever with heat, redness and pain over 
lymphatic vessels. In fair - skinned people, the lymphangitis can 
be seen to spread distally (i.e. the opposite direction to septic 
lymphangitis). In  W. bancrofti  infection, these repeated epi-
sodes of infl ammation eventually result in the typical chronic 
picture of fi lariasis, including hydrocele, lymphoedema and 
elephantiasis, chyluria and tropical pulmonary eosinophilia. 
The clinical picture in  B. malayi  infection is similar but it does 
not cause hydrocele or chylous urine.  

  Other  fi  lariae with  b lood -  i nhabiting  l arvae 
  Loa  l oa 
 This occurs in the rain - forest belt of Africa, especially West 
Africa. The adult worms migrate through the subcutaneous 
tissues, including the conjunctiva, and occasionally can be seen 
passing across the eye.  

  Mansonella  p erstans 
 This is a non - pathogenic and common infection of people in 
Africa. These organisms may therefore coexist in the blood with 
 W. bancrofti  but can be distinguished by their smaller size and 
absence of a sheath.  

crofti  and  Brugia malayi . They have different geographical dis-
tributions, with  W. bancrofti  being the most widespread. More 
than 90% of infections due to  W. bancrofti  are found in Asia, 
although it also occurs in Africa, America and the Pacifi c 
Islands. Filariasis due to  B. malayi  occurs in China, Indo - China, 
Thailand, Malaysia, Indonesia, the Philippines and south - west 
India (Figure  51.3 ).   

 The worms are 4   cm (male) to 10   cm (female) in length and 
can live for over 10 years in the lymphatics. Microfi lariae, which 
are 250 – 300    µ m long, are produced by the female worm and 
released into the blood after 3 – 8 months, where they may live 
for up to 1 year. Microfi lariae densities can reach 10   000/mL but 
are usually much lower. They exhibit daily periodicity in the 
blood and this timing is designed to match the biting habits of 
their mosquito vectors, culicine and anopheline mosquitoes. 
The microfi lariae develop in the mosquito and pass into the 
proboscis, ready to be injected into another human.  

  Clinical  p resentation 
 There is wide variation in the presenting features of lymphatic 
fi lariasis, which may occur 6 months or more after the infective 
bite. The symptoms and signs are due to lymphangitis. There 

Endemic

Uncertain

Non-endemic

     Figure 51.3     Global distribution of lymphatic fi lariasis.  
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 To optimize the chances of fi nding scanty microfi lariae in the 
blood, the sample should be taken at the appropriate time for 
the expected peak concentration of microfi lariae (i.e. around 
midnight or midday for nocturnally and diurnally periodic 
forms respectively). There are many techniques for demonstrat-
ing microfi lariae in the laboratory. The simplest method is a wet 
preparation of fresh blood. Microfi lariae will survive in venous 
blood collected into EDTA for 2 days at room temperature. 
Motile microfi lariae can be seen on a slide under low power and 
can be counted in a counting chamber. Numbers of micro-
fi lariae may be low, requiring concentration techniques such as 
blood fi ltering. 

 For species identifi cation, thick and thin blood fi lms should 
be stained with Giemsa or haematoxylin and the microfi lariae 
differentiated according to the pattern of their sheaths, nuclei 
distribution and size (Figure  51.4 ). The edges of the fi lm should 
be examined carefully as microfi lariae tend to be concentrated 
at the periphery and are easily missed if the microscopist imme-
diately uses high power in the centre of the fi lm.   

 Detection of circulating antigen by enzyme - linked immuno-
sorbent assay (ELISA) or immunochromatography (ICT) has 
replaced microscopy for the diagnosis of bancroftian, but not 
brugian, fi lariasis. An antigen ICT card test is available for the 
detection of  W. bancrofti , which does not react with other fi lar-
iae and is highly sensitive (100%) and specifi c (92%). Filarial 
DNA can be detected by PCR, and ultrasound scans can help 
identify adult worms within the lymphatic system. Serological 
tests are not very helpful as most individuals from endemic 
areas have antibodies to crude fi larial antigens and there is 
cross - reactivity with other fi lariae and nematodes.  

  Haematological  i mplications of  t reatment for  fi  lariasis 
 Oral diethylcarbamazine is the drug of choice in all forms of 
lymphatic fi lariasis, including subclinical infection. Alternative 

  Mansonella  o zzardi 
 This is also probably non - pathogenic and occurs in the West 
Indies and South America.   

  Haematological  a bnormalities 
 Eosinophilia is the major and most frequent haematological 
abnormality produced by lymphatic fi lariasis. Tropical pulmo-
nary eosinophilia is an unusual complication of fi lariasis and is 
due to an immunological hyperresponsiveness to microfi lariae 
in the lungs. It is more common in men than women. Although 
microfi lariae are absent from the blood in this syndrome, they 
may be seen in lung biopsies and adult worms can be visualized 
in lymphatics on ultrasound. There is an extreme eosinophilia, 
with eosinophil counts of greater than 10    ×    10 9 /L; the level of 
eosinophilia is not related to the severity of symptoms. In tropi-
cal pulmonary eosinophilia, diethylcarbamazine treatment 
reduces the eosinophil count and produces resolution of symp-
toms. This rapid response to treatment distinguishes fi lariasis 
from other causes of marked eosinophilia, such as helminths 
that affect the lungs ( Ascaris ,  Strongyloides ,  Schistosoma  subsp. 
 trichinosis  and  Toxocara ).  

  Diagnosis of  fi  lariasis 
 The adult worms residing in the lymphatics are inaccessible, 
so diagnosis is based on fi nding microfi lariae in the peripheral 
blood. The level of fi laraemia is inversely related to the clinical 
signs because much of the damage is due to immunological 
responses to the microfi lariae rather than to the organisms 
themselves. Furthermore, the presence of microfi lariae does 
not necessarily mean that they are causing clinical problems 
and, conversely, a lack of microfi lariae in the blood does 
not exclude a diagnosis of fi lariasis. The peripheral blood fi nd-
ings must therefore be assessed in the context of the clinical 
picture. 

(a) (b)

     Figure 51.4     Microfi lariae of  W. bancrofti  in thick fi lm: (a) microfi liaria showing the negative impression of the sheath ( ×    365); (b) tail 

of the microfi laria showing that the nuclei do not extend into the tail ( ×    912).  
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Republic, Chad, Democratic Republic of Congo, C ô te d ’ Ivoire, 
Guinea, Malawi, Uganda and United Republic of Tanzania. 
During recent epidemic periods the prevalence reached 50% in 
several villages in the Democratic Republic of Congo, Angola 
and southern Sudan. Improved surveillance has reduced the 
number of new cases over the last decade.  

  Clinical  f eatures 
 The bite of a tsetse fl y is very painful and causes a small indu-
rated lesion that may persist for some days. The local multipli-
cation of the trypanosomes may cause a marked infl ammatory 
reaction (a chancre) that regresses after 2 – 3 weeks. Entry of the 
trypanosomes into the bloodstream is associated with fever, 
which tends to be less marked in West African trypanosomiasis 
than in the East African variety. East African trypanosomiasis 
is primarily a disease of cattle and only enters human hosts by 
accident. It is therefore less well tolerated than West African 
sleeping sickness, having a more aggressive course and intense 
symptoms. 

 The early stages of sleeping sickness can be associated with 
prominent lymphadenopathy, particularly of the posterior cer-
vical nodes, and mild splenomegaly. These features may be 
suggestive of infectious mononucleosis, tuberculous lymphad-
enitis or a lymphoproliferative disorder. Severe anaemia, haem-
orrhages and petechiae may occur at this stage. 

treatments include combinations of albendazole and ivermec-
tin. None of these drugs has common, serious haematological 
side - effects. It has recently been discovered that depletion of 
 Wolbachia  endobacteria, a symbiont of  Onchocerca , by tetracy-
cline antibiotics leads to long - lasting sterility of adult female 
worms.    

  African  t rypanosomiasis ( s leeping  s ickness) 

     Epidemiology and  b iology 
 African sleeping sickness is caused by the haemofl agellate 
protozoa  Trypanosoma brucei gambiense  in West and Central 
Africa, and  T. brucei rhodesiense  in eastern Africa (Figure 
 51.5 ). These parasites are fusiform in shape, 12 – 35    µ m long 
and morphologically indistinguishable from each other. The 
disease is transmitted by the bite of the tsetse fl y, which is 
only found in Africa. The trypanosomes multiply by fi ssion 
in the vicinity of the infected bite and are then disseminated 
by the bloodstream. Congenital transmission has also been 
described.   

 The distribution of African sleeping sickness is determined 
by the ecological limits of the tsetse fl y vector and lies in the 
region between Senegal and Somalia in the north and the 
Kalahari and Namibian deserts in the south. Sleeping sickness 
is an important public health problem in Central African 

Epidemic

Human African
trypanosomiasis

High endemic

Endemic

At risk

     Figure 51.5     Global distribution of 

African trypanosomiasis.  
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then CSF examination is mandatory to determine the stage of 
the illness.  

  Haematological  i mplications of  t reatment for 
African  s leeping  s ickness 
 Pentamidine and suramin are the drugs of choice for the early 
stages of West and East African trypanosomiasis respectively. 
They have a cure rate of around 90% but are only able to achieve 
modest CSF concentrations so they cannot be used for later 
stages of the disease. The most common haematological side -
 effects of pentamidine are leucopenia, thrombocytopenia and 
anaemia. Suramin has serious side - effects, including haemolytic 
anaemia and bone marrow toxicity. 

 Melarsoprol, an arsenic - based compound, has been the drug 
of choice for late - stage sleeping sickness but is highly toxic, with 
a mortality of 4 – 12%. Its main adverse effect is a fatal encepha-
lopathic syndrome; haematological toxicity is not a particular 
problem. 

 Efl ornithine is expensive but is of benefi t in late - stage 
sleeping sickness, particularly West African disease; 25 – 50% of 
patients treated with this drug exhibit bone marrow toxicity 
with pancytopenia.    

  American  t rypanosomiasis (Chagas  d isease) 

     Epidemiology and  b iology 
 Chagas disease is caused by a haemofl agellate protozoa,  T. 
cruzi , which is transmitted by triatomine bugs that infest 
poor - quality housing. It can also be transmitted through blood 
transfusions and congenitally. It is restricted to a region in the 
Americas between Argentina and the southern states of the 
USA.  

  Clinical  f eatures 
 The incubation period is usually a couple of weeks but may be 
up to several months if transmission was through blood trans-
fusion. In the acute phase, swelling at the site of entry of the 
organism, a chagoma, may be accompanied by fever, mild 
hepatosplenomegaly and local or generalized lymphadenopa-
thy. The trypanosomes multiply intracellularly in muscle tissue, 
particularly the heart, colon and oesophagus. Once infection 
has occurred, the organisms will be present for life unless treat-
ment is given. The chronic phase of the disease is associated 
with heart disease in 30% of infected individuals, which is man-
ifest as arrhythmias and cardiomegaly. A small proportion of 
individuals also have clinical involvement of the gastrointestinal 
tract and other hollow organs resulting in loss of peristalsis, 
organomegaly and organ failure. Asymptomatic infection is 
common and poses a problem for blood transfusion services in 
endemic areas, so some countries routinely screen blood for 
American trypanosomiasis.  

 Both types of African sleeping sickness cause a protracted 
febrile illness which, despite the name, is not always associated 
with drowsiness. Death is inevitable if the disease is left 
untreated. As the disease progresses parasitaemia decreases, 
trypanosomes invade the central nervous system (CNS) and 
neurological disturbances due to infl ammatory chronic menin-
goencephalitis supervene. In West African trypanosomiasis, the 
disease runs its course over several years but in East African 
trypanosomiasis infection CNS involvement may occur within 
weeks.  

  Haematological  a bnormalities 
 The aetiology of the anaemia in sleeping sickness is multifacto-
rial but primarily due to phagocytic removal of immune 
complex - coated red cells from the circulation. Trypanosomes 
liberate haemolytic factors that contribute to this process, and 
increases in plasma volume cause a dilutional anaemia. There 
is a failure to incorporate iron into red cell precursors and the 
resulting dyserythropoiesis means that the bone marrow is 
unable to compensate for the fall in haemoglobin. There may 
be a moderate leucocytosis with increased monocytes, lym-
phocytes and plasma cells. Mott morular cells have also been 
described in sleeping sickness. The bone marrow is hypercel-
lular, with areas of gelatinous degeneration. 

 As the disease advances, a bleeding tendency may develop 
due to thrombocytopenia, vascular injury and coagulopathy. 
Platelet dysfunction has also been described and is manifest as 
clumping and abnormal aggregation responses. DIC with raised 
FDPs may occur in the later stages. Although some of these 
haematological changes can be linked to the non - specifi c poly-
clonal activation of B cells, overall the mechanisms underlying 
these are not well understood.  

  Diagnosis of  s leeping  s ickness 
 Trypanosomes can be seen on stained thin blood fi lms but the 
number of trypanosomes in the circulation can vary consider-
ably and is often low, so concentration techniques are usually 
required. Quantitative buffy coat method is the technique of 
choice for diagnosis of African sleeping sickness. This involves 
concentrating the trypanosomes at the plasma – platelet inter-
face in a special microhaematocrit tube using differential 
centrifugation. Parasites are identifi ed by labelling with the 
fl uorescent marker acridine orange. 

 Wet preparations of fl uid aspirated from the lymph nodes, 
bone marrow or cerebrospinal fl uid (CSF) may also reveal live 
motile organisms. This technique is more likely to be produc-
tive in the case of infection with  T. brucei rhodesiense  than  T. 
brucei gambiense . The organisms are fragile so care must be 
taken not to damage them when making the smears. 

 The highly specifi c and sensitive serological card agglutina-
tion test for trypanosomiasis (CATT) may be used in conjunc-
tion with a direct visualization method. If these tests are positive, 
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  Clinical  f eatures 
 The clinical expression of leishmaniasis depends on both the 
genotypic potential of the parasite and the immunological 
response of the patient. Incubation period varies from days to 
years but is generally 2 – 6 months. Onset can be sudden with 
high fever, or gradual with intermittent fever. Diarrhoea, joint 
pains, weight loss and bleeding gums occur in the acute phase. 
This is followed by progressive muscle wasting, protuberant 
abdomen, fever, weight loss, anaemia and hepatosplenomegaly. 
The splenomegaly appears early and the spleen increases in size 
in relation to the duration of the disease, so that eventually it 
may reach into the left hyopchondrium. In immunocompro-
mised patients, such as transplant recipients and those with 
advanced HIV disease, kala - azar behaves like an opportunistic 
infection.  

  Haematological  a bnormalities 
 Normochromic normocytic anaemia is a frequent and clinically 
signifi cant feature of visceral leishmaniasis and haemoglobin 
levels of 7 – 10   g/dL are common. The massive splenic enlarge-
ment results in hypersplenism with consequent pancytopenia. 
Liver dysfunction with jaundice, ascites and deranged coagula-
tion may occur in the late stages and has a poor prognosis. The 
bleeding tendency may be exacerbated by thrombocytopenia. 
In all patients with unexplained splenomegaly, pancytopenia or 
fever, a high index of suspicion of leishmaniasis needs to be 
maintained to prevent fatalities.  

  Diagnosis of  l eishmaniasis 
 Defi nitive diagnosis is based on detection of the parasites, or 
their DNA, in smears of bone marrow, splenic aspirate or fl uid 
aspirated from enlarged lymph nodes. 

  Diagnosis of Chagas  d isease 
 Although similar methods to those used for African trypano-
somiasis can be helpful for diagnosis, serological tests are more 
commonly used as the primary diagnostic tool. They are based 
on enzyme immunoassay or immunofl uorescent antibody test 
and have good sensitivity. PCR may also be useful but is not in 
routine use.  

  Haematological  i mplications of  t reatment for 
American  t rypanosomiasis 
 There are only two effective drugs for the treatment of  T. cruzi  
infection, nifurtimox and benznidazole. Major haematological 
side - effects are not common with either drug, although agranu-
locytosis has been reported with benznidazole.    

  Leishmaniasis 

     Epidemiology and  b iology 
 Visceral and cutaneous leishmaniases are caused by protozoan 
fl agellates that are transmitted through the infective bite of a 
phlebotomine sandfl y. Following an infected bite, parasites 
spread from the inoculation site to the mononuclear phagocytic 
system. Only the visceral form (kala - azar) is associated with 
organisms in haemopoietic tissues and thus is considered 
here. Visceral leishmaniasis is due to the species  Leishmania 
donovani  and  L. infantum  and is found in 47 countries through-
out the world, with extension limits from 45 °  N to 32 °  S; 90% 
of cases are in Bangladesh, India, Nepal, Sudan and Brazil 
(Figure  51.6 ). The number of cases of visceral leishmaniasis, 
particularly around the Mediterranean basin in southern 
Europe, has increased in association with HIV - related 
immunosuppression.    

Highly endemic countries     Figure 51.6     Global distribution of 

visceral leishmaniasis.  
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toxicity is related to renal, cardiac, neurological and hepatic 
dysfunction. Side - effects can be reduced by using the liposomal 
preparation. Immunocompromised patients may require 
prophylaxis to prevent relapses.     

  Non -  s pecifi c  h aematological 
 a bnormalities  a ssociated with 
 t ropical  d iseases 

  Hypersplenism 

 Hypersplenism is a syndrome characterized by splenomegaly 
and cytopenias. Tropical infections associated with massive 
splenomegaly include hyperreactive malarial splenomegaly, 
visceral leishmaniasis, schistosomiasis and trypanosomiasis 
(Figure  51.8 ). The cytopenias in hypersplenism are due to a 
combination of sequestration and haemodilution. The degree 
of expansion of plasma volume is proportional to the size of the 
spleen, and can be improved by splenectomy. The thrombocy-
topenia and neutropenia are rarely severe enough to cause clini-
cal problems. Most of the thrombocytopenia is due to pooling 
in the spleen which, when massively enlarged, can hold up to 
90% of the platelet mass. Neutropenia is the result of increased 
marginalization of granulocytes. Treatment of the underlying 
disorder generally leads to regression of the splenomegaly with 
resolution of the haematological abnormalities.    

  Tropical  d iseases  a ssociated with  c hanges in 
the  f ull  b lood  c ount 

  Anaemia 
 Anaemia of chronic disease is a common and non - specifi c 
fi nding in many types of tropical infections. Some infections are 
responsible for specifi c types of anaemia. For example, hook-

 On microscopy  Leishmania  are usually seen as intracellular 
amastigotes in mononuclear cells but can also be seen extra-
cellularly (Figure  51.7 ). They are 2 – 6    µ m in diameter and 
contain a nucleus lying close to the rod - shaped kinetoplast, and 
an internal fl agellum. Using a Romanowsky stain, the nucleus 
and kinetoplast stain purple and can be clearly distinguished. 
Amastigotes can be seen in both bone marrow aspirates and in 
trephine - impression smears. They are rarely seen in peripheral 
blood and then only in buffy coat preparations.   

 Direct microscopic visualization is less sensitive than molec-
ular diagnosis, particularly when there is co - infection with HIV. 
PCR can be performed on lesion aspirate, marrow, blood and 
biopsy material. The indirect fl uorescent antibody tests ELISA 
and DAT are useful for detecting antibodies to visceral leishma-
niasis, but results may be inconclusive in immunosuppressed 
patients.  

  Haematological  i mplications of  t reatment 
for  l eishmaniasis 
 For the last 80 years, the treatment of leishmaniasis has been 
based on pentavalent antimonials, although their mode of 
action is still unclear. Sodium stibogluconate is the most com-
monly used antimonial. It can be associated with worsening 
anaemia and thrombocytopenia, although its most serious det-
rimental effects are on cardiac function. Resistance levels to 
antimonials are high in some countries including India, 
Bangladesh, Brazil and Sudan, so other options such as ampho-
tericin, paromomycin and miltefosine need to be considered. 
HIV co - infected patients do not respond well to antimonials so 
for these individuals amphotericin is the drug of choice. 
Amphotericin can produce haematological side - effects, com-
monly normocytic normochromic anaemia, but its most serious 

     Figure 51.7     Bone marrow aspirate of leishmaniasis infection 

showing a macrophage containing numerous organisms. The 

presence of both a nucleus and a small paranuclear kinetoplast 

gives the organisms their characteristic  ‘ double - dot ’  appearance 

(MCG  × 940).  

     Figure 51.8     Patient with massive splenomegaly due to 

hyperreactive malarial splenomegaly.  
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is elicited from the patient. Dengue and yellow fever are becom-
ing increasingly important imported infections. 

  Dengue 
 The four types of dengue virus belong to a group of fl aviviruses 
and are transmitted by  Aedes  mosquitoes. Dengue is endemic 
in tropical areas of Asia, Africa, South America and the 
Caribbean and is particularly virulent in Southeast Asia, includ-
ing Thailand and Vietnam. There has been a resurgence of the 
disease as a result of urbanization, poverty, the demise of  Aedes  
eradication programmes and increasing travel. 

 Primary infection occurs in young children and is usually 
asymptomatic. Older children and adults develop acute fever, 
headache and myalgia ( ‘ breakbone fever ’ ). Leucopenia may 
accompany this stage of the illness. Severe complications may 
arise in those who have had previous dengue infection. These 
include hypotensive shock, marked thrombocytopenia with 
spontaneous bleeding, neutropenia, bone marrow hypoplasia 
and abnormal megakaryocytopoiesis.  

  Lassa  f ever, Ebola  v irus and Marburg  v irus 
 These are endemic in equatorial Africa and are important 
because they cause potentially fatal infections and have the 
ability to spread from person to person. Only about 10% of 
infected individuals become ill. Of these 1 – 2% develop fatal 
disease. The clinical features of these three haemorrhagic fevers 
are similar and are characterized by headache, fever and 
oesophagitis. Spontaneous bleeding occurs in 25% of hospital-
ized patients and is thought to be due to abnormal platelet 
function. Case reports suggest that treatment with ribavirin 
may be helpful.  

  Yellow  f ever 
 Yellow fever virus is transmitted by  Aedes  mosquitoes and exists 
throughout equatorial Africa, and northern and central southen 
America. It invades hepatocytes, causing hepatocellular dys-
function and jaundice. Fever, myalgia and back pain may be 
followed by jaundice, bleeding and, in the most severe cases, 
renal failure.     
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worm infection contributes to iron defi ciency anaemia, and 
megaloblastic anaemia secondary to parasite consumption 
of vitamin B 12  is a feature of infection with the tapeworm 
 Diphyllobothrium latum . Intraerythrocytic parasites, such as 
those that cause malaria and babesiosis, may be associated with 
signifi cant intravascular haemolysis.  

  White  c ell  a bnormalities 
 Severe infections particularly due to bacteria may cause a neu-
trophilia and a leukaemoid reaction with circulating myeloid 
precursors and neutrophils with toxic granulation, vacuolation 
and D ö hle body formation. Lymphocytosis with neutropenia, 
splenomegaly, nose bleeds, rash and neurological complications 
is a feature of rickettsial diseases (e.g. typhus, Q fever, trench 
fever). Some, such as trench fever, may persist for many years 
and are transmissible in blood transfusions. The absence of 
neutrophilia in the presence of marked fever is a particular 
feature of typhoid. Lymphocytosis or monocytosis may also be 
present in typhoid; other clinical features include hepat-
osplenomegaly and, in severe disease, haemorrhage from ileal 
ulcers exacerbated by DIC. Helminths and other predominantly 
tropical organisms that invade tissues may be associated with a 
signifi cant eosinophilia ( >    0.5    ×    10 9 /L). Such diseases include 
loiasis, lymphatic fi lariasis, schistosomiasis, trichinosis, toxo-
cariasis, strongyloidiasis, hydatid disease, oriental liver fl ukes 
and guinea worm.   

  Tropical  i nfections with  f ever and 
 h aemorrhage 

  Relapsing  f ever 
 Relapsing fevers are borne by either lice or ticks. Louse - borne 
relapsing fever is endemic in the horn of Africa and Rwanda. 
Tick - borne relapsing fever has a wider distribution through 
Africa, the Mediterranean basin and the Middle East. They have 
a relapsing course and severe disease is characterized by fever 
with jaundice, neutrophilia, thrombocytopenia and DIC. There 
is a marked bleeding tendency, with petechial haemorrhage and 
epistaxis. Spiral organisms ( Borrelia  spp.) can be seen in the 
blood. Relapsing fevers respond well to tetracycline but this 
must be given with care as it can generate a severe life - 
threatening Jarisch – Herxheimer reaction.  

  Viral  h aemorrhagic  f evers 
 These are caused by arenaviruses, fi loviruses, bunyaviruses and 
fl aviviruses and are classifi ed according to their reservoir hosts 
and their primary means of transmission. They are divided into: 
   •      rodent - associated viruses (e.g. Lassa fever, hantaviruses);  
   •      arthropod - borne viruses (e.g. dengue, yellow fever and 
Chikungunya viruses);  
   •      unknown vectors or hosts (e.g. Marburg, Ebola).    
 They often occur in epidemics, have human - to - human trans-
mission and may only be suspected if a relevant travel history 
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  Developmental  h aemopoiesis 

 Haemopoiesis begins in the yolk sac in the third week of gesta-
tion and moves sequentially to the aorta – gonad – mesonephros 
(AGM) by 5 weeks ’  gestation, the liver by 6 – 8 weeks and the 
bone marrow around the 11th week of gestation. The AGM 
involutes early in the fi rst trimester and the liver is the principal 
site of haemopoiesis until the end of the third trimester. The 
predominant lineage during fetal life is erythropoiesis but plate-
lets and all types of leucocyte found in adult blood are also seen 
from as early as 4 – 5 weeks ’  gestation. 

 There are a number of differences between erythropoiesis in 
neonates and adults: red cell morphology is distinctive with 
large numbers of crenated red cells, particularly in preterm 
neonates (Figure  52.1 ); red cell lifespan is reduced (35 – 50 days 
in preterm infants, 60 – 70 days in term infants); susceptibility 
to oxidant - induced injury is increased because of differences in 
the glycolytic and pentose phosphate pathways; the erythropoi-
etin response to anaemia is blunted; and specifi c embryonic and 
fetal globin chains are synthesized (Table  52.1 ). The fi rst globin 
chain produced is  ε  - globin, followed by  α  -  and  γ  - globin chains. 
Haemoglobin F (HbF,  α  2  γ  2 ) is produced from 4 – 5 weeks ’  gesta-
tion and is the predominant haemoglobin until after birth. 
Adult haemoglobin (HbA,  α  2  β  2 ) is produced from 6 – 8 weeks ’  
gestation, but remains at low levels until after birth. In term 
babies, the average HbF at birth is 70 – 80%, the HbA is 25 – 30%, 

there are small amounts of HbA 2  and sometimes a trace of Hb 
Barts ( γ  4 ).     

 Immediately after birth, rates of haemoglobin synthesis and 
red cell production fall in response to the sudden increase in 
tissue oxygenation at birth. In term babies, the haemoglobin 
reaches a mean of 13 – 14   g/dL at 4 weeks and 9.5 – 11   g/dL at 7 – 9 
weeks of age. Studies of well preterm infants show a steeper fall 
in haemoglobin, reaching a mean of 6.5 – 9   g/dL at 4 – 8 weeks 
of age. The reticulocyte count falls after birth as erythropoiesis 
is suppressed and increases to normal values at 6 – 8 weeks 
of age. The blood volume at birth varies with gestational age 
and the timing of clamping of the cord. In term infants, the 
average blood volume is 80   mL/kg and in preterm infants 
106   mL/kg (range 85 – 143   mL/kg). Term and preterm babies 
have adequate stores of iron, folic acid and vitamin B 12  at birth. 
However, stores of both iron and folic acid are lower in preterm 
infants and are depleted more quickly, leading to defi ciency 
after 2 – 4 months if the recommended daily intakes are not 
maintained.  

  Neonatal  a naemia 

  Defi nition and  p athophysiology 

 Any neonate with a haemoglobin of less than 13   g/dL at birth 
should be considered anaemic and may require investigation 
(Figure  52.2 ). However, it is important to be aware that the 
haemoglobin concentration is affected by the site of sampling 
(it is up to 4   g/dL lower in venous than in heel - prick samples in 
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tion curve, which is principally determined by the concentra-
tions of HbF and 2,3 - diphosphoglycerate (2,3 - DPG); a high 
HbF and low 2,3 - DPG both shift the curve to the left, i.e. the 
affi nity of haemoglobin for oxygen is increased and less oxygen 
is released to the tissues. This is the situation just after birth and 
may be more of a problem for very preterm babies as their HbF 
levels are greater than 90%. Over the fi rst few months of life, 
2,3 - DPG levels rise and HbF levels fall so that the haemoglobin –
 oxygen dissociation curve gradually shifts to the right, the 
oxygen affi nity of haemoglobin falls and oxygen delivery to 
the tissues increases, ameliorating the effects of the falling 
haemoglobin.    

  Causes of  n eonatal  a naemia 

 Anaemia may be caused by reduced red cell production, 
increased red cell destruction (haemolysis) or blood loss 
(Table  52.2 ).   

  Neonatal  a naemia due to  r educed  r ed  c ell  p roduction 
 The main diagnostic clues to reduced red cell production are 
the combination of a low reticulocyte count ( <    20    ×    10 9 /L) with 
a negative direct antiglobulin test (Coombs test). The most 
common causes are congenital parvovirus infection and genetic 
red cell aplasias, particularly Diamond – Blackfan anaemia 
(DBA). 

     Figure 52.1     Typical erythrocyte morphology in a preterm 

neonate. Crenated red cells are a normal feature of the blood fi lm 

of preterm neonates during the fi rst few weeks of life. This fi lm is 

from a neonate born at 26 weeks ’  gestation and shows the 

number of crenated cells present in neonates under 28 weeks ’  

gestation. The numbers of these cells is inversely proportional to 

gestational age at birth.  

  Table 52.1    Composition of haemoglobins in the human embryo, 

fetus and neonate. 

   Haemoglobin     Globin chains     Gestation  

    α  - Globin 

gene cluster *   

    β  - Globin 

gene cluster *   

   Embryonic   

  Hb Gower 1     ξ  2      ε  2     From 3 – 4 weeks  

  Hb Gower 2     α  2      ε  2       

  Hb Portland     ξ  2      γ  2     From 4 weeks  

   Fetal   

  HbF     α  2      γ  2     From 4 weeks  

   Adult   

  HbA     α  2      β  2     From 6 – 8 weeks  

  HbA 2      α  2      δ  2     From 30 weeks  

    * The  α  - globin gene cluster is situated on chromosome 16 and the 

 β  - globin gene cluster on chromosome 11. Note that fetuses and 

neonates with  α  - thalassaemia major, who are unable to 

synthesize  α  - globin chains, will have Hb Portland as well as Hb 

Barts ( β  4 ), detectable by haemoglobin electrophoresis or HPLC.   

the fi rst few days of life) and the timing of the clamping of the 
cord (around 3   g/dL higher after late clamping). The clinical 
signifi cance of neonatal anaemia depends on whether the baby 
is able to maintain adequate tissue oxygenation. This in turn 
depends on the position of the haemoglobin – oxygen dissocia-

  Table 52.2    Common causes of neonatal anaemia. 

   Reduced red cell production  

 Diamond – Blackfan anaemia 

 Congenital viral infections, e.g. parvovirus, cytomegalovirus 

 Congenital dyserythropoietic anaemia 

 Pearson syndrome  

   Increased red cell destruction (haemolysis)  

 Alloimmune: haemolytic disease of the newborn (Rh, ABO, Kell, 

other) 

 Red cell membrane disorders, e.g. hereditary spherocytosis 

 Red cell enzyme defi ciencies, e.g. pyruvate kinase defi ciency 

 Some haemoglobinopathies, e.g.  α  - thalassaemia major, HbH 

disease  

   Blood loss  

 Occult haemorrhage before or around birth, e.g. twin – twin, 

fetomaternal 

 Internal haemorrhage, e.g. intracranial, cephalhaematoma 

 Iatrogenic, due to frequent blood sampling  

   Anaemia of prematurity  

 Impaired red cell production plus reduced red cell lifespan  
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almost never present at birth. DBA, which occurs in fi ve to 
seven babies per million live births, has a clear family history in 
20% of cases (autosomal dominant or recessive) and appears to 
be sporadic in the remaining 80%. It usually presents as increas-
ing anaemia over the fi rst few weeks or months of life but more 
severe cases manifest as second - trimester anaemia or hydrops 
fetalis. Around 40% of infants have associated congenital 
anomalies, particularly craniofacial dysmorphism, neck anoma-
lies and thumb malformations similar to those seen in Fanconi 
anaemia. The blood fi lm shows normochromic red cells with 
an absence of polychromasia and nucleated red cells despite 
severe anaemia (Figure  52.3 ). Reticulocytopenia is usually 
severe but automated reticulocyte counts of 20 – 30    ×    10 9 /L are 
sometimes seen. Erythroid precursors are absent in the bone 
marrow aspirate. These features are diagnostic of DBA if par-
vovirus infection is excluded. Raised red cell levels of adenosine 
deaminase (ADA) in the patient and/or parents may be useful 

  Parvovirus B19 and  f etal/ n eonatal  a naemia 
 Maternal infection with parvovirus B19 can cause severe fetal 
anaemia and in 9% of cases leads to intrauterine death. The 
baby has marked reticulocytopenia (often  <    10    ×    10 9 /L) and 
thrombocytopenia may also occur. The diagnosis is made by 
maternal serology and demonstration of B19 DNA in the fetus 
or neonate by dot - blot hybridization or polymerase chain reac-
tion (PCR) of peripheral blood (bone marrow aspiration for 
morphology and parvovirus B19 PCR may be necessary in dif-
fi cult cases). Severe cases require intrauterine transfusion but 
have a good long - term outcome if they survive to delivery.  

  Genetic  r ed  c ell  a plasia 
 Apart from DBA, the genetic causes of congenital red cell aplasia 
are extremely rare. They include congenital dyserythropoietic 
anaemia (CDA) and Pearson syndrome; the other inherited 
bone marrow failure syndromes, such as Fanconi anaemia, are 

Review blood film

Abnormal
Inherited red cell membrane disorder, e.g. HS
Inherited red cell enzyme disorder,
 e.g. G6PD or pyruvate kinase deficiency
 
Normal
G6PD deficiency (film may show oxidative
haemolysis but is more often normal)

MCV normal or high

α-Thalassaemias
α-Thalassaemia major or HbH disease
Check Hb electrophoresis on baby and
parents (all will have low MCV)

Hereditary pyropoikilocytosis
Check FBC and film on parents
(one or both will usually have 
elliptocytes)

MCV low

Fetomaternal bleed

Kleihauer positive

HDN excluded
Check Kleihauer 

Coombs' test negative

Check Coombs' test
Raised reticulocytesLow reticulocytes

Parvovirus B19
DBA
rare, e.g. Pearson's

Red cell aplasia

Diagnosis probably HDN
Identify antibody, check
blood film and bilirubin

Coombs' test positive

Check MCV

Kleihauer negative

Anaemia

Reticulocyte count

     Figure 52.2     A diagnostic algorithm for neonatal anaemia. The 

most useful screening tests for investigating unexplained neonatal 

anaemia are the reticulocyte count, the Coombs test and the 

mean corpuscular volume (MCV) of the red cells. DBA, 

Diamond – Blackfan anaemia; G6PD, glucose - 6 - phosphate 

dehydrogenase; HDN, haemolytic disease of the newborn; HS, 

hereditary spherocytosis.  
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the morphology of the red cells on a blood fi lm (e.g. hereditary 
spherocytosis; Figure  52.5 ). The main cause of immune haemo-
lytic anaemia is haemolytic disease of the newborn. The main 
causes of non - immune neonatal haemolysis are red cell mem-
brane disorders, red cell enzymopathies and, occasionally, 
haemoglobinopathies (Table  52.2 ).   

  Immune  h aemolysis,  i ncluding  h aemolytic  d isease of 
the  n ewborn 
 The principal alloantibodies causing haemolytic disease of the 
newborn are those against rhesus antigens (anti - D, anti - c and 
anti - E), anti - Kell, anti - Kidd (J k ), anti - Duffy (F y ) and antibodies 
of the MNS blood group system, including anti - U. Anti - D is 
the most frequent alloantibody causing signifi cant haemolytic 
anaemia, affecting 1 in 1200 pregnancies. Anti - Kell antibodies 
are less common but can cause severe fetal and neonatal anaemia 
as they inhibit erythropoiesis as well as causing haemolysis. 
Most babies with haemolytic disease of the newborn present 
with jaundice and/or anaemia; in severe cases there is hepat-
osplenomegaly and/or skin deposits due to extramedullary hae-
mopoiesis. ABO haemolytic disease occurs only in offspring of 
women of blood group O and is confi ned to the 1% of such 
women who have high - titre IgG antibodies. Haemolysis due to 
anti - A is more common (1 in 150 births) than that due to anti -
 B. In contrast with anti - rhesus antibodies, both anti - A and 
anti - B usually cause hyperbilirubinaemia without signifi cant 
anaemia; however, hydrops has occasionally been described. 
The blood fi lm in ABO haemolytic disease characteristically 
shows very large numbers of spherocytes with little or no 
increase in nucleated red cells (see Figure  52.5 a); this contrasts 
with rhesus haemolytic disease of the newborn, in which there 
are few spherocytes and large numbers of circulating nucleated 
red cells (see Figure  52.5 b). 

for confi rming the diagnosis, although normal red cell ADA 
levels do not exclude DBA. Recent studies indicate that DBA is 
due to defects in structural ribosomal proteins (RP). At present 
mutations in six genes ( RPS19 ,  RPS24 ,  RPS17 ,  RPL5 ,  RPL11  and 
 RPL35a ) have been identifi ed and account for about 50% of 
DBA cases,  RPS19  mutations being the commonest (25% of all 
DBA). In the neonatal period, the only treatment of DBA is red 
cell transfusion, although steroids are used in older infants and 
children.   

 The other genetic causes of congenital red cell aplasia, CDA 
and Pearson syndrome, can be distinguished from DBA by 
marrow morphology. In Pearson syndrome, which is caused by 
mutations in mitochondrial DNA and presents with normo-
chromic anaemia, neutropenia, thrombocytopenia and failure 
to thrive in the fi rst few weeks of life, there is highly character-
istic vacuolation of early erythroid cells on the marrow aspirate 
(Figure  52.4 ). Unfortunately, the prognosis for children with 
Pearson syndrome is very poor, with few surviving beyond the 
second year of life. Mutations in codanin - 1 and SEC23B have 
recently been shown to be responsible for many, but not all, 
cases of type I and II CDA respectively.     

  Neonatal  a naemia due to  i ncreased  r ed  c ell 
 d estruction ( h aemolysis) 
 The main diagnostic clues suggesting a haemolytic anaemia are 
increased numbers of reticulocytes and/or circulating nucleated 
red cells (Figure  52.5 ), unconjugated hyperbilirubinaemia, a 
positive Coombs test (if immune) and characteristic changes in 

     Figure 52.3     Blood fi lm from a neonate with Diamond – Blackfan 

anaemia. This baby presented with fetal anaemia at 20 weeks ’  

gestation and received intrauterine transfusion. At birth, the baby 

had normochromic anaemia and the blood fi lm showed a 

complete absence of polychromasia and nucleated red cells, 

despite a haemoglobin of 7   g/dL.  

     Figure 52.4     Pearson syndrome. Bone marrow aspirate from a 

neonate with Pearson syndrome showing typical vacuolation of 

erythroblasts and a dysplastic megakaryocyte.  
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jaundice or anaemia (usually hereditary elliptocytosis) or, occa-
sionally, as severe transfusion - dependent haemolytic anaemia 
with a characteristic low mean corpuscular volume (MCV) of 
50 – 60   fL (usually due to hereditary pyropoikilocytosis). The 
main clues are a family history and an abnormal blood fi lm, as 
red cell membrane disorders can nearly always be recognized 
by the characteristic shape of the red cells (Figure  52.6 a). 
Identifi cation of the exact type of membrane abnormality may 
require specialized investigations. The osmotic fragility test is 
of limited value in neonates and recent data indicate that the 
dye binding test is more useful. If the clinical phenotype is 
severe and family history or family studies are unhelpful, red 
cell membrane electrophoresis is indicated to clarify the diag-
nosis (on pretransfusion blood samples to minimize diagnostic 
confusion due to transfused cells).   

  Hereditary spherocytosis  occurs in 1 in 5000 live births to 
parents of northern European extraction. It is caused by muta-
tions in the genes for spectrin, ankyrin, protein 4.1 or protein 
3 and is usually inherited in an autosomal dominant fashion. 
The blood fi lm shows spherocytes and is identical to that of 
ABO haemolytic disease (Figure  52.6 b). Neonatal anaemia due 
to hereditary spherocytosis is usually moderate (haemoglobin 
7 – 10   g/dL); it is not uncommon for affected neonates to require 
one or two transfusions during the neonatal period before a 
transfusion - free plateau haemoglobin of 8 – 10   g/dL is achieved 
after a few months.  Hereditary elliptocytosis , which is caused by 
different mutations in the genes for spectrin, ankyrin or protein 
4.1, usually has no clinical manifestations in the neonate apart 
from elliptocytes on the blood fi lm. However, neonates who are 
homozygous or compound heterozygous for hereditary ellipto-
cytosis mutations have severe haemolytic anaemia. The most 
common form is  hereditary pyropoikilocytosis , which causes 
severe transfusion - dependent haemolytic anaemia. The diagno-
sis is easily made from the low MCV and blood fi lms of the baby 
(which show bizarre fragmented red cells and microsphero-
cytes; see Figure  52.6 a), and both parents (one or both of whom 

  Management of  h aemolytic  d isease of the  n ewborn 
 All neonates at risk should have cord blood taken for meas-
urement of haemoglobin, bilirubin and a Coombs test and 
should remain in hospital until hyperbilirubinaemia and/or 
anaemia have been properly managed. Rhesus - alloimmunized 
infants with haemolysis should receive phototherapy from 
birth, as the bilirubin can rise steeply; this prevents the need for 
exchange transfusion in some infants. In haemolytic disease due 
to anti - Kell, anaemia is usually more prominent than jaundice 
and minimal phototherapy may be necessary despite severe 
anaemia. ABO haemolytic disease of the newborn usually just 
requires phototherapy as anaemia is uncommon. The indica-
tions for exchange transfusion in haemolytic disease of the 
newborn are: 
   •      severe anaemia (haemoglobin  <    10   g/dL at birth); and/or  
   •      severe or rapidly increasing hyperbilirubinaemia.    

 The British Committee for Standards in Haematology 
(BCSH) have published useful guidelines for neonatal exchange 
transfusion. Intravenous immunoglobulin has been used to 
reduce the need for exchange transfusion but the value of this 
approach remains to be proven in clinical trials. Neonates with 
haemolytic disease due to anti - rhesus antibodies may develop 
 ‘ late ’  anaemia at a few weeks of age, requiring  ‘ top - up ’  transfu-
sion; irradiated blood must be used for infants previously 
receiving intrauterine transfusion to prevent the risk of 
transfusion - associated graft - versus - host disease. Recombinant 
erythropoietin sometimes prevents the need for top - up transfu-
sion for late anaemia but is not effective when haemolysis is 
brisk. Folic acid (500    µ g/kg daily) should be given to all babies 
with haemolysis until they reach 3 months of age.   

  Neonatal  h aemolytic  a naemia due to  r ed  c ell 
 m embrane  d isorders 
 In neonates, these disorders present with jaundice and moder-
ate anaemia (usually due to hereditary spherocytosis), as an 
incidental fi nding on routine blood fi lms in the absence of 

(a) (b)

     Figure 52.5     Haemolytic disease of the 

newborn. (a) Blood fi lm from a baby 

with rhesus haemolytic disease of the 

newborn due to anti - D showing 

polychromasia and large numbers of 

nucleated red cells but relatively few 

spherocytes. (b) Blood fi lm from a 

neonate with ABO haemolytic disease 

of the newborn due to anti - A showing 

very large numbers of spherocytes, 

polychromasia and no nucleated red 

cells.  
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ing pretransfusion red cell pyruvate kinase activity; in mild cases 
enzyme activity may be relatively modestly reduced making the 
diagnosis diffi cult and it is often useful to assay levels in 
the parents for confi rmation. The blood fi lm is sometimes dis-
tinctive but more often shows non - specifi c changes of non -
 spherocytic haemolysis. Management in the neonatal period 
depends on the severity of the jaundice and anaemia; some, but 
not all, children are transfusion dependent and folic acid sup-
plements should be given to prevent defi ciency due to chronic 
haemolysis. 

 The other red cell enzymopathies are rare. The most impor-
tant in the neonatal period is  triosephosphate isomerase defi -
ciency , as one - third of patients present with neonatal haemolytic 
anaemia, often many months before the devastating neurologi-
cal features of this disorder become apparent. Another cause of 
acute haemolysis confi ned to the neonatal period is  infantile 
pyknocytosis . This poorly understood condition, which is prob-
ably due to transient glutathione peroxidase defi ciency, usually 
presents at 1 – 6 weeks of age, produces moderately severe 
anaemia requiring one to two red cell transfusions, shows 
changes of oxidative haemolysis on the blood fi lm (Figure  52.7 ) 
and resolves by 6 – 12 weeks of age. Measurement of glutathione 
peroxidase levels in affected neonates may be useful (parental 
levels are normal) but the diagnosis is usually easily made from 
the blood fi lm.    

  Neonatal  h aemolysis due to  h aemoglobinopathies 
 The only haemoglobinopathy that presents typically in the neo-
natal period is  α  - thalassaemia major, as all four  α  - globin genes 
are deleted. Occasional non - thalassaemic structural  α  -  and  γ  -
 globin gene mutations, which are clinically completely silent in 
adults and children, cause transient neonatal haemolytic 
anaemia in the neonate because they are unstable (e.g. Hb 
Hasharon, Hb Poole), whereas the major  β  - globin haemoglob-
inopathies (sickle cell disease and  β  - thalassaemia major) rarely 
manifest clinically in neonates. 

usually has elliptocytosis). Red cell transfusion is necessary until 
the child is old enough to undergo splenectomy, to which there 
is an excellent response.  

  Neonatal  h aemolysis due to  r ed  c ell  e nzymopathies 
 The commonest inherited red cell enzymopathies presenting in 
the neonatal period are glucose - 6 - phosphate dehydrogenase 
(G6PD) defi ciency and pyruvate kinase defi ciency.  G6PD defi -
ciency  has a high prevalence in individuals from Central Africa 
(20%) and the Mediterranean (10%). In neonates, G6PD defi -
ciency nearly always presents with jaundice within the fi rst few 
days of life; the vast majority of affected neonates are boys, as 
the  G6PD  gene is on the X chromosome. The jaundice is often 
severe, whereas anaemia is uncommon. The blood fi lm is 
usually completely normal but in the small number of neonates 
with anaemia due to G6PD defi ciency the blood fi lm shows 
typical changes of oxidative haemolysis. The diagnosis is made 
by assaying G6PD on a peripheral blood sample. The pathogen-
esis of the jaundice is unclear as most babies with G6PD defi -
ciency have no evidence of haemolysis. Management of neonatal 
G6PD defi ciency requires close monitoring of the bilirubin to 
prevent kernicterus, particularly when interactions with other 
risk factors for neonatal hyperbilirubinaemia are present, such 
as Gilbert syndrome or hereditary spherocytosis, and also the 
counselling of the babies ’  parents regarding which medicines, 
chemicals and foods may precipitate haemolysis. For the 
vast majority of patients there is no chronic haemolysis and 
no anaemia and therefore folic acid supplements are not 
indicated. 

  Pyruvate kinase defi ciency  is the second most common inher-
ited red cell enzymopathy in neonates and is transmitted in 
an autosomal recessive fashion. It is clinically heterogeneous, 
varying from anaemia severe enough to cause hydrops fetalis to 
a mild unconjugated hyperbilirubinaemia. In severe cases, the 
jaundice has a rapid onset within 24 hours of birth and exchange 
transfusion may be required. The diagnosis is made by measur-

(a) (b)

     Figure 52.6     Red cell membrane 

disorders. (a) Blood fi lm from a baby 

with hereditary pyropoikilocytosis 

showing microspherocytes, red cell 

fragments and polychromasia. 

(b) Blood fi lm from a neonate with 

hereditary spherocytosis showing large 

numbers of spherocytes and 

polychromasia.  
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in monochorionic twins with monochorial placentas. If the 
bleeding is chronic, there may be a marked difference in birth 
weight between twins: the donor twin is smaller, pale, lethargic 
and may have overt cardiac failure; the recipient twin may be 
plethoric, with hyperviscosity and hyperbilirubinaemia and 
polycythaemia. 

  Fetomaternal haemorrhage  occurs spontaneously or second-
ary to trauma usually in the third trimester. Most episodes 
involve very small quantities of blood (0.5   mL or less) but acute 
loss of more than 20% of the blood volume may cause intrau-
terine death, circulatory shock or hydrops. Diagnostic clues are 
anaemia at birth in an otherwise well baby with no or minimal 
jaundice. The most useful diagnostic tests are a Coombs test to 
exclude immune haemolysis, a reticulocyte count to exclude red 
cell aplasia, a Kleihauer test on maternal blood to quantify the 
number of HbF - containing fetal red cells in the maternal circu-
lation and a blood fi lm (Figure  52.9 ). Blood loss around the 
time of delivery is usually due to obstetric complications (e.g. 
placenta praevia, placental abruption); in these circumstances, 
the babies are often extremely ill, with circulatory shock, 
anaemia worsening rapidly after birth, large numbers of circu-
lating nucleated red cells and disseminated intravascular coagu-
lation (DIC).     

  Anaemia of  p rematurity 

 The normal fall in haemoglobin in preterm neonates has been 
termed  ‘ physiological anaemia of prematurity ’ , as it does not 
appear to be associated with any abnormalities in the baby. The 
pathogenesis is not fully elucidated but contributory factors 
include the reduced lifespan of fetal erythrocytes, the relatively 
low erythropoietin concentration, the rapid growth rate and 
iatrogenic blood loss. Routine supplementation of preterm 

   α  - Thalassaemia major  predominantly affects families of 
Southeast Asian, Mediterranean or Middle Eastern origin, and 
presents with second - trimester fetal anaemia or hydrops fetalis, 
which is fatal within hours of delivery. The only long - term 
survivors of  α  - thalassaemia major are those who have received 
intrauterine transfusions followed by regular postnatal transfu-
sions and/or a bone marrow transplant. There is also a high 
incidence of hypospadias and limb defects in survivors and 
others have severe neurological problems. If intrauterine trans-
fusions are delayed until anaemia is severe, neonatal pulmonary 
hypoplasia is a cause of early mortality. The diagnosis of  α  -
 thalassaemia major should be suspected in any case of severe 
fetal anaemia that presents in the second trimester, and any case 
of hydrops fetalis with severe anaemia in which the parents 
come from high - prevalence areas, particularly Southeast Asia. 
Checking the blood counts of the parents will immediately 
identify whether they are at risk of having a child with  α  -
 thalassaemia major: both parents will have hypochromic micro-
cytic red cell indices, with MCV usually below 74   fL and mean 
corpuscular haemoglobin (MCH) usually less than 24   pg. The 
diagnosis of  α  - thalassaemia major is confi rmed by haemo-
globin electrophoresis or HPLC (which shows Hb Barts, Hb 
Portland and sometimes HbH; HbF and HbA are absent); the 
blood fi lm shows hypochromic microcytic red cells with vast 
numbers of circulating nucleated red cells (Figure  52.8 ).     

  Neonatal  a naemia due to  b lood  l oss 
 Blood loss as a cause of neonatal anaemia may be very obvious 
(e.g. a cephalhaematoma or rupture of the cord) or be con-
cealed and easy to miss unless specifi cally sought (e.g. fetoma-
ternal bleeds). Usually, the most serious blood loss occurs prior 
to delivery and important causes of this are twin – twin transfu-
sion and fetomaternal blood loss.  Twin – twin transfusion  occurs 

     Figure 52.7     Infantile pyknocytosis. Blood fi lm from a neonate 

with infantile pyknocytosis and a low level of erythrocyte 

glutathione peroxidase showing pyknocytes, fragmented red cells, 

polychromasia and occasional spherocytes.  

     Figure 52.8      α  - Thalassaemia major. Blood fi lm from a neonate 

with  α  - thalassaemia major, born at 28 weeks ’  gestation, showing 

severe hypochromia, microcytosis, target cells, polychromasia and 

nucleated red cells.  
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care unit, depending on the case mix of babies, as adherence to 
strict neonatal transfusion guidelines reduces both the number 
of transfusions and donor exposure.   

  A simple  d iagnostic  a pproach to 
 n eonatal  a naemia 

 Red cell disorders associated with neonatal or fetal anaemia 
present in three main ways: with a low haemoglobin, with jaun-
dice due to haemolysis or with hydrops. A diagnostic algorithm 
to help identify which of these causes is most likely, which can 
be excluded and what further investigations are most appropri-
ate is shown in Figure  52.2 .  

  Neonatal  p olycythaemia 

 For both term and preterm infants, polycythaemia can be 
defi ned as a central venous haematocrit of greater than 0.65, as 
there is an exponential rise in blood viscosity above this level. 
However, even at haematocrits greater than 0.70, only a minor-
ity of neonates have clinical signs of hyperviscosity, such as 
lethargy, hypotonia, hyperbilirubinaemia and hypoglycaemia. 
Causes of polycythaemia are shown in Table  52.3 . Treatment is 

neonates with folic acid and iron means that nutritional defi -
ciency rarely plays a role. The diagnosis is usually straightfor-
ward: a well preterm baby with a slowly falling haemoglobin, 
unremarkable blood fi lm showing normochromic/normocytic 
red cells, slightly low reticulocytes (20    ×    10 9 /L) and no nucleated 
red cells. 

  Management of  a naemia of  p rematurity and 
the  r ole of  e rythropoietin 
 The severity of anaemia of prematurity and thereby the need 
for red cell transfusion can be reduced by (i) limiting iatrogenic 
blood loss by appropriate use of blood tests; (ii) administering 
iron and folate supplements to all preterm infants (iron 3   mg/
kg daily from 4 – 6 weeks of age or iron - fortifi ed formula with 
0.5 – 0.9   mg/dL of iron and folic acid 50    µ g daily or 500    µ g 
once weekly); and (iii) judicious use of erythropoietin. The 
many controlled trials of recombinant erythropoietin for pre-
vention of neonatal anaemia have been reviewed extensively. 
Erythropoietin reduces the number of transfusions in relatively 
well infants with low transfusion requirements, but not in sick 
preterm infants who have a need for frequent phlebotomy and 
multiple transfusions. The main roles for recombinant erythro-
poietin in neonates are in ameliorating the anaemia in infants 
who have received intrauterine transfusions for alloantibody -
 mediated anaemia and in preterm babies of Jehovah ’ s Witnesses. 
The usual dose is 300    µ g/kg of epoetin beta by subcutaneous 
injection three times per week, starting in the fi rst week of life, 
together with oral iron supplements.  

  Indications for  r ed  c ell  t ransfusion in 
 n eonatal  a naemia 
 The BCSH recently revised their guidelines for transfusion of 
fetuses, neonates and older children; the guidelines contain rec-
ommendations about the products and indications for red cell 
transfusion in neonates. These are consensus guidelines and 
need to be adapted for use in each individual neonatal intensive 

(a) (b)

     Figure 52.9     Fetomaternal haemorrhage. 

(a) Blood fi lm from a neonate with a 

haemoglobin of 5   g/dL at birth due to a 

large fetomaternal haemorrhage; the 

main features are the marked 

polychromasia, large numbers of 

nucleated red cells and normal red cell 

morphology. (b) Kleihauer test showing 

HbA - containing maternal  ‘ ghost ’  cells 

and pink - staining HbF - containing fetal 

cells.  

  Table 52.3    Causes of neonatal polycythaemia. 

  Intrauterine growth restriction 

 Maternal hypertension 

 Maternal diabetes 

 Chromosomal disorders: trisomy 21, 18 or 13 

 Twin – twin transfusion 

 Delayed clamping of the cord 

 Endocrine disorders: thyrotoxicosis, congenital adrenal 

hyperplasia  
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urinary tract and skin, particularly due to  Staphylococcus aureus , 
and the mainstay of treatment is antibiotics. The diagnosis is 
made by demonstrating antineutrophil antibodies in the mother 
and baby, which react against paternal, but not maternal, 
neutrophil antigens. The neutropenia is self - limiting, usually 
resolving within 1 – 2 months. 

  Congenital and inherited neonatal neutropenias  should be 
sought when the neutropenia is prolonged, if there is a relevant 
family history or consanguinity or if the baby has typical dys-
morphic features (e.g. thumb/radial abnormalities in Fanconi 
anaemia). SCN is the most likely cause in the neonatal period. 
Infants usually present with severe infections and a marked 
neutropenia ( <    0.2    ×    10 9 /L), often with a compensatory mono-
cytosis. The diagnosis is made by the severity of the neutrope-
nia, the bone marrow appearance (arrest of differentiation at 
the myelocyte/promyelocyte stage) and the absence of antineu-
trophil antibodies. The inheritance of SCN can be autosomal 
recessive or dominant or X - linked. Mutations in  ELA2  (neu-
trophil elastase) are the most common cause of SCN, but other 
causes include mutations in  GFI1  (growth factor - independent 
protein 1) and  WAS  (Wiskott – Aldrich syndrome protein, 
WASp). Recently, homozygous mutations in the  HAX1  gene 
were found to explain the SCN in the original Kostmann family 
but this appears to be a rare cause of the disease.  

  Congenital  l eukaemias 
 The most common forms of congenital leukaemia are acute 
monoblastic leukaemia and acute megakaryoblastic leukaemia; 
acute megakaryoblastic leukaemia is particularly common in 
babies with Down syndrome. The babies present with signs of 
anaemia, thrombocytopenia and/or skin lesions caused by leu-
kaemic infi ltration. The blood fi lm and bone marrow aspirate 
show large numbers of primitive blast cells. The prognosis is 
extremely poor; few are cured by chemotherapy and bone 
marrow transplantation may be the best option. Around 5 – 10% 
of neonates with Down syndrome have a transient megakary-
oblastic leukaemia also known as transient abnormal myelo-
poiesis or transient myeloproliferative disorder (TMD), 
characterized by leucocytosis and circulating blast cells (Figure 
 52.10 ). TMD develops in fetal life and nearly always presents in 
the fi rst week of life. Most cases spontaneously resolve within 
2 – 3 months and no treatment is indicated, but 20 – 30% subse-
quently develop acute megakaryoblastic leukaemia within the 
fi rst 5 years of life. Mutations in the  GATA1  gene are found in 
virtually all cases of TMD and acute megakaryoblastic leukae-
mia associated with Down syndrome.      

  Haemostasis and  t hrombosis in 
the  n ewborn 

 Bleeding and thrombotic problems are relatively common in 
neonates, particularly in those who are preterm and/or sick, and 

controversial and is not necessary in infants with very minor 
symptoms (e.g. borderline hypoglycaemia or poor peripheral 
perfusion). Infants with neurological signs and a haematocrit 
greater than 0.65 should have a partial exchange transfusion 
(using a crystalloid solution such as normal saline) to reduce 
the haematocrit to 0.55.     

  White  c ell  d isorders 

  Normal  v alues 

 In the neonate, normal values for leucocytes, particularly neu-
trophils, are affected by a number of factors including gesta-
tional age, postnatal age, antenatal history, perinatal history and 
ethnic origin. Neutrophil counts in healthy babies increase for 
the fi rst 12 hours then fall to a nadir at 4 days of age. The neu-
trophil count is higher in capillary samples and after vigorous 
crying; it is lower in neonates of African origin. Healthy preterm 
babies often have circulating myeloblasts and lymphoblasts, 
although these usually form less than 5% of the white cell dif-
ferential count.  

  Neutropenia 

 A pragmatic approach is to consider a neutrophil count at 
birth of less than 2    ×    10 9 /L as abnormal and worth monitoring, 
and a neutrophil count during the fi rst month of life of less 
than 0.7    ×    10 9 /L as signifi cant enough to merit further 
investigation. 

  Causes of  n eutropenia 
 The commonest cause of neutropenia at birth in preterm 
neonates is reduced neutrophil production, secondary to intra-
uterine growth restriction or maternal hypertension. Most 
affected neonates also have thrombocytopenia and increased 
erythropoiesis (polycythaemia and/or increased circulating 
nucleated red cells), secondary to fetal tissue hypoxia. The neu-
tropenia resolves spontaneously usually within a few days of 
birth. The commonest cause of neutropenia in term infants is 
bacterial or viral infection. Other important causes of neutro-
penia are alloimmune neutropenia and severe congenital neu-
tropenia (SCN) due to failure of neutrophil production (e.g. 
Kostmann syndrome), both of which predispose to severe neo-
natal infection. 

  Alloimmune neutropenia  is the neutrophil equivalent of 
haemolytic disease of the newborn and alloimmune thrombo-
cytopenia, and may affect 3% of all deliveries. It occurs when 
fetal neutrophils express paternally derived neutrophil - specifi c 
antigens absent on maternal neutrophils and against which the 
mother produces IgG neutrophil alloantibodies. The causative 
antibodies are usually anti - NA1 or  - NA2. It presents in the fi rst 
few days of life with fever and infections of the respiratory tract, 
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inherited disorders as there is considerable overlap between the 
defi ciency states and the lower limit of normal. The most useful 
screening tests in neonates are the prothrombin time (PT), 
activated partial thromboplastin time (APTT), thrombin time 
(TT), fi brinogen and platelet count. Bleeding times are gener-
ally unhelpful in neonates and investigation of platelet function 
abnormalities is often deferred until a few months of age when 
platelet aggregometry and PFA - 100 become practical.  

  Inherited  c oagulation  d isorders 

 The commonest inherited disorders presenting in the neonatal 
period are FVIII defi ciency (haemophilia A), which has a fre-
quency of 1 in 5000 male births, and FIX defi ciency (haemo-
philia B), which occurs in 1 in 30   000 male births. 

  Factor  VIII   d efi ciency 
 Almost 40% of patients with inherited FVIII defi ciency present 
in the neonatal period. The clinical signs include intracranial 
haemorrhage, cephalohaematomas and bleeding after circum-
cision or from venous or arterial puncture sites. As in adults, 
the diagnosis is made by fi nding an isolated prolonged APTT 
and reduced FVIII clotting activity. Acute management of 
the bleeding neonate with haemophilia requires intravenous 
administration of recombinant FVIII (50 – 100   units/kg twice 
daily) to achieve FVIII levels of 1.0   unit/mL. As the half - life of 
FVIII is shorter than in adults, more frequent dosing or a con-
tinuous FVIII infusion may be required. For neonates with 
intracranial bleeding treatment with FVIII should continue for 
at least 2 weeks. Fibrin glue may be useful in circumcision -
 associated bleeds. For patients diagnosed prenatally, vaginal 
delivery is safe provided that no diffi culties are anticipated and 
vacuum extraction is avoided. The role of prophylactic FVIII 
administration to haemophiliac newborns following diffi cult 
delivery to reduce the risk of intracranial bleeding (1 – 4%) is 
controversial but is increasingly used. Prophylactic FVIII should 
also be used for a newborn haemophiliac when a previous 
sibling has had a major intracranial bleed.  

  Factor  IX   d efi ciency 
 Defi ciency of FIX is clinically indistinguishable from FVIII defi -
ciency. As FIX levels are also low in liver disease and vitamin K 
defi ciency, it is important to recheck FIX levels at 6 weeks and 
6 months of age if the diagnosis is in doubt. Neonates with 
bleeding are treated with recombinant FIX concentrate 
(100   units/kg i.v. once daily, monitored to achieve a FIX level 
of 1.0   IU/mL).  

  von Willebrand  d isease in  n eonates 
 The two forms of von Willebrand disease (vWD) that can 
present in neonates are type 2B vWD, which presents with 
thrombocytopenia and bleeding is uncommon, and type 
3   vWD, which has a clinical phenotype similar to haemophilia 

the number of genetic and acquired causes of thrombophilia 
that can be identifi ed in neonates and their families is rising. 

  Developmental  h aemostasis 

 Coagulation proteins are present at measurable levels from the 
10th week of gestation and gradually rise during fetal life. They 
do not cross the placenta, or do so in very small amounts, and 
therefore need to be independently synthesized by the fetus. 
 ‘ Normal values ’  in the neonate vary not only with gestational 
but also with postnatal age. Data for babies at less than 30 
weeks ’  gestation derive from fetoscopy samples: levels of the 
vitamin K - dependent factors (FII, FVII, FIX and FX) and of FXI 
and FXII are all low ( <    40% of adult values) and remain so 
during the fi rst month of life. In contrast, even in preterm 
babies ( >    30 weeks), levels of FV, FXIII and fi brinogen are 
normal at birth and levels of F VIII and von Willebrand factor 
(VWF) are normal or increased. Platelet counts at birth in term 
and preterm neonates are within the normal adult range. Many 
studies have found impaired function of neonatal platelets  in 
vitro  in term and preterm infants; the most consistent abnor-
malities are reduced aggregation in response to adrenaline, ADP 
and thrombin. Their signifi cance in clinical practice is unclear 
as the bleeding time is normal in term and preterm infants 
( ≤    135   s).  

  Screening  t ests for  b leeding  d isorders 

 Nearly all signifi cant bleeding disorders in neonates can be 
identifi ed using simple screening tests; exceptions are FXIII 
defi ciency and platelet function disorders. It is often helpful to 
test both parents for coagulation abnormalities to help identify 

     Figure 52.10     Transient leukaemia in a neonate with Down 

syndrome. Leucoerythoblastic blood fi lm showing increased 

numbers of blast cells, which spontaneously returned to normal 

by 2 months of age.  
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between intramuscular vitamin K at birth and later childhood 
malignancies. In healthy babies, the choice of which route of 
administration is increasingly being left to parents. However, 
infants of mothers taking drugs that inhibit vitamin K (e.g. 
warfarin) are at risk of early VKDB and these babies should 
receive intramuscular vitamin K 1   mg as soon as possible after 
birth.  

  Disseminated  i ntravascular  c oagulation 
 The main triggers of DIC in neonates are severe hypoxia and/
or acidosis and sepsis. It occurs in sick neonates and presents 
with generalized bleeding, including pulmonary haemorrhage 
and oozing from venepuncture sites. The usual pattern of coag-
ulation abnormalities in neonatal DIC is prolongation of the 
PT, APTT and TT, together with low platelets and fi brinogen. 
D - dimers are increased but are not specifi c and can be found 
in healthy neonates with no evidence of coagulopathy. The 
most important aspect of management of DIC is treatment of 
the underlying cause. Blood product replacement is indicated 
for clinical bleeding, aiming to maintain the platelet count 
above 30    ×    10 9 /L and fi brinogen greater than 1   g/L.   

  Neonatal  t hrombocytopenia 

 Thrombocytopenia occurs in 1 – 5% of all neonates and up to 
50% of neonates who are preterm and sick. It usually presents 
in one of two clinical patterns: early thrombocytopenia (within 
72 hours of birth) and late thrombocytopenia (after 72 hours 
of life) (Table  52.4 ). The most frequent causes of early throm-
bocytopenia in preterm infants are intrauterine growth restric-
tion and maternal hypertension or diabetes; the most frequent 
causes in term infants are neonatal alloimmune thrombocyto-
penia (NAITP) and thrombocytopenia secondary to maternal 
immune thrombocytopenic purpura (ITP). The most common 
causes of late thrombocytopenia are sepsis and necrotizing 
enterocolitis.   

  Neonatal  a lloimmune  t hrombocytopenia 
 This is the platelet equivalent of haemolytic disease of the 
newborn and affects around 1 in 1000 pregnancies. It is fre-
quently severe (platelet count  <    30    ×    10 9 /L) and occurs in the 
fi rst pregnancy in almost 50% of cases. Thrombocytopenia 
results from transplacental passage of maternal platelet - specifi c 
antibodies to human platelet antigens (HPA), which the 
mother lacks but which the fetus inherits from the father. In 
80% of cases, these are anti - HPA - 1a antibodies and in 10 – 15% 
anti - HPA - 5b; occasional cases are due to anti - HPA - 3a. HLA -
 DRB3 * 0101 - positive women are 140 times more likely to 
make anti - HPA - 1a than HLA - DRB3 * 0101 - negative women. 
Intracranial haemorrhage occurs in 10% of cases, with long -
 term neurodevelopmental sequelae in 20% of survivors. 

 The diagnosis is made by demonstrating platelet antigen 
incompatibility between mother and baby and anti - HPA anti-

as levels of both VWF and FVIII are low. The inheritance in 
type 3   vWD is autosomal recessive. The diagnosis is made by 
measuring VWF, FVIII and the pattern of VWF multimers. At 
present, type 3   vWD is treated with intermediate purity FVIII 
(Haemate - P is the most commonly used product).  

  Factor  XIII   d efi ciency 
 This rare autosomal recessive disorder usually presents with 
delayed bleeding from the umbilical cord during the fi rst 3 
weeks of life. The diagnosis is made by measuring clot solubility 
in 5   mol/L urea solution as a screening test followed by a specifi c 
FXIII assay; molecular tests for the common mutations are also 
available. The routine diagnostic coagulation screen is normal. 
Bleeding is treated with FXIII concentrate; cryoprecipitate 
(10   mL/kg) can also be used.   

  Acquired  d isorders of  c oagulation 

 Causes of acquired coagulopathy in neonates include vitamin 
K defi ciency, DIC, liver disease, metabolic disorders, extracor-
poreal membrane oxygenation and giant haemangioendothe-
liomas (Kasabach – Merritt syndrome). 

  Vitamin  K   d efi ciency 
 Levels of vitamin K - dependent procoagulant factors (FII, FVII, 
FIX and FX), protein C and protein S are low at birth because 
of poor placental transfer of vitamin K, low vitamin K stores at 
birth, low vitamin K in breast milk and the lack of bacterial 
vitamin K synthesis in the sterile neonatal gut. Vitamin K defi -
ciency can lead to haemorrhagic disease of the newborn, also 
known as vitamin K defi ciency bleeding (VKDB). Early VKDB 
presents in the fi rst 24 hours of life with severe gastrointestinal 
and intracranial haemorrhage. It is usually due to maternal 
medication that interferes with vitamin K, for example anticon-
vulsants (phenobarbital, phenytoin), antituberculous therapy 
and oral anticoagulants. Classical VKDB presents at 2 – 7 days in 
0.25 – 1.7% of babies who have not received prophylactic vitamin 
K at birth, especially if breast - fed or with poor oral intake. Late 
VKDB occurs between 2 and 8 weeks after birth and presents 
with sudden intracranial haemorrhage in an otherwise well 
breast - fed term baby or in babies with liver disease. 

 The diagnosis of VKDB is usually made by an isolated pro-
longed PT, which corrects following vitamin K administration. 
If doubt remains, assays of the inactive form of FII (decarboxy-
prothrombin; PIVKA II) can be used to confi rm the diagnosis. 
Treatment of VKDB is vitamin K 1   mg intravenously or subcu-
taneously with fresh - frozen plasma only in severe haemorrhage. 
Classic and late VKDB can be prevented by a single intramus-
cular dose of vitamin K or, slightly less effectively, by weekly 
1 - mg oral doses of vitamin K over the fi rst 12 weeks of life (in 
exclusively breast - fed infants neither single oral dose vitamin K 
nor daily very low dose vitamin K 25    µ g are effective in prevent-
ing classic VKDB). Some studies, but not others, suggest a link 
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preterm neonates. In general, platelet transfusion is not consid-
ered necessary in well babies if the platelet count is above 20 –
 30    ×    10 9 /L. Most groups agree that the threshold for transfusing 
sick babies, particularly preterm babies in the fi rst few weeks of 
life, should be higher (30 – 50    ×    10 9 /L).   

  Neonatal  t hrombosis:  p hysiology and 
 d evelopmental  a spects 

 Neonates have an increased risk of thrombosis (2.4 per 1000 
hospital admissions) compared with older infants and 
children. This is largely due to the physiologically low levels of 
many of the inhibitors of coagulation and the frequent use of 
indwelling vascular catheters. Concentrations of antithrombin, 
heparin cofactor II and protein C are decreased at birth; protein 
S levels are also low but overall protein S activity is normal as 
it exists mainly in its free active form due to the virtual absence 
of its binding protein (C4b - BP) in neonates. Levels of plas-
minogen at birth are only 50% of adult values so neonates have 
a reduced ability to generate plasmin in response to fi brinolytic 
agents.  

  Screening  t ests for  t hrombophilia in  n eonates 

 The only inherited defi ciencies for which there is a proven role 
in neonatal thrombosis are defi ciencies in proteins C and S, 
which cause purpura fulminans. FV Leiden and the pro-
thrombin 20210A promoter mutation (prothrombin 20210A ) have 
not yet been reported to cause neonatal thrombotic problems 
in isolation. Recent guidelines from the Haemostasis and 
Thrombosis Task Force of the BCSH state that congenital 
thrombophilia should be considered and screened for in any 
child with: 
   •      clinically signifi cant thrombosis, including spontaneous 
thrombotic events, unanticipated or extensive venous throm-
bosis, ischaemic skin lesions or purpura fulminans; and  
   •      a positive family history of neonatal purpura fulminans.    

 The screening tests that should be performed in all suspected 
cases of thrombophilia include protein C activity, protein S, 
antithrombin, FV Leiden and prothrombin 20210A . In addition, 
babies with thrombosis born to mothers with SLE and/or 
antiphospholipid syndrome should be tested for lupus antico-
agulant, as antiphospholipid antibodies may cross the placenta 
and are a rare cause of neonatal thrombosis in such babies. The 
relevance of serum liporotein a and the MTHFR genotype to 
neonatal management is unclear at present.  

  Inherited  t hrombotic  d isorders in  n eonates 

  Proteins C and S  d efi ciency 
 Protein C defi ciency occurs in 1 in 160   000 – 360   000 births. 
Affected babies usually present within hours or days of birth 

bodies in the mother. Transfusion with HPA - compatible plate-
lets is recommended for neonates with platelet counts below 
30    ×    10 9 /L and/or those with bleeding. Intravenous IgG (total 
dose 2   g/kg, over 2 – 5 days) may be useful if thrombocytopenia 
is prolonged. Prenatal management of NAITP is controversial. 
Most centres have abandoned the invasive approach, except in 
very high risk cases, as this relies on fetal blood sampling plus 
fetal transfusion with HPA - compatible platelets, which carries 
a risk of preterm delivery and fetal death. Instead, most centres 
now use a non - invasive approach relying on maternal intrave-
nous IgG therapy during the second half of pregnancy.  

  Neonatal  a utoimmune  t hrombocytopenia 
 This is secondary to transplacental passage of maternal platelet 
autoantibodies in maternal ITP and systemic lupus erythema-
tosus (SLE), which affects 1 – 5 in 10   000 pregnancies. Around 
10% of infants develop thrombocytopenia, which is severe 
in less than 1%. In babies with severe thrombocytopenia, 
intravenous IgG is usually effective. In some cases neonatal 
thrombocytopenia is prolonged and may last 6 – 8 weeks before 
spontaneously resolving.  

  Indications for  p latelet  t ransfusion 
 A number of countries have published consensus guidelines to 
help decide the indications for platelet transfusion in term and 

  Table 52.4    Causes of neonatal thrombocytopenia. 

   Early (  <     72 hours)  

 Placental insuffi ciency (PET, IUGR, diabetes) 

 Neonatal alloimmune thrombocytopenia 

 Birth asphyxia 

 Perinatal infection (group B  Streptococcus ,  Escherichia coli , 

 Listeria ) 

 Congenital infection (CMV, toxoplasmosis, rubella) 

 Maternal autoimmune (ITP, SLE) 

 Severe rhesus HDN 

 Thrombosis (renal vein, aortic) 

 Aneuploidy (trisomy 21, 18, 13) 

 Congenital/inherited (TAR, Wiskott – Aldrich)  

   Late (  >     72 hours)  

 Late - onset sepsis and necrotizing enterocolitis 

 Congenital infection (CMV, toxoplasmosis, rubella) 

 Maternal autoimmune (ITP, SLE) 

 Congenital/inherited (TAR, Wiskott – Aldrich)  

   CMV, cytomegalovirus; HDN, haemolytic disease of the 

newborn; ITP, idiopathic thrombocytopenic purpura; IUGR, 

intrauterine growth restriction; PET, pre - eclampsia; SLE, systemic 

lupus erythematosus; TAR, thrombocytopenia with absent radii.   
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with purpura fulminans, in which there is DIC and rapidly 
progressive life - threatening haemorrhagic necrosis due to 
dermal vessel thrombosis or cerebral, renal vein or ophthalmic 
thrombosis. The diagnosis of protein C defi ciency is made 
by the clinical picture and undetectable levels of protein C 
( <    0.01   units/mL) in the patient, together with heterozygote 
levels in the parents. Protein C - defi cient heterozygotes rarely 
present as neonates and have low protein C levels, which may 
overlap with the lower limit of normal in the fi rst few months 
of life, delaying diagnosis until 6 months or later. Treatment is 
with protein C concentrate (40   units/kg, aiming to maintain a 
plasma level  >    0.25   units/mL). Protein S defi ciency presents 
with identical features; levels of protein S are undetectable 
( <    0.01   units/mL) and treatment is with fresh - frozen plasma 
(10 – 20   mL/kg) to maintain a plasma protein S in excess of 
0.25   units/mL.  

  Antithrombin  d efi ciency 
 Homozygous antithrombin defi ciency usually presents later in 
childhood but neonatal deep venous thrombosis and inferior 
vena cava thrombosis have been reported. Heterozygous anti-
thrombin defi ciency is more common (1 in 2000 – 5000 births); 
it usually presents in the second decade of life but neonatal 
presentation with aortic thrombosis, myocardial infarction and 
cerebral dural sinus thrombosis may occur.   

  Acquired  t hrombotic  p roblems in  n eonates 

 The most common risk factors for neonatal thrombosis are an 
intravascular catheter and shock, secondary to sepsis, hypoxae-
mia or hypovolaemia. Thrombosis particularly affects the renal 
veins, the aorta, aortic arch or cerebral vessels. Catheter - related 
thrombosis causes more than 80% of venous thromboses and 
more than 90% of arterial thromboses. The diagnosis is made 
by Doppler ultrasound or contrast angiography. Treatment of 
catheter - related thrombosis depends on the severity and extent 
of thrombosis. The fi rst step is prompt removal where possible. 
If signs progress despite catheter removal, unfractionated 
heparin or low - molecular - weight heparin should be started 
using a dosing regimen adapted for neonates. Thrombolytic 
therapy with urokinase or tissue plasminogen activator has been 
used successfully for catheter - related thrombosis in neonates, 
but experience in preterm neonates is very limited. It is impor-
tant to maintain fi brinogen at levels less than 1   g/L and the 
platelet count greater than 50    ×    10 9 /L in neonates receiving 
thrombolytic therapy, and heparin (starting dose 28   units/kg 
per hour) is often given to maintain vessel patency after throm-
bolytic therapy, although there is no evidence that this is benefi -
cial. Excellent guidelines for antithrombotic therapy in neonates 
are regularly updated by the American College of Chest 
Physicians.   
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  APPENDIX 1  

 N ormal  v alues     

        Males     Females     Males and females  

  Haemoglobin    13.5 – 17.5   g/dL    11.5 – 15.5   g/dL      

  Red cells (erythrocytes)    4.5 – 6.5    ×    10 12 /L    3.9 – 5.6    ×    10 12 /L      

  PCV (haematocrit)    40 – 52%    36 – 48%      

  MCV            80 – 95   fL  

  MCH            27 – 34   pg  

  MCHC            20 – 35   g/dL  

  White cells (leucocytes)              

     Total            4.0 – 11.0    ×    10 9 /L  

     Neutrophils            2.5 – 7.5    ×    10 9 /L  

     Lymphocytes            1.5 – 3.5    ×    10 9 /L  

     Monocytes            0.2 – 0.8    ×    10 9 /L  

     Eosinophils            0.04 – 0.44    ×    10 9 /L  

     Basophils            0.01 – 0.1    ×    10 9 /L  

  Platelets            150 – 400    ×    10 9 /L  

  Red cell mass    30    ±    5   mL/kg    27    ±    5   mL/kg      

  Plasma volume    45    ±    5   mL/kg    45    ±    5   mL/kg      

  Serum iron            10 – 30    µ mol/L  

  Total iron - binding capacity            40 – 75    µ mol/L (2.0 – 4.0   g/L as transferrin)  

  Serum ferritin *     40 – 340    µ g/L    14 – 150    µ g/L      

  Serum vitamin B 12  *             160 – 925   ng/L  

  Serum folate *             3.0 – 15.0    µ g/L  

  Red cell folate *             160 – 640    µ g/L  

    * Normal ranges differ with different commercial kits.  

  MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; 

PCV, packed cell volume.              
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  APPENDIX 2 

 W orld Health Organization  c lassifi cation of 
 t umours of the  h aematopoietic and 
 l ymphoid  t issues     

      Myeloproliferative  n eoplasms 

    Chronic myelogenous leukaemia,  BCR – ABL1  positive  
  Chronic neutrophilic leukaemia  
  Polycythemia vera  
  Primary myelofi brosis  
  Essential thrombocythaemia  
  Chronic eosinophilic leukaemia, not otherwise specifi ed  
  Mastocytosis  

  Cutaneous mastocytosis  
  Systemic mastocytosis  
  Mast cell leukaemia  
  Mast cell sarcoma  
  Extracutaneous mastocytoma    

  Myeloproliferative neoplasms, unclassifi able  
  Myeloid and lymphoid neoplasms associated with eosinophilia 

and abnormalities of  PDGFRA ,  PDGFRB  or  FGFR1  
   Myeloid and lymphoid neoplasms associated with  PDGFRA  

rearrangement  
  Myeloid neoplasms associated with  PDGFRB  

rearrangement  
  Myeloid and lymphoid neoplasms with  FGFR1  

abnormalities       

  Myelodysplastic/myeloproliferative 
 n eoplasms 

    Chronic myelomonocytic leukaemia  
  Atypical chronic myeloid leukaemia,  BCR – ABL1  negative  
  Juvenile myelomonocytic leukaemia  
  Myelodysplastic/myeloproliferative neoplasms, unclassifi able  

  Refractory anaemia with ringed sideroblasts (RARS) associ-
ated with marked thrombocytosis  *         

  Myelodysplastic  s yndromes 

    Refractory cytopenia with unilineage dysplasia  
  Refractory anaemia  
  Refractory neutropenia  
  Refractory thrombocytopenia    

  Refractory anaemia with ring sideroblasts  
  Refractory cytopenia with multilineage dysplasia  
  Refractory anaemia with excess blasts  
  Myelodysplastic syndromes associated with isolated del(5q)  
  Myelodysplastic syndromes, unclassifi able  
  Myelodysplastic syndromes in children     

  Acute  m yeloid  l eukaemia 

    Acute myeloid leukaemia (AML) with recurrent genetic 
abnormalities  

  AML with t(8;21)(q22;q22),  RUNX1 – RUNX1T1   
  AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22), 

 CBFB – MYH11   
  Acute promyelocytic leukaemia with t(15;17)(q22;q11 – 12), 

 PML – RARA   
  AML with t(9;11)(p22;q23),  MLLT3 – MLL   
  AML with t(6;9)(p23;q34),  DEK – NUP214   
  AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2),  RPN1 – 

EVI1   
  AML (megakaryoblastic) with t(1;22)(p13;q13),  RBM15 – 

MKL1   
  AML with mutated  NPM1   *    
  AML with mutated  CEBPA   *      

  Acute myeloid leukaemia with myelodysplasia - related changes  
  Therapy - related myeloid neoplasms  
  Acute myeloid leukaemia, not otherwise categorized 

   AML with minimal differentiation  
  AML without maturation  
  AML with maturation    

  Acute myelomonocytic leukaemia  
  Acute monoblastic and monocytic leukaemia  
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  Acute erythroid leukaemia 
   Acute erythroid leukaemia, erythroid/myeloid  
  Acute pure erythroid leukaemia    

  Acute megakaryoblastic leukaemia  
  Acute basophilic leukaemia  
  Acute panmyelosis with myelofi brosis  
  Myeloid sarcoma  
  Myeloid proliferations related to Down syndrome 

   Transient abnormal myelopoiesis  
  Acute myeloid leukaemia associated with Down syndrome    

  Blastic plasmacytoid dendritic cell neoplasm  
  Acute leukaemias of ambiguous lineage 

   Acute undifferentiated leukaemia  
  Acute biphenotypic leukaemia       

  Precursor  l ymphoid  n eoplasms 

    B lymphoblastic leukaemia/lymphoma  
  B lymphoblastic leukaemia/lymphoma, not otherwise 

specifi ed  
  B lymphoblastic leukaemia/lymphoma with recurrent cytoge-

netic/molecular genetic abnormalities  
  B lymphoblastic leukaemia/lymphoma with t(9:22)

(q34;q11.2),  BCR – ABL1   
  B lymphoblastic leukaemia/lymphoma with t(11q23),  MLL  

rearranged  
  B lymphoblastic leukaemia/lymphoma with t(12;21)

(p13;q22),  TEL – AML1  ( ETV6 – RUNX1 )  
  B lymphoblastic leukaemia/lymphoma with hyperdiploidy  
  B lymphoblastic leukaemia/lymphoma with hypodiploidy 

(hypodiploid ALL)  
  B lymphoblastic leukaemia/lymphoma with t(5;14)(q31;q32), 

 IL3 – IGH   
  B lymphoblastic leukaemia/lymphoma with t(1;19)

(q23;p13.3),  E2A – PBX1  ( TCF3 – PBX1 )    
  T - lymphoblastic leukaemia/lymphoma     

  Mature  B  -  c ell  n eoplasms 

    Chronic lymphocytic leukaemia/small lymphocytic lymphoma  
  B - cell prolymphocytic leukaemia  
  Splenic marginal zone lymphoma  
  Hairy cell leukaemia  
  Splenic lymphoma/leukaemia, unclassifi able  

  Splenic diffuse red pulp small B - cell lymphoma  *    
  Hairy cell leukaemia variant  *      

  Lymphoplasmacytic lymphoma 
   Waldenstr ö m macroglobulinaemia    

  Heavy chain diseases 
   Alpha heavy chain disease  
  Gamma heavy chain disease  
  Mu heavy chain disease    

  Plasma cell myeloma  

  Solitary plasmacytoma of bone  
  Extraosseous plasmacytoma  
  Extranodal marginal zone B - cell lymphoma of mucosa - associ-

ated lymphoid tissue (MALT lymphoma)  
  Nodal marginal zone B - cell lymphoma 

   Paediatric type nodal marginal zone lymphoma    
  Follicular lymphoma 

   Paediatric type follicular lymphoma    
  Primary cutaneous follicle centre lymphoma  
  Mantle cell lymphoma  
  Diffuse large B - cell lymphoma (DLBCL), not otherwise 

specifi ed 
   T - cell/histiocyte - rich large B - cell lymphoma  
  DLBCL associated with chronic infl ammation  
  EBV - positive DLBCL of the elderly    

  Lymphomatoid granulomatosis  
  Primary mediastinal (thymic) large B - cell lymphoma  
  Intravascular large B - cell lymphoma  
  Primary cutaneous DLBCL, leg type  
  ALK - positive large B - cell lymphoma  
  Plasmablastic lymphoma  
  Primary effusion lymphoma  
  Large B - cell lymphoma arising in HHV8 - associated multicen-

tric Castleman disease  
  Burkitt lymphoma  
  B - cell lymphoma, unclassifi able, with features intermediate 

between DLBCL and Burkitt lymphoma  
  B - cell lymphoma, unclassifi able, with features intermediate 

between DLBCL and classical Hodgkin lymphoma     

  Mature  T  -  c ell and  NK  -  c ell  n eoplasms 

    T - cell prolymphocytic leukaemia  
  T - cell large granular lymphocytic leukaemia  
  Aggressive NK - cell leukaemia  
  Systemic EBV - positive T - cell lymphoproliferative disease of 

childhood (associated with chronic active EBV infection)  
  Hydroa vaccineforme - like lymphoma  
  Adult T - cell leukaemia/lymphoma  
  Extranodal NK/T - cell lymphoma, nasal type  
  Enteropathy - associated T - cell lymphoma  
  Hepatosplenic T - cell lymphoma  
  Subcutaneous panniculitis - like T - cell lymphoma  
  Mycosis fungoides  
  S é zary syndrome  
  Primary cutaneous anaplastic large - cell lymphoma  
  Primary cutaneous aggressive epidermotropic CD8 - positive 

cytotoxic T - cell lymphoma  *    
  Primary cutaneous  γ  δ  T - cell lymphoma  
  Primary cutaneous small/medium CD4 - positive T - cell 

lymphoma  *    
  Peripheral T - cell lymphoma, not otherwise specifi ed  
  Angioimmunoblastic T - cell lymphoma  
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  Anaplastic large - cell lymphoma, ALK positive  
  Anaplastic large - cell lymphoma, ALK negative  *       

  Hodgkin  l ymphoma 

    Nodular lymphocyte - predominant Hodgkin lymphoma  
  Classical Hodgkin lymphoma  

  Nodular sclerosis classical Hodgkin lymphoma  
  Lymphocyte - rich classical Hodgkin lymphoma  
  Mixed cellularity classical Hodgkin lymphoma  
  Lymphocyte depleted classical Hodgkin lymphoma       

  Histiocytic and  d endritic  c ell  n eoplasms 

    Histiocytic sarcoma  
  Langerhans cell histiocytosis  
  Langerhans cell sarcoma  
  Interdigitating dendritic cell sarcoma  
  Follicular dendritic cell sarcoma  
  Dendritic cell tumour, not otherwise specifi ed  
  Indeterminate dendritic cell tumour  
  Fibroblastic reticular cell tumour     

  *   These represent provisional entities or provisional subtypes of 
other neoplasms. They are provisional because there are insuf-
fi cient data to support their being a defi nite entity, signifi cant 
controversies about their defi ning features and/or uncertainty 
about whether they are unique or closely related to other defi -
nite entities. Further classify according to the lymphoma they 
resemble. 

  Post -  t ransplant  l ymphoproliferative  d isorders 

    Early lesions  
  Reactive plasmacytic hyperplasia  
  Infectious mononucleosis - like    

  Polymorphic post - transplant lymphoproliferative disorder  
  Monomorphic post - transplant lymphoproliferative disorder 

(B -  and T/NK - cell types)  *    
  Classical Hodgkin lymphoma - type post - transplant lymphopro-

liferative disorder      
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Notes
Page numbers in italics represent fi gures, 
those in bold represent tables.

vs. indicates a comparison or differential 
diagnosis.

The following abbreviations have been used:
AIHA autoimmune haemolytic 

anaemia
ALL acute lymphoblastic leukaemia
AML acute myeloid leukaemia
ATG antithymocyte globulin
CLL chronic lymphocytic leukaemia
CML chronic myeloid leukaemia
DIC disseminated intravascular 

coagulation
DLBCL diffuse large B-cell lymphoma
FISH fl uorescence in situ hybridization
GVHD graft-versus host disease
HLA human leucocyte antigen
HSC haematopoietic stem cells
Ig immunoglobulin
MHC major histocompatibility 

complex
NHL non-Hodgkin lymphoma
PCR polymerase chain reaction
SCT stem cell transplantation
TTP thrombotic thrombocytopenic 

purpura

A
A1 subgroup, ABO system, 246
A2 subgroup, ABO system, 246
AA see aplastic anaemia (AA)
AA amyloidosis, 611
A antigen see ABO blood group
ABCB7 gene mutations, X-linked 

sideroblastic anaemia, 44
abdominal pain

allogeneic SCT complications, 738
leukaemias, 471

acaeruloplasminaemia, 53
ACAMPS (apoptotic cell-associated 

molecular patterns), 304
acanthocytosis, 136
ACD see anaemia of chronic disease (ACD)
ACE inhibitors

high-attitude erythrocytosis, 692
renal amyloidosis, 610

acetylcholinesterase, 228
aciclovir, allogeneic SCT infections, 736
acidaemia, congenital methylmalonic, 74
acidosis, massive transfusions, 289
aciduria

congenital methylmalonic, 74
orotic, megaloblastic anaemia causing, 

81
aclarubicin, AML treatment, 421
acquired aplastic anaemia

aetiology, 207–208
clinical features, 211–213

mucosal haemorrhage, 211
skin haemorrhage, 211
TERT/TERC mutations, 212–213

diagnosis, 213–214
differential diagnosis, 214

immune thrombocytopenic purpura, 
213

immunosuppressive therapy, 216, 
218–220

ATG, 215, 216, 218–220
haematopoietic SCT, 220–224, 221

inherited vs., 207
management, 214–220

algorithms, 217
immunosuppressive therapy see above
indications, 216
infections, 215
iron chelation therapy, 215
stabilization, 215–216
supportive care, 214–215
transfusions, 214–215

pathogenesis, 208–211, 210
genetic predisposition, 211
haematopoietic defects, 208–209
immune system, 209
mouse models, 209, 211

abetalipoproteinaemia, 136
acquired haemolytic anaemias, 174

ABH antigens see ABO blood group
ABH secretor status, 248, 251
ABL1–BCR gene, CML, 486, 486
ABO blood group, 244–250, 245

A1 subgroup, 246
A2 subgroup, 246
ABH antigens, 248–250

glycoproteins, 248, 249
ABH secretor status, 248, 251
antibodies, 247–248
A antigen, 247
antigens, 245–247

see also specifi c antigens
B antigen, 247
blood transfusion recipient testing, 280
genes, 249–250
grouping, 246
H antigen, 246–247, 250

H genes, 250
immediate haemolytic transfusion 

reactions, 283
incidence, 245, 245–246
incompatibilities, haemolytic disease of 

the fetus and newborn, 293, 297
independent gene segregation, 247
rare variants, 247
testing, blood donation, 275
von Willebrand disease, 808

ABO haemolytic disease, 974
abortion

anti-D antibodies development, 258
spontaneous see spontaneous abortion

absorption tests, agglutination reactions, 
239–240

ABVD (doxorubicin, bleomycin, 
vinblastine and dacarbazine)

classical Hodgkin lymphoma treatment, 
647, 648, 650

Hodgkin lymphoma treatment, 646
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acquired circulating anticoagulants, 
malignancies, 945, 945

acquired coagulation disorders see blood 
coagulation

acquired cobalamin defi ciency, 74
acquired disorders

neonatal haematology, 980–981
see also specifi c diseases/disorders

acquired haemolytic anaemias, 158–175
immune, 158–168

classifi cation, 159
see also alloimmune haemolytic 

anaemia; autoimmune 
haemolytic anaemia (AIHA)

non-immune, 168, 168–174
chemical/physical agents, 172–174
fragmentation/mechanical, 170, 170, 

170–172
infections, 168–170

see also specifi c infections
red cell membrane, 174

acquired haemophilia, 804
acquired haemophilia A, 856, 856–858
acquired protein S defi ciency, 858
acquired sideroblastic anaemia, 45
acquired thrombotic disorders, neonates, 

983
acquired thrombotic thrombocytopenic 

purpura, 862
acquired venous thrombosis see venous 

thromboembolism (VTE)
acquired von Willebrand disease, 811, 812, 

945
acrocyanosis, cold-type AIHA, 164
acroparaesthesia, Fabry disease, 341
actin

phagocyte locomotion, 300
polymerization, platelets, 786–787
red cell membrane, 227

β-actin, red cell membrane, 129
activated B cell-like diffuse large B-cell 

lymphomas, 623
activated clotting time, acquired 

coagulation disorders, 841
activated partial thromboplastin time 

(APTT), 748
acquired coagulation disorders, 840, 

841, 841
acquired haemophilia A, 857, 857–858
antiphospholipid syndrome, 893, 

894
biphasic waveform, 841, 841
DIC, 843
FVR506Q, 877
haemophilia A, 795
heritable thrombophilia, 883
in liver disease, 847–848
neonatal haemostasis, 980

rare bleeding disorders, 814
in trauma, 852

activated protein-1 (AP-1), Hodgkin 
lymphoma, 642

activated protein C (APC)
assay, heritable thrombophilia, 883
DIC treatment, 845
FVR506Q, 877
resistance, 877

detection, 885
acute chest syndrome, sickle cell disease, 

115, 116, 116
acute coagulopathy of trauma-shock, 852
acute graft-versus-host disease see graft-

versus-host disease (GVHD)
acute haemolytic crises, glucose-6-

phosphate dehydrogenase 
defi ciency, 151, 151

acute haemolytic transfusion reactions, 
248

acute hepatitis, 848
acute hypergranular promyelocytic 

leukaemia, 396, 397
acute infections, anaemia, 950–951
acute infectious lymphocytosis, 364
acute intravascular haemolysis, 173–174
acute iron poisoning, 59
acute lymphoblastic leukaemia (ALL), 

433–447
chemotherapy, 438–440

CNS prophylaxis, 440
consolidation therapy, 439–440
maintenance therapy, 440
relapse/resistant leukaemia, 440
remission induction therapy, 438–439, 

439
classifi cation, 433

B-lineage, 434
common ALL, 434
early T-precursor ALL, 434
mature B-cell ALL, 434
mature T-ALL, 434
pre-B ALL, 434
pro-B ALL, 434
T-lineage, 434
WHO classifi cation, 406

clinical features, 435, 436
cytogenetic analysis, 406, 434–435

periodic acid–Schiff stain, 402, 403
phosphatase reactions, 402, 403

diagnosis, 433–435
blood fi lm, 396, 398
bone marrow aspirates, 397
bone marrow trephine biopsy, 401
cell surface marker analysis, 433–434
fl ow cytometric immunophenotyping, 

402
immunohistochemistry, 405

molecular genetic analysis, 434–435
morphology, 433

differential diagnosis, 437
AML vs., 433
cytochemistry, 401, 402, 403

folate defi ciency, 65
genetics

BCR–ABL1 chimeric gene, 487
ETV6–RUNX1, 391
fusion genes, 385
hyperdiploidy, 386
Philadelphia chromosome, 434–435

see also BCR–ABL1 chimeric gene
infections, 477
initial evaluation, 437–438
laboratory evaluation, 436–437

blood counts, 436
large-volume blood transfusions, 466
management

new treatment approaches, 445–446
SCT see below
supportive therapy, 437–438

minimal residual disease, 435
prognostic factors, 442–445, 443

age, 442
B-precursor ALL, 443
cytogenetics, 443–444
immunophenotype, 443–444
mature B-ALL, 444
minimal residual disease, 444–445
molecular genetic analysis, 411
new integrated risk classifi cation, 445
Philadelphia chromosome, 443–444
response to treatment, 444–445
T-lineage ALL, 443
white blood cell count, 442–443

SCT, 440–442, 442, 445
allogeneic, 441, 441
autologous, 441, 441
evidence-based recommendations, 

442
indications, 442
matched unrelated donor, 441, 441
non-myeloablative, 441, 442

acute lymphoblastic leukaemia (ALL), 
childhood, 448–462

aetiology, 449
blood fi lm, 450
classifi cation, 459
clinical features, 450, 450–451
cytochemistry, 451
cytogenetics/molecular classifi cation, 

449, 452–454, 454
BCR–ABL1 rearrangements, 453, 454, 

455
E2A–PBX1 (TCF3–PBX1) 

rearrangements, 453, 454
EBF gene, 450
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ETV6–RUNX (TEL–AML1) gene 
fusion, 448–449, 450, 452, 454, 
455

HOX11 gene, 453
hyperdiploid, 452
hypodiploid, 452
IKZF1 gene, 450
IKZF3 gene, 450
LEF1 gene, 450
LMO2 (TTG-2) gene, 453
LMOI (TTG-1) gene, 453
MLL rearrangements, 453, 454, 455
novel subtypes, 454
SCL (TAL-1) gene, 453
T-cell ALL, 453–454, 454
TCF3 gene, 450
TCF3–PBX1 gene fusion, 450

differential diagnosis, 451
epidemiology, 448–449
immunophenotypic classifi cation, 

451–452
infections, 477
laboratory features, 450, 450–451
minimal residual disease, 459
morphology, 451
pathogenesis, 449–450
prognostic factors, 454–456

minimal residual disease, 455
pharmacogenetic variables, 455–456
presentation, 454–455

relapse, 459
risk classifi cations, 456
treatment, 456–459

allogeneic haemopoietic SCT, 458
clinical trials, 457
consolidation therapy, 457–458
immunotherapy, 459–460
intensifi cation (consolidation), 457
remission induction, 456–457
sequelae, 458–459

tumour lysis syndrome, 479
twins, 449

acute megakaryoblastic leukaemia 
(AMKL)

bone marrow trephine biopsy, 399, 
401

transient abnormal myelopoiesis of 
Down syndrome, 707–708

acute microgranular/hypogranular 
promyelocytic leukaemia, blood 
fi lm, 396, 397

acute monoblastic leukaemia
blood fi lm, 397, 399
cytochemistry, 402

acute myeloid leukaemia (AML), 415–432
age distribution, 416
childhood ALL relapse, 459
core-binding factor complex, 391–392

cytogenetics, 405, 406, 416–418, 417, 
419

distribution, 418
diagnosis

blood fi lm, 398
bone marrow aspirates, 397, 398, 399, 

400, 401
bone marrow trephine biopsy, 401
FISH, 409
fl ow cytometric immunophenotyping, 

403
Diamond–Blackfan anaemia, 198, 199
differential diagnosis

acquired aplastic anaemia vs., 214
adult ALL vs., 433
cytochemistry, 401, 402, 403

disease classifi cation, 416
epidemiology, 415
essential thrombocythaemia, 

transformation of, 694
familial, 380
future work, 430–432

classifi cation, 430–431
therapeutics, 431–432

genetics, 417
CEBPA gene, 380
cooperating mutations, 392
FIP1L1–PDGFRA fusion gene, 385
FLT3 gene, 392
hypomethylation, 388
KRAS gene, 391
LTA gene, 388
MYH11–CBFB, 381
NRAS gene, 391
RUNX1–ETO, 381
RUNX1 gene, 380
trisomy 8, 386

incidence, 415
minimal residual disease, 428–429
paroxysmal nocturnal haemoglobinuria, 

178
pathophysiology, 415–416
post-ATG, 220
relapse management, 430

outcome, 430
relapse risk, 425–427

age, 426
CEBPA gene mutation, 427
cytogenetics, 425–426, 426
FLT3 gene mutation, 426–427, 

427
induction chemotherapy, reaction to, 

426
NPM1 gene mutation, 427, 427
performance score, 428
resistance proteins, 428
white cell count, 428
WT1 gene mutation, 427

severe congenital neutropenia, 314
Shwachman–Diamond syndrome, 197
treatment, 418–430

age effects, 418, 419, 421
allogeneic SCT, 423–424, 425, 521
aspirations, 418–419
autologous SCT, 424–425
chemotherapy, 419–420
consolidation treatment, 423, 425
diagnostic presentation, 420
infection prophylaxis, 421–422
large-volume blood transfusions, 

466
older patients, 430
options, 423
palliative approach, 418–419
post-remission treatment, 420
prognostic factors, 429
remission induction, 420–421
RT-PCR monitoring, 420
supportive care, 421–423

WHO classifi cation, 406
acute painful episodes, sickle cell disease, 

113
acute promyelocytic leukaemia (APL), 

429–430
all-trans retinoic acid, 429–430
bleeding risks, 467
DIC, 467, 945
haemostatic dysfunction, 845
phenotype–genotype correlations, 

384
PML–RARA fusion gene, 384, 386
RARA–PML fusion gene, 386
relapse management, 430
thrombosis, 897

acute renal failure (ARF), fl uid balance, 
479

acute renal tubular necrosis (ATN)
electrolyte balance, 479–480
fl uid balance, 479

ADAMTS-13, 861
assays, 863–865, 864
defi ciency, 780, 861, 862
diarrhoea-related haemolytic-uraemic 

syndrome, 869
replacement, 868
structure, 861, 861
TTP, 861, 862, 863–865, 864, 868
von Willebrand factor interaction, 755, 

805, 861
ADAMTS13 gene

Schulman–Upshaw syndrome, 917, 925
TTP, 862

adenopathy, AML, 415
adenosine deaminase (ADA), red cell 

aplasia, 973–974
adenosine, platelet inhibition, 788



Index

992

adenylic acid residue (poly-A) addition, 
globin gene processing, 87

adhesion molecules
multiple myeloma pathogenesis, 580
phagocytes, 302
see also specifi c molecules

adhesion, platelets, 921
adjuvant chemotherapy, localized follicular 

lymphoma, 663
adjuvant radiotherapy, aggressive B-cell 

NHL treatment, 674–675
ADP receptor defects

genetics, 925
platelet responses, 922
thrombocytopathy, 922

adrenaline receptor defects, platelet 
responses, 922

adrenaline, von Willebrand factor, 805
α2A-adrenergic receptors, platelets, 

784–785
α2-adrenergic receptors, 

thrombocytopathy, 922–923
adriamycin see doxorubicin
adults

chronic CML management, 497–498
cobalamin defi ciency, 70
haematopoiesis, 3

bone marrow, 6–7
adult T-cell leukaemia lymphoma (ATLL), 

567–570
aetiology, 567
clinical course, 570
clinical features, 567–568
cytogenetics, 568–569
diagnosis, 568
differential diagnosis, 569–570
epidemiology, 567
pathogenesis, 568–569
therapy, 570
treatment, 678–679
WHO lymphoma classifi cation, 627–

628, 628
adventitia, blood vessels, 752–753
Africa, hereditary elliptocytosis, 134
African haplotypes, sickle cell disease, 112
African iron overload, 52
African trypanosomiasis, 965–966

global distribution, 965, 965
age

adult ALL prognosis, 442
AML distribution, 416
AML relapse risk, 426
AML treatment, 418, 419, 421
CLL, 538
elderly see elderly patients
hyposplenism, 376
multiple myeloma, 589
Sézary syndrome/mycosis fungoides, 566

age of onset, TTP, 864
agglutinins, infectious mononucleosis, 

366
aggregation, thrombus formation, 

777–778
aggressive NK-cell leukaemia, WHO 

classifi cation, 627, 627
AGM see aorta–gonad–mesonephros 

(AGM)
agranulocytosis, deferiprone, 58
AIDS-related lymphoma, 658
AIDS-related non-Hodgkin’s lymphoma, 

681–682
AIHA see autoimmune haemolytic 

anaemia (AIHA)
aircraft journeys, venous 

thromboembolism, 889
air embolism, blood transfusions, 288
AITL see angioimmunoblastic T-cell 

lymphoma (AITL)
ALA (δ-aminolaevulinic acid), haem 

synthesis, 35
ALAS2 gene mutations, X-linked 

sideroblastic anaemia, 44
ALAS2 (δ-aminolaevulinic acid synthase), 

iron-responsive elements, 32
albendazole, fi lariasis treatment, 965
albumin, folate transport, 77
ALCL see anaplastic large-cell lymphoma 

(ALCL)
alcohol, folate defi ciency, 79
Alder–Reilly anomaly, neutrophils, 311, 

312
alemtuzumab (Campath-1H), 666

acquired aplastic anaemia management, 
220

adult T-cell leukaemia lymphoma, 570
allogeneic SCT in myelodysplastic 

syndrome, 521
childhood ALL treatment, 459
CLL management, 547
follicular lymphoma therapy, 667
GVHD prophylaxis, 731
Richter transformation, 549
unrelated donor allogeneic SCT 

conditioning regimens, 731
aleukaemic leukaemia, differential 

diagnosis, acquired aplastic 
anaemia vs., 214

AL fi brils, systemic AL amyloidosis, 601
alglucosidase alfa (Myozyme), Pompe 

disease, 341
algorithms, acquired aplastic anaemia 

management, 217
ALK1 gene, hereditary haemorrhagic 

telangiectasia, 854
alkaline dehydrogenase, CML, 491
alkaline phosphatase, GvHD, 735

ALK gene
anaplastic large-cell lymphoma, 574
large B-cell lymphomas, WHO 

lymphoma classifi cation, 625
alkylating agents

B-PLL, 550
CLL management, 545
cold-type AIHA, 165
SCT conditioning regimens, 729
see also specifi c agents

ALL see acute lymphoblastic leukaemia 
(ALL)

allele-specifi c primers, molecular blood 
grouping techniques, 242

allelic exclusion, B cell development, 350
alloantibodies, 230

maternal, haemolytic disease of the fetus 
and newborn, 292–293

allogeneic bone marrow transplantation
AML therapy, 431–432
paroxysmal nocturnal haemoglobinuria 

treatment, 181
systemic AL amyloidosis management, 

609
allogeneic stem cell transplantation

ALL therapy
adult ALL, 441, 441
childhood ALL treatment, 458

AML therapy, 423–424, 425
antibiotic prophylaxis, 477
chronic myelomonocytic leukaemia, 

527
CLL therapy, 548
CML therapy, 499

advanced CML, 498
chronic CML, 491, 496, 496–497

complications, 722, 733–741
acute GvHD, 734–735
early, 733–735
fertility, 740–741
graft failure, 733–734
graft-versus-host response, 722
growth delays, 740–741
host-versus-graft response, 722
infections, 735–737, 736, 736–737
intensive care support, 739
late complications, 739
organ toxicity, 737–739
puberty, 740–741
secondary malignancies, 740

conditioning regimens, 729
myeloablative conditioning, 730
sibling donor, 730–731
unrelated donor, 731

donor choice, 742–743
donor infection screening, 477
future developments, 744–745
mantle cell lymphoma, 673
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multiple myeloma management/
treatment, 593

mycosis fungoides treatment, 682
myelodysplastic syndrome therapy, 521–

522, 522, 522
NHL therapy, 669

aggressive B-cell NHL treatment, 
675

aggressive NHL treatment, 681
patient factors affecting outcome, 741, 

741
primary myelofi brosis treatment, 

699–700
refractory anaemia with excess blasts in 

transformation, 521
refractory anaemia with ring 

sideroblasts, 521
relapsed Hodgkin lymphoma, 651
relapse management, 743–744
sibling donor

conditioning regimens, 730–731
myelodysplastic syndrome, 521

T-prolymphocytic leukaemia therapy, 
561

umbilical cord blood see umbilical cord 
stem cell transplantation

unrelated donor
conditioning regimens, 731
myelodysplastic syndrome, 521

alloimmune anaemia of the fetus and 
newborn, 293

alloimmune haemolytic anaemia, 166–168
anti-D antibodies, 167–168
drug-induced, 166–167, 167

alloimmune neonatal neutropenia, 263, 
979

alloimmune thrombocytopenias, 916
allopurinol

adult ALL, 437
hyperuricaemia therapy, 479

all-trans retinoic acid (ATRA), acute 
promyelocytic leukaemia, 429–
430, 845

α chain, T-cell receptor see T-cell receptor 
(TCR)

α-globin chains see haemoglobin(s)
α-granules, platelets, 774, 774
alternative complement pathway, 234, 

235
ambulatory haemolysis, fragmentation 

haemolysis, 171
ambulatory peritoneal dialysis, anaemia, 

947
American trypanosomiasis (Chagas 

disease), 966–967
blood transfusions, 274

AMG 531, congenital platelet disorder 
therapy, 924

δ-aminolaevulinic acid (ALA), haem 
synthesis, 35

δ-aminolaevulinic acid synthase (ALAS2), 
iron-responsive elements, 32

AMKL see acute megakaryoblastic 
leukaemia (AMKL)

AML see acute myeloid leukaemia (AML)
AML-1 gene see RUNX1 (AML-1) gene
AMN, cobalamin absorption, 69
amotosalen, fresh frozen plasma 

preparation, 279
amphotericin, glomerular toxicity, 480
amsacrine

AML treatment, 423
with fl udarabine and cytarabine 

(FLAMSA), allogeneic SCT in 
myelodysplastic syndrome, 521, 
525

amyloid deposits, amyloidosis, 599, 600
amyloidogenic monoclonal 

immunoglobulin chains, 600
amyloidosis, 599–613

AA amyloidosis, 611
breast, 610
classifi cation, 600
coagulation disorders, 856
defi nition, 599
factor X defi ciency, 856
future work, 612
hereditary systemic, 611–612
localised AL, 610
non-neuropathic hereditary systemic, 

612
pathogenesis, 599–601

amyloid deposits, 599, 600
amyloidogenic monoclonal Ig chains, 

600
glycosaminoglycans, 600–601
β2-microglobulin, 599–600, 611
β-protein, 600
serum amyloid A, 599–600
transthyretin, 600

rheumatoid arthritis, 946
systemic types, 610–612
transthyretin, 611
see also specifi c diseases/disorders

anaemia(s)
aetiology

adult T-cell leukaemia lymphoma, 
568

ambulatory peritoneal dialysis, 947
blood donation, 269
CLL, 534, 535
CML, 490
connective tissue disorders, 945–946
hairy cell leukaemia, 551
hepcidin, 32
hereditary spherocytosis, 130

infections see below
liver disease, 948–949
malignancies, 942, 942–943

see also specifi c malignancies
multiple myeloma, 587
myelodysplastic syndrome, 512
nephrectomy, 947
NHL, 659–660
pregnancy, 953
prematurity, 977–978
primary myelofi brosis, 698
protein defi ciency, 81
renal disease, 850, 946–977, 947
rheumatoid arthritis, 945
scurvy, 81
sickle cell disease, 113

infections
acute infections, 950–951
HIV infection, 954
malaria, 952, 959
tropical diseases, 968–969
viral infection, 949–950

leukaemias see leukaemias, supportive 
care

management
erythropoietin, 468
granulocyte colony-stimulating factor, 

468
haematinics, 292
primary myelofi brosis treatment, 

700
types

acquired aplastic anaemia see 
acquired aplastic anaemia

acquired haemolytic see acquired 
haemolytic anaemias

acquired haemolytic anaemias see 
acquired haemolytic anaemias

acquired sideroblastic anaemia, 45
acute, 465
AIHA see autoimmune haemolytic 

anaemia (AIHA)
alloimmune anaemia of the fetus and 

newborn, 293
alloimmune haemolytic anaemia 

see alloimmune haemolytic 
anaemia

aplastic anaemia see aplastic anaemia 
(AA)

autosomal recessive megaloblastic 
anaemia (MGA1), 73

cardiac haemolytic anaemia, 170, 
170–172

chronic haemolytic anaemia, 127
chronic non-spherocytic haemolytic 

anaemia, 152
cold-antibody AIHA, 942
cold-type AIHA, 164–165, 165
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congenital dyserythropoietic anaemia 
(CDA) see congenital 
dyserythropoietic anaemia 
(CDA)

congenital non-spherocytic 
haemolytic anaemia see 
congenital non-spherocytic 
haemolytic anaemia (CNSHA)

Diamond–Blackfan anaemia see 
Diamond–Blackfan anaemia

drug-induced alloimmune haemolytic 
anaemia, 166–167, 167

drug-induced warm-type AIHA, 
162–163

Fanconi anaemia see Fanconi anaemia
fetal/newborn anaemia, 293
fragmentation acquired haemolytic 

anaemias, 170, 170, 170–172
haemolytic anaemias see haemolytic 

anaemias
hypochromic anaemia, 37
hypochromic microcytic anaemia, 

102–103
idiopathic aplastic anaemia, 187
idiopathic cold-type AIHA, 164–165
idiopathic warm-type AIHA, 162
inherited sideroblastic anaemia, 

44–45
iron defi ciency see iron defi ciency 

anaemia
iron defi ciency anaemia see iron 

defi ciency anaemia
iron-loading see iron-loading 

anaemias
iron-loading anaemias see iron-

loading anaemias
iron refractory iron defi ciency 

anaemia, 41
juvenile pernicious anaemia, 72
mechanical acquired haemolytic 

anaemias, 170, 170, 170–172
megaloblastic see megaloblastic 

anaemia
megaloblastic anaemia see 

megaloblastic anaemia
microangiopathic haemolytic anaemia 

see microangiopathic haemolytic 
anaemia (MAHA)

neonatal anaemia see neonatal 
anaemia

normochromic macrocytic anaemia, 
198

normochromic normocytic anaemia 
see normochromic normocytic 
anaemia

pernicious see pernicious anaemia
pernicious anaemia see pernicious 

anaemia

refractory anaemia (RA) see refractory 
anaemia (RA)

refractory anaemia with excess blasts 
1 (RAEB-1), 506

refractory anaemia with excess 
blasts-2 (RAEB-2), 506

refractory anaemia with excess blasts 
in transformation see refractory 
anaemia with excess blasts in 
transformation (RAEBt)

refractory anaemia with ring 
sideroblasts see refractory 
anaemia with ring sideroblasts 
(RARS)

refractory anaemia with ring 
sideroblasts and thrombocytosis 
(RARS-T), 527–528

secondary sideroblastic anaemia, 45
sideroblastic see sideroblastic anaemia
sideroblastic anaemia see sideroblastic 

anaemia
‘spur-cell anaemia,’ 949
thiamine-responsive megaloblastic 

anaemia, 81
warm-type AIHA see warm-type 

autoimmune haemolytic 
anaemia

X-linked sideroblastic anaemia, 44
anaemia of chronic disease (ACD), 

940–942
associated disease, 941
erythropoiesis inhibition, 941
haematological features, 941
iron metabolism, 941
pathogenesis, 940–941
treatment, 941–942

anagrelide
essential thrombocythaemia treatment, 

696
polycythaemia vera treatment, 690

analgesia, opiates, 481
anaplastic large-cell lymphoma (ALCL), 

574–575, 677
ALK+, 633, 633, 634, 635
ALK-, 635
T-cell type, 660
treatment, 678
WHO lymphoma classifi cation, 633, 

633, 634, 635
anaplastic lymphoma kinase (ALK), T-cell 

lymphomas, 659
Anderson–Fabry disease see Fabry disease
aneuploidy, somatic mutations, 386–387
angioimmunoblastic T-cell lymphoma 

(AITL), 572, 677
WHO lymphoma classifi cation, 631, 

632, 633
angiokeratoma, Fabry disease, 341

angiotensin II inhibitors, renal 
amyloidosis, 610

animal models, platelets, 774–775
anisocytosis, myelodysplastic syndrome, 

512
ANK1 gene, hereditary spherocytosis, 131
ankylosing spondylitis, HLA-B27 

association, 713
ankyrin, red cell membrane, 129, 130, 227
ankyrin–spectrin complex, hereditary 

spherocytosis, 131
Ann Arbor system

Hodgkin lymphoma, 643, 643
NHL staging, 662, 663

anorexia, leukaemias, 480
anorexia nervosa, acquired aplastic 

anaemia vs., 214
antenatal screening

blood transfusion recipients, 281
thalassaemias, 105

Anthony Nolan Trust, 716–717
anthracycline

adult ALL chemotherapy, 438
AML treatment, 423
CLL management, 546

anti-A1 antibodies, 248
neonatal anaemia, 974

anti-A antibodies, 247, 248
anti-AB antibodies, 247
anti-ADAMTS-13 antibodies, TTP, 866
antibacterial prophylaxis, adult ALL, 

437–438
anti-B antibodies, 247, 248
antibiotics

diarrhoea-related haemolytic-uraemic 
syndrome, 869

fever of unknown origin, 476
induced neutropenia, 316
MALT lymphoma, 670
post-splenectomy, 133, 133, 935
prophylactic, splenectomy, 376
Waldenström macroglobulinaemia, 

672
see also specifi c antibiotics

antibodies, 230–232
adult ALL therapy, 445
antiphospholipid syndrome, 892, 

892–893
characteristics, agglutination reactions, 

238
detection, malaria diagnosis, 961
haemolytic transfusion reactions, 284
infectious mononucleosis, 365–366
Rh system, 257–258
see also immunoglobulin(s) (Igs); specifi c 

antibodies
antibody conjugates, follicular lymphoma 

therapy, 667



Index

995

antibody span, agglutination reactions, 238
anti-C antibodies, 257
anti-c antibodies, 297
anti-CD20 monoclonal antibody see 

ofatumumab; rituximab
anti-CD22 monoclonal antibody see 

epratuzumab
anticoagulants

blood storage, 276
endothelial cells, 755
venous thromboembolism therapy, 903–

906, 907–908
see also specifi c anticoagulants

anticonvulsants, induced neutropenia, 316
anti-D antibody, 257

alloimmune haemolytic anaemia, 
167–168

detection in early pregnancy, 294
fetal/newborn anaemia, 293
immunization by abortion/miscarriage, 

258
injection after birth, 257–258
maternal, haemolytic disease of the fetus 

and newborn, 298
primary immune thrombocytopenia 

management, 933, 934
SHOT, 290
source, 258
transplacental haemorrhage, 258

antiembolic stockings, thrombolytic 
prophylaxis, 908

antiemetic drugs, 481
anti-factor VIII antibodies, 799
antifi brinolytic agents

congenital platelet disorder therapy, 924
factor XI defi ciency therapy, 827
see also specifi c agents

antifolate drugs, folate defi ciency, 79
antifungal prophylaxis

adult ALL, 437
see also specifi c antifungals

anti-Fya antibody, 260
anti-gastrin receptor antibodies, 72
antigen(s)

defi nition, 228–229
detection

Aspergillus infection, 471
malaria diagnosis, 960–961

Rh system, 252–253, 256
SCT, 722–723
site density, agglutination reactions, 

238
antigen-presenting cells (APCs), 345

acute GvHD, 724
antigen processing/presentation

CD4 T-cells, 345
HLA, 711–712
HLA class II, 712

Langerhans cells, 325
lymphocytes, 344–346
MHC class I, 344–345, 345, 346
MHC class II, 345, 345, 346

antiglobin test see Coombs (antiglobin) 
test

anti-β2-glycoprotein antibodies, 
antiphospholipid syndrome, 892, 
893, 894–895

anti-GPIIb/IIIa antibodies, primary 
immune thrombocytopenia, 
928–929

anti-H antibodies, 248
anti-HCV antibodies, blood donation 

screening, 272, 275
anti-heparin/platelet factor 4 complex, 891
antihistamines

febrile reactions, 467
mastocytosis treatment, 703
see also specifi c antihistamines

anti-HLA-DR antibodies see apolizumab
anti-HPA-Ia antibodies, neonatal 

alloimmune thrombocytopenia, 
981

anti-HTLV antibodies, blood donation 
testing, 275

anti-human globulin (AHG), 239
standardization, 239

anti-I antibodies, 252
anti-i antibodies, 252
anti-idiotype antibodies, 232
anti-infl ammatory agents

induced neutropenia, 316
see also specifi c agents

anti-intrinsic factor antibodies, 72
anti-Jka antibody, 260
anti-Jkb antibody, 260
anti-K antibodies, 260

fetal/newborn anaemia, 293
haemolytic disease of the fetus and 

newborn, 297
anti-k antibodies, 260
anti-Kell antibodies, neonatal anaemia, 974
anti-Lea antibodies, 251
anti-Leb antibodies, 251
antilymphocyte globulin (ATG), 

myelodysplastic syndrome, 520
anti-M antibodies, 259
antimetabolite drugs

megaloblastic anaemia causing, 81
see also specifi c drugs

antimicrobial proteins
phagocytes, 306–307
see also specifi c proteins

antimotility agents
diarrhoea-related haemolytic-uraemic 

syndrome, 869
see also specifi c agents

anti-N antibodies, 259
anti-P1 antibody, 251
anti-parietal cell antibodies, 72
antiphospholipid syndrome (APS), 

892–895
antibodies, 892, 892–893
diagnostic criteria, 892
laboratory diagnosis, 893–895

coagulation assays (lupus 
anticoagulant tests), 893–894

solid-phase assays, 894–895
management, 895
pathogenic mechanisms, 893
pregnancy, 895

α2-antiplasmin, 759, 765
haemostatic disturbance in chronic liver 

disease, 848
plasmin inhibition, 770

antiplatelet antibodies, primary immune 
thrombocytopenia, 930

antiplatelet drugs, 773
monitoring, 790
thrombolytic prophylaxis, 909
see also specifi c drugs

anti-PP1P
K antibody, 251

anti-S antibodies, 259
antithrombin (AT), 759, 763

activation, 874, 875–876
blood coagulation feedback inhibition, 

749
defi ciency, 872, 873, 874, 876

neonates, 983
type 1, 874
type 2, 874

disseminated vascular coagulation, 
764

heparin interaction, 764
structure, 874, 875–876

antithrombin tests
heritable thrombophilia, 884
neonatal thrombocytopenia, 982

antithymocyte globulin (ATG)
acquired aplastic anaemia, 215, 216, 

218–220
allogeneic SCT in myelodysplastic 

syndrome, 521
children, 220
cyclosporin with, 218–219, 219
defi nition, 216
development of, 218
GvHD prophylaxis, 731
late complications, 220
monitoring, 216
myelodysplastic syndrome, 520
older patients, 220
prognosis, 218, 218
repeat courses, 219
response predictors, 218–219
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side effects, 216, 218
unrelated donor allogeneic SCT 

conditioning regimens, 731
antithyroid drugs

induced neutropenia, 316
see also specifi c drugs

α1-antitrypsin, 765
protein C pathway inhibition, 767

antituberculous drugs, sideroblastic 
anaemia, 45

aorta–gonad–mesonephros (AGM)
erythropoiesis, 12
haematopoiesis, 4, 5, 7
haemopoiesis, 971

aortic stenosis, acquired von Willebrand 
disease, 811

APC see activated protein C (APC)
apixaban, venous thromboembolism 

therapy, 906
APL see acute promyelocytic leukaemia 

(APL)
aplastic anaemia (AA), 206–225

acquired see acquired aplastic anaemia
characterization, 206
defi nition, 206
differential diagnosis

adult ALL vs., 437
childhood ALL vs., 451

disease severity, 207
epidemiology, 206–208

incidence, 206–207
idiopathic, 187
inherited/bone failure syndromes, 186–

205, 187
incidence, 186
ribosomal RNA processing, 197
see also specifi c diseases/disorders

neutropenia, 316
aplastic crises, sickle cell disease, 113
apolizumab, 666

follicular lymphoma therapy, 667
apoptosis

erythropoiesis, 22–23
erythropoietin receptor, 22
leukaemogenesis, 393
myelodysplastic syndrome, 508
neutrophils, 312

apoptotic cell-associated molecular 
patterns (ACAMPs), 304

apoptotic cells
macrophage clearance, 323
phagocyte receptors, 304

apparent polycythaemias, 693
aprotinin, haemostatic disturbances in 

surgery, 852
APS see antiphospholipid syndrome (APS)
APTT see activated partial thromboplastin 

time (APTT)

aquaporin 1 (Colton antigen), 228
biological signifi cance, 229

aquaporin 3 (GIL antigen), 228
biological signifi cance, 229

Arab–Indian haplotype, sickle cell disease, 
112

arachidonic acid
platelet signalling transduction 

disorders, 920
prostaglandin I2, 754

argatroban, venous thromboembolism 
therapy, 905

arrhythmias, American trypanosomias, 
966

arsenic trioxide, acute promyelocytic 
leukaemia, 430

arsine, acquired haemolytic anaemias, 173
artemisin, malaria treatment, 962
arterial occlusion, polycythaemia vera, 

688
arterial thrombosis, heritable 

thrombophilia, 882
arteriovenous malformation, 854–855

fragmentation haemolysis, 171
arthritis, haemochromatosis, type 1, 49, 49
arthropathy, haemophilia A, 794, 794
Ashkenazi Jews, factor XI defi ciency, 827
asparaginase

adult ALL chemotherapy, 438–439
childhood ALL treatment, 457, 458
coagulation factor inhibition, 467
venous thromboembolism, 890–891

aspartylglucosaminuria, 334
clinical features, 337

Aspergillus infections
acquired aplastic anaemia, 215
allogeneic SCT infections, 737
AML treatment, 422
antigen detection, 471
ELISA, 471
leukaemias, 471

aspirations
AML treatment, 418–419
bleeding risks, 467

aspirin
antiphospholipid syndrome 

management, 895
anti-platelet effects, 773, 784
essential thrombocythaemia treatment, 

696
polycythaemia vera treatment, 690

ASXL1 gene, myelodysplastic syndrome, 
512

AT see antithrombin (AT)
ATG see antithymocyte globulin (ATG)
AT gene, knockout animal models, 763
atherosclerosis, thrombosis in 

infl ammation, 898

ATLL see adult T-cell leukaemia 
lymphoma (ATLL)

ATM gene
deletion, mantle cell lymphoma, 386, 

393
T-prolymphocytic leukaemia, 559

ATN see acute renal tubular necrosis 
(ATN)

atovaquone, babesiosis, 962
ATP production, glycolytic pathway, 140
atransferrinaemia, iron overload, 53
ATRX gene, myelodysplastic syndrome, 

510
atypical chronic myeloid leukaemia, 527
atypical haemolytic-uraemic syndrome, 

869
aurora kinase inhibitors, multiple myeloma 

management/treatment, 596
autoantibodies

defi nition, 230
myelodysplastic syndrome, 513
see also specifi c antibodies

autografting, chronic CML management, 
498

autohaemolysis test
hereditary spherocytosis, 131
pyruvate kinase defi ciency, 144

autoimmune diseases/disorders
acquired aplastic anaemia, 207
antiphospholipid syndrome, 892
chronic GvHD, 739–740
CLL management, 548
drug-induced alloimmune haemolytic 

anaemia, 167
interferon alpha toxicity, 495–496
MHC, 347
pernicious anaemia association, 72
primary immune thrombocytopenia, 

929
warm-type AIHA association, 162
see also specifi c diseases/disorders

autoimmune haemolytic anaemia (AIHA), 
158–166

antibody characteristics, 158–159
cold-acting antibodies, 159, 160
specifi city, 160
warm-acting antibodies, 159, 160

blood transfusions, 282
CLL, 548
cold-type see cold-type autoimmune 

haemolytic anaemia
complement activation, 160
Coombs test, 158
DAT, 158
destruction mechanisms, 160–161
Ig test, 159
paroxysmal cold haemoglobinuria, 

165–166
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warm-type see warm-type autoimmune 
haemolytic anaemia

autoimmune neutropenia, 315
neutrophil antibodies, 263–264

autoimmune thrombocytopenic purpura 
(ITP), CLL, 536

autoimmune thrombotic 
thrombocytopenic purpura, 863

autologous blood transfusions, 292
autologous stem cell transplantation

complications, 741
conditioning regimens, 729
future developments, 744
myelodysplastic syndrome development, 

504
peripheral blood, 608
relapse management, 744
stem cell mobilization, 727
therapy in

adult ALL, 441, 441
adult T-cell leukaemia lymphoma, 

678–679
aggressive B-cell NHL, 675
AML, 424–425
CLL, 548
lymphoblastic lymphoma, 679
mantle cell lymphoma, 673
multiple myeloma, 587, 591–592, 

592
NHL see non-Hodgkin lymphoma 

(NHL)
relapsed Hodgkin lymphoma, 650
systemic AL amyloidosis, 608
T-prolymphocytic leukaemia, 561

automated blood group screening, 241
automated cell counting, platelet function 

testing, 789
autonomous gene silencing, haemoglobin 

synthesis regulation, 86
autosomal dominant dyskeratosis 

congenita, 194
autosomal mutations, sideroblastic 

anaemia, 44
autosomal recessive dyskeratosis congenita, 

195
autosomal recessive inheritance, rare 

bleeding disorders, 813, 814
autosomal recessive megaloblastic anaemia 

(MGA1), 73
avascular necrosis, pain, 481
5-aza-2′-deoxycytidine, myelodysplastic 

syndrome, 522
azacitidine, myelodysplastic syndrome, 

528
5-azacytidine, myelodysplastic syndrome, 

522, 523
azathioprine

hepatosplenic T-cell lymphoma, 629

primary immune thrombocytopenia 
management, 934, 938

warm-type AIHA treatment, 163
azurocidin

neutrophils, 307
phagocytes, 306

azurophil granules, neutrophils, 308–309, 
310

B
B1 cells, 352
B2 cells, 352
B7.1 (CD80), T cell activation, 345–346
B7.2 (CD86), T cell activation, 345–346
B7, T-cell-dependent B-cell activation, 

357
babesiosis, 962

acquired haemolytic anaemias, 169
blood transfusions, 274

bacterial infections
acquired haemolytic anaemias, 169
blood transfusions, 270, 271, 274
haematological disorders, 950–952
haemophagocytic lymphohistiocytosis, 

326
in leukaemia, 468
see also individual species

bacterial overgrowth, cobalamin 
malabsorption, 73

bacterial permeability-increasing protein 
(BPI)

neutrophils, 307
phagocytes, 306

bacterial pyrogens, blood transfusions, 
287–288

Bacteroides fragilis infection, 
polyagglutinable red cell Tk 
activation, 262

band 3 proteins, 228
red cell membrane, 129, 130, 227
Rh system, 255

B antigen see ABO blood group
Bantu siderosis, 52
Barr bodies, neutrophils, 310–311, 311
Bartonella infections (Oroya fever), 

951
acquired haemolytic anaemias, 169

basophilia, malignancies, 944
basophilic erythroblasts (Bas), 14
basophilic normoblasts, 17, 17
basophils, 321–323

CML, 490
development, 321
disorders, 321–323
FcεIR, 321
functions, 321
granules, 322
structure, 308

B cell(s), 343–344
activation

selection, 357
T-cell-dependent, 356, 357

development, 349–351, 350
phenotypic changes, 349, 350

malignancies, 530–557
diagnosis, 530–531
origins, 383–384, 384
WHO classifi cation, 530
see also specifi c diseases/disorders

marginal zone see marginal zone 
B-cell(s)

recovery post-SCT, 726
repertoire, 352–353, 353

B-cell acute lymphoblastic leukaemia, 
434

immunophenotypic classifi cation, 452
B-cell precursor acute lymphoblastic 

leukaemia, adult ALL prognosis, 
443

B-cell prolymphocytic leukaemia (B-PLL), 
550

CLL vs., 550
WHO lymphoma classifi cation, 616

B-cell receptor (BCR)
CLL, 533–534
generation, 347–349
genetics

gene rearrangements, 347
heavy chain genes, 349

structure, 344
CDR3, 348–349
complementarity determining regions, 

348
D gene segments, 348
heavy chain, 348, 348
J gene segments, 348
light chain, 348

see also immunoglobulin(s) (Igs)
β chain, T-cell receptor see T-cell receptor 

(TCR)
BCL2 antisense oligonucleotides, CLL 

management, 547
BCL2 gene

CLL, 388, 533
NHL, 658
overexpression, follicular lymphoma, 

394
BCL2–IGH fusion gene, FISH, 407
BCL-5, DLBCL not otherwise specifi ed, 

623
BCL-6

follicular lymphoma, 620
nodular lymphocyte predominant 

Hodgkin lymphoma, 636
BCL10 gene, extranodal marginal zone 

lymphoma of MALT, 619
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Bcl-XL, erythropoiesis, 16
BCNU see carmustine
BCR see B-cell receptor (BCR)
BCR–ABL1 chimeric gene

childhood ALL, 453, 454, 455
chronic myelomonocytic leukaemia, 

526
chronic neutrophilic leukaemia, 706
clonal hypereosinophilic syndromes, 

705
CML see chronic myelogenous 

leukaemia (CML)
detection

FISH, 407, 408
PCR, 410
polymerase chain reaction, 410

myeloid malignancies, 382–383, 383
phosphatidylinositol 3-kinase, 489

BEACOPP (bleomycin, etoposide, 
doxorubicin, cyclophosphamide, 
vincristine, procarbazine and 
prednisone)

classical Hodgkin lymphoma, 650
infertility side effect, 652

BEAM (carmustine, etoposide, cytarabine 
and melphalan)

fertility effects, 741
relapsed Hodgkin lymphoma, 650

Behçet disease, thrombosis in 
infl ammation, 898

bendamustine, CLL management, 547
benign neutropenia, chronic, 315
benznidazole, American trypanosomias, 

967
Bernard–Soulier syndrome (BSS), 788, 

919–920
genetics, 781, 925
platelet responses, 922
thrombocytopenias, 917
von Willebrand factor, 755

β-globin chains
gene deletions, β-thalassaemias, 90, 91
haemoglobin see haemoglobin(s)

BFU-E cells, 2
erythroid cells, 15

bilateral temporal neuropathy, cobalamin 
defi ciency, 66

bilateral ultrasonography, pulmonary 
embolism diagnosis, 903

bile pigments, haemolytic disease of the 
fetus and newborn, 294

bilirubin, GvHD, 735
Binet staging systems, CLL, 537, 544
bioavailability, iron absorption, 33
biopsy, Gaucher disease, 338
BIRC3–MALT1 chimeric gene, extranodal 

marginal zone lymphoma of 
MALT, 619

bisphosphonates
mastocytosis treatment, 704
multiple myeloma management/

treatment, 584–585, 586
bivalirudin, venous thromboembolism 

therapy, 905
Blackwater fever

acquired haemolytic anaemias, 168–169
malaria, 959

blastic transformation, CML, 490–491, 
491, 499

bleeding
essential thrombocythaemia, 694
mucosal, acquired aplastic anaemia, 211
obstetric haemorrhage, 851
oropharynx, haemophilia A, 795
platelet disorders, 788, 915
prevention, haemophilia A treatment, 

797
therapy, leukaemias, 463

bleeding disorders
inherited, 793–812
rare, 813–838

autosomal recessive inheritance, 813, 
814

distribution, 814
genetics, 814
knockout mouse models, 815
laboratory diagnosis, 814
long-term prophylaxis, 833–834
molecular defects, 832
treatment, 814, 832–833, 833, 835
treatment in pregnancy, 834–835
in women, 814–815

see also specifi c diseases/disorders
bleeding time

haemostatic disturbances in renal 
disease, 850–851

platelet function testing, 789
bleomycin

with doxorubicin, vinblastine and 
dacarbazine see ABVD 
(doxorubicin, bleomycin, 
vinblastine and dacarbazine)

with etoposide, doxorubicin, 
cyclophosphamide, vincristine, 
procarbazine and prednisone see 
BEACOPP (bleomycin, 
etoposide, doxorubicin, 
cyclophosphamide, vincristine, 
procarbazine and prednisone)

β-locus control region (β LCR), β-globin, 
85

blood coagulation, 748, 748–752
amplifi cation, 749
factors, 755–762, 758–759

structures, 757
see also specifi c factors

feedback inhibition, 749–750, 751, 
752

antithrombin, 749
thrombomodulin, 749–750
tissue factor pathway inhibitor, 749

HIV infection, 955
initiation, 749, 749
malignancies, 944–945, 945
natural inhibitors, 762–767

classifi cation, 762
see also specifi c inhibitors

pregnancy, 954
thrombin, 748
tissue factor, 749
‘waterfall’ hypothesis, 748

blood coagulation assays (lupus 
anticoagulant tests), 
antiphospholipid syndrome, 
893–894

blood coagulation disorders
acquired, 839–859

defi nition, 839
multifactorial causes, 839
point-of-care testing, 840–841
symptoms, 839
tests for, 840–841

acquired inhibitors, 856–858
connective tissue disorders, 946
platelet congenital disorders vs., 915
see also specifi c diseases/disorders

blood coagulation factors
dilution of, massive transfusions, 289
fresh frozen plasma, 279
see also specifi c factors

blood components, 276–280
leucodepletion, 278
preparation, 276, 277, 278–279
storage, 276, 278–279

changes, 279–280
see also specifi c components

blood counts, 395–397
adult ALL, 436
heritable thrombophilia, 883
myelodysplastic syndrome, 512
primary immune thrombocytopenia, 

932–933
blood cultures, neutropenic fever, 470, 

470–471
blood donation, 268–276

anaemia, 269
anti-HCV antibody testing, 275
deference, 269, 272
donation intervals, 270
haemoglobin estimation, 269–270
hazards of, 270
laboratory tests, 275, 275
minor red cell abnormalities, 268–269
protection of, 269
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screening, HIV, 273
volume taken, 269

blood fi lms, 395–397
acute lymphoblastic leukaemia, 396, 398
acute microgranular/hypogranular 

promyelocytic leukaemia, 396, 
397

acute monoblastic leukaemia, 397, 399
adult T-cell leukaemia lymphoma, 568, 

568
African trypanosomiasis, 966
AML, 398
Burkitt lymphoma, 396, 396
childhood ALL, 450
CLL, 396, 397, 534, 534, 535
CML, 396, 398, 490
Diamond–Blackfan anaemia, 974
differential diagnosis, 396
FAB category, 396
fi lariasis diagnosis, 964, 964
follicular lymphoma, 554
glucose-6-phosphate dehydrogenase 

defi ciency, 152
hairy cell leukaemia, 551
hairy cell leukaemia diagnosis, 551, 

551
hereditary stomatocytosis, 135, 135
hyposplenism, 377
malaria diagnosis, 960, 960, 961
myelodysplastic syndrome, 399
Pearson syndrome, 974
polyclonal B-cell lymphocytosis, 544
polycythaemia vera, 689
primary myelofi brosis, 698, 698
red cell aplasia, 973
Richter syndrome, 549
Sézary syndrome, 566
splenic marginal zone lymphoma, 555
T-prolymphocytic leukaemia, 560, 560
warm-type AIHA, 161

blood fl ow, spleen, 369
blood group antibodies, 232–233

cold antibodies, 233
identifi cation, 242

see also blood grouping
IgG, 233
IgM, 233
naturally-occurring, 232–233
screening, 242
warm antibodies, 233

blood group antigen–antibody reactions 
(agglutination), 236–238

antibody characteristics, 238
antibody span, 238
antigen site density, 238
cellular contact, 237
detection, 238–242

absorption tests, 239–240

antiglobin (Coombs) test, 238–239
automated techniques, 241
direct agglutination, 238

see also direct agglutination test 
(DAT)

ELISA, 240, 240
elution tests, 239–240
enhancement, 239
fl ow cytometry, 240
haemolysis, 239
indirect agglutination, 238

see also indirect agglutination test 
(IAT)

inhibition, 239
microcolumn tests, 240, 240
microplate techniques, 240–241
reagents, 241–242
see also anti-human globulin (AHG); 

blood grouping
electrical charge, 237–238
ionic strength, 237
pH, 237
temperature, 237

blood group antigens, 228–229, 244–267
biological signifi cance, 229
chemistry, 226–228
null phenotypes, 229
pathogen receptors, 229
see also specifi c antigens

blood grouping
molecular techniques, 242–243
monoclonal antibodies, 233
see also blood group antigen–antibody 

reactions (agglutination)
blood group proteins, 228
blood groups

high frequency antigens, 261
low frequency antigens, 261

blood group testing, Rhesus haemolytic 
disease of the fetus and newborn, 
295

blood group typing, blood transfusion 
recipient testing, 280

blood loss
iron defi ciency anaemia, 39–40
neonatal anaemia, 977

blood pooling, spleen, 369–370
blood products

in massive blood loss, 852, 852–853
rare bleeding disorder therapy, 832–833

blood substitution, adult ALL, 437
blood tests

anaemia of prematurity, 978
CML, 488

blood transfusion(s), 268–299
alternatives to, 292
associated circulatory overload, 288
autologous, 292

complications, 282–292
air embolism, 288
bacterial pyrogens, 287–288
GvHD, 287
immunological, 282–287

see also specifi c complications
massive transfusions, 288–289
non-haemolytic febrile transfusion 

reactions, 286
non-immunological, 287–289
plasma protein antibodies, 287
platelet antibodies, 286–287
post-transfusion purpura, 287
red cell antigen sensitization, 

282–286
see also haemolytic transfusion 

reactions (HTRs)
reporting of, 290
septic shock, 287
thrombophlebitis, 288
transfusion-associated circulatory 

overload, 288
transfusion haemosiderosis, 288
transfusion-related acute lung injury 

see transfusion-related acute lung 
injury (TRALI)

white cell antibodies, 286–287
cytomegalovirus-negative blood 

products, 465
donors see blood donation
haemosiderosis, 288
haemovigilance, 289–292
infection transmission, 270–275, 271

Babesia microti, 274
bacteria, 270, 271, 274

see also specifi c bacteria
Chagas disease, 274
Chikungunya fever virus, 274
cytomegalovirus, 273
dengue virus, 274
hepatitis viruses, 271–272, 274
HIV, 272–273
human T-cell leukaemia virus, 

273
Leishmania donovani, 274
malaria, 274
parasites, 271

see also individual parasites
prions, 271, 274
residual microbial risk, 275–276
SHOT, 290
syphilis, 274
viruses, 270, 271

see also specifi c viruses
West Nile virus, 274

large volume, 466
massive transfusions see massive blood 

transfusions
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molecular blood grouping techniques, 
242

neonatal ‘top-up’ transfusion, 282
recipient, 280–282

antenatal testing, 281
compatibility testing, 281
electronic cross-matching, 281
laboratory tests, 280–281
preoperative assessment, 280, 280
protection of, 270

repeated transfusions, 281
SHOT see SHOT
storage, 276
therapy of

acquired aplastic anaemia, 214–215
AIHA, 282
cold-type AIHA, 165
glucose-6-phosphate dehydrogenase 

defi ciency, 153
myelodysplastic syndrome, 519
paroxysmal nocturnal 

haemoglobinuria, 180
sickle cell disease therapy, 121–122
β-thalassaemia, 92, 94
thalassaemia intermedia, 104–105
warm-type AIHA, 164

blood vessels, 752–755
endothelium, 753
platelet–vessel wall interaction, 753–754
structure, 752–753, 753

BMP4
haematopoiesis, 8
induced pluripotent embryonic stem 

cells, 9
BMP/SMAD signalling, hepcidin, 31
BNLI LY09 trial, classical Hodgkin 

lymphoma treatment, 649
Bohr effect, 84
Bombay phenotype, H antigen, 246–247
bone

desferrioxamine, 57, 57
multiple myeloma pathogenesis, 582
sickle cell disease, 117–118
solid plasmacytoma, 584

bone infarction, sickle cell disease, 117
bone marrow

AIHA, 161
anaplastic large-cell lymphoma, 574, 

574
CLL, 536–537
fi brosis, primary myelofi brosis, 697
haematopoiesis, 3, 4
histology

myelodysplastic syndrome, 513, 514
refractory anaemia with excess blasts 

in transformation, 514
refractory anaemia with ring 

sideroblasts, 514

Hodgkin lymphoma, 643
malaria, 959
megaloblastic anaemia, 67, 67
multiple myeloma, 587
myelodysplastic syndrome, 513
paroxysmal nocturnal haemoglobinuria, 

177
primary immune thrombocytopenia, 

933, 933
thrombocytopenias, 916–917
WHO lymphoma classifi cation, 615

bone marrow aspirates, 397–399
acquired aplastic anaemia, 213
acute lymphoblastic leukaemia, 397
adult ALL, 436
allogeneic SCT graft failure, 734
AML, 397, 398, 399, 400, 401
breast cancer, 942, 943
CLL, 534, 536, 536, 537
clonal hypereosinophilic syndromes, 

705
CML, 397, 398, 490
cytopenia, 398
FISH, 398
haemophagocytic lymphohistiocytosis, 

952
hairy cell leukaemia, 551
iron metabolism, 36, 38
leishmaniasis, 968, 968
mastocytosis, 702, 703
multiple myeloma, 397, 400
myelodysplastic syndrome, 397, 400
peripheral T-NHL not specifi ed, 570
plasma cell dyscrasia, 606
polycythaemia vera, 401
primary myelofi brosis, 698–699

bone marrow transplants, 1
acquired aplastic anaemia, 209, 214–215
β-thalassaemia management, 96

bone marrow trephine biopsy, 399, 401
acquired aplastic anaemia, 213
acute lymphoblastic leukaemia, 401
acute megakaryoblastic leukaemia, 399, 

401
allogeneic SCT graft failure, 734
AML, 401
amyloid, 604
CLL, 531, 534, 535, 536
CML, 490
essential thrombocythaemia, 694
hairy cell leukaemia diagnosis, 552
hepatosplenic lymphoma, 570
Hodgkin lymphoma, 399
mantle cell lymphoma, 556
mastocytosis, 702, 703
myelodysplastic syndrome, 515
NHL, 399, 531, 661
peripheral T-NHL not specifi ed, 570

plasma cell dyscrasia assessment, 606
primary myelofi brosis, 699, 700
splenic marginal zone lymphoma, 555
T-NHL, 570

bone pain, multiple myeloma, 584
borderline diffuse large B-cell lymphomas 

and Burkitt lymphoma, 626
Bordetella pertussis infection, 363–364
Borrelia burgdorferi infections, 619
bortezomib

Hodgkin lymphoma treatment, 652
mantle cell lymphoma, 556, 673
multiple myeloma, 593, 595, 595
systemic AL amyloidosis, 609
Waldenström macroglobulinaemia, 

672
bosutinib, CML management, 494, 495
BPI see bacterial permeability-increasing 

protein (BPI)
B-PLL see B-cell prolymphocytic leukaemia 

(B-PLL)
BRAC2 mutations, Fanconi anaemia, 191
breast amyloidosis, 610
breast cancer

bone marrow aspirates, 942, 943
risk, Hodgkin lymphoma treatment, 

652
British Committee for Standards in 

Haematology (BCSH), 
polycythaemia vera diagnosis, 
689, 689

British National Lymphoma Investigation 
(BNLI)

follicular lymphoma, 663
relapsed Hodgkin lymphoma, 650

broad-spectrum antibiotics, fever of 
unknown origin, 474–475

bronchoalveolar lavage (BAL), 471, 472
Brucella infections, neutrophilia, 951
Brugia malayi infection see fi lariasis
bruising, 853–854

blood donation, 270
CML, 488
haemophilia A, 795
non-accidental, 853

BSS see Bernard–Soulier syndrome (BSS)
Budd–Chiari syndrome

paroxysmal nocturnal haemoglobinuria, 
178, 180

polycythaemia vera, 688
Burkitt lymphoma, 626, 662

blood fi lm, 396, 396
cellular origins, 384
c-MYC gene, 384
cytogenetic analysis, 405
DLBCL vs., 412
Epstein–Barr virus infection, 656–657
FISH, 407
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geographic areas, 625
HIV infection, 625
immunohistochemistry, 404
phenotype–genotype correlations, 384
treatment, 679
tumour lysis syndrome, 479
WHO lymphoma classifi cation, 625–626

burns, acquired haemolytic anaemias, 174
busulfan

allogeneic SCT in myelodysplastic 
syndrome, 521

antiemetic effects, 481
chronic CML management, 496
cyclophosphamide with

allogeneic SCT conditioning, 730
autologous SCT conditioning, 729

fl udarabine with
allogeneic SCT myeloablative 

conditioning, 730
SCT conditioning, 730

polycythaemia vera treatment, 690

C
C1 complement protein, 234
C1-esterase inhibitor, 765
C1q complement protein, 234–235

Ig binding, 236
C1r complement protein, 234–235
C1s complement protein, 234–235
C3 complement protein, alternative 

pathway, 235
C3a complement protein, 283
C3b complement protein, 234, 284
C3 receptor mechanisms, AIHA, 160–161
C4b-binding protein (C4bBP), 766–767
C4 complement protein, 234
C5 complement protein, 235
C5a complement protein, 283, 310
C6 complement protein, 235
C7 complement protein, 235
C8 complement protein, 235
C9 complement protein, 235
CABG see coronary artery bypass graft 

(CABG)
caeruloplasmin defi ciency, iron refractory 

iron defi ciency anaemia, 41
calcium, platelet second messenger 

pathways, 785
CALGB trial, 546

classical Hodgkin lymphoma treatment, 
649

calpains, neutrophil apoptosis, 312
Campath-1H see alemtuzumab 

(Campath-1H)
Campylobacter infections, 951
Campylobacter jejuni infection, extranodal 

marginal zone lymphoma of 
MALT, 619

CAMT see congenital amegakaryocytic 
thrombocytopenia (CAMT)

cancer see malignancies
Candida infections

allogeneic SCT infections, 737
AML treatment, 422
leukaemias, 471
polyagglutinable red cells, Tk activation, 

262
C antigen, Rh system, 253
c antigen, Rh system, 253
cap addition, globin gene processing, 87
carboxypeptidase, basophil/mast cell 

granules, 322
carcinoma, warm-type AIHA, 163
card agglutination test for trypanosomiasis 

(CATT), 966
cardiac amyloidoses, diuretics, 610
cardiac assessment, thalassaemia major, 

95–96
cardiac death, Hodgkin lymphoma 

treatment, 652
cardiac disease

autologous SCT complications, 741
systemic AL amyloidosis, 602

cardiac haemolytic anaemia, 170, 170–172
cardiac iron, iron-loading anaemias, 55, 

55
cardiac surgery, massive transfusions, 289
cardiomegaly, American trypanosomias, 

966
cardiopulmonary bypass (CPB) surgery, 

851–852
cardiopulmonary post-perfusion 

syndrome, fragmentation 
haemolysis, 171

cardiovascular disease
folate defi ciency, 65
megaloblastic anaemia, 65

carmustine
with etoposide, cytarabine and 

melphalan see BEAM 
(carmustine, etoposide, 
cytarabine and melphalan)

mycosis fungoides treatment, 567, 682
Sézary syndrome, 567

carriers, β-thalassaemia management, 96
case cohort studies, CLL, 543
case–control studies, CLL, 543
Castleman disease, 680
catalase, 27
catastrophic antiphospholipid antibody 

syndrome, DIC vs., 844
cathepsin G

neutrophils, 307
phagocytes, 306

cathepsin G-like molecule, basophil/mast 
cell granules, 322

causes, microangiopathic haemolysis 
anaemias, 171

CBL gene
chronic myelomonocytic leukaemia, 

526
myelodysplastic syndrome, 511–512

CC chemokines, 304, 359, 363
CCND1 gene

mantle cell lymphoma, 556, 659
multiple myeloma, 578, 580
translocation, mantle cell lymphoma, 

621
CCND1–IGHG1 fusion gene, FISH, 407
CCND2 gene, multiple myeloma, 580
CCND3 gene, multiple myeloma, 578, 

580
Cc polymorphism, 255
CD1a, T-prolymphocytic leukaemia, 560
CD2

adult T-cell leukaemia lymphoma, 568
aggressive NK-cell leukaemia, 627
extranodal NK/T-cell lymphoma, nasal 

type, 628
large granular lymphocyte leukaemia, 

562
peripheral T-NHL not specifi ed, 570
Sézary syndrome, 566
T-prolymphocytic leukaemia, 560

CD3
enteropathy-associated T-cell 

lymphoma, 628
large granular lymphocyte leukaemia, 

562
peripheral T-NHL not specifi ed, 570
Sézary syndrome, 566
T-lineage ALL, 452

CD3ε
aggressive NK-cell leukaemia, 627
extranodal NK/T-cell lymphoma, nasal 

type, 628
CD3 T-cells, 624
CD4

angioimmunoblastic T-cell lymphoma, 
633

T-cell-dependent B-cell activation, 357
CD4 T-cells

antigen recognition, 345
development, 351
functions, 353–354
HLA class II interaction, 712
maturation pathways, 358, 358
in spleen, 371
T-cell/histiocyte-rich large B-cell 

lymphoma, 624
CD5

adult T-cell leukaemia lymphoma, 568
B-cell prolymphocytic leukaemia, 616
CLL/small lymphocytic leukaemia, 614
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DLBCL not otherwise specifi ed, 622–623
mantle cell lymphoma, 555–556, 622
peripheral T-NHL not specifi ed, 570
Sézary syndrome, 566
T-prolymphocytic leukaemia, 560

CD7
enteropathy-associated T-cell 

lymphoma, 628
peripheral T-NHL not specifi ed, 570
T-lineage ALL, 452
T-prolymphocytic leukaemia, 560

CD8 T-cells
acquired aplastic anaemia, 209
antigen recognition, MHC class I, 345, 

345
cytokines, 353
development, 351
functions, 353–354
granzymes, 353
HLA class I interaction, 712
maturation pathways, 358
myelodysplastic syndrome, 507–508
perforins, 353
primary immune thrombocytopenia, 

931, 931
CD10

angioimmunoblastic T-cell lymphoma, 
633

B-cell ALL, 452
DLBCL not otherwise specifi ed, 623, 

623
follicular lymphoma, 620
plasma cell myeloma, 618
pre-B ALL, 451

CD11a/18, phagocytes, 302
CD11b see complement receptor 3 (CR3/

CD11b/CD18)
CD11c/18, phagocytes, 302
CD14, 304

apoptotic cell receptor, 304
CD15

classical Hodgkin lymphoma, 641
early pre-B ALL, 451

CD18b see complement receptor 3 (CR3/
CD11b/CD18)

CD19
B-cell ALL, 452
B cell development, 349
CLL, 534
early pre-B ALL, 451
mantle cell lymphoma, 555–556
multiple myeloma, 589
plasma cell myeloma, 618
pre-B ALL, 451

CD20
B-cell ALL, 452
CLL, 534, 537
FMC7 vs., 531

hairy cell leukaemia diagnosis, 552, 552
mantle cell lymphoma, 555–556, 622
nodular lymphocyte-predominant 

Hodgkin lymphoma, 636, 642
plasma cell myeloma, 618

CD22
B-cell ALL, 452
early pre-B ALL, 451
hairy cell leukaemia diagnosis, 552
pre-B ALL, 451

CD23
B-cell prolymphocytic leukaemia, 

616
CLL, 533, 537, 614
small lymphocytic leukaemia, 614

CD24, B cell development, 349
CD25

CLL, 533
regulatory T-cells, 359

CD27, CLL, 533
CD28, multiple myeloma, 589
CD30, classical Hodgkin lymphoma, 

641
CD31, phagocytes, 302
CD34

acquired aplastic anaemia, 208
erythroid cell development, 18
SCT donor cells, 728–729

CD35 see complement receptor 1 (CR1/
CD35)

CD36, platelets, 785
CD38, CLL, 540, 541
CD39, platelet inhibition, 787
CD40

T cell activation, 345–346
T-cell-dependent B-cell activation, 357

CD40L
platelet α-granules, 774
T-cell-dependent B-cell activation, 357

CD43, mantle cell lymphoma, 622
CD44, 228

phagocytes, 302
CD45, cell reduction, autologous SCT, 744
CD45R

haemopoietic stem cells, 2
nodular lymphocyte predominant 

Hodgkin lymphoma, 636
CD49a/29, phagocytes, 302
CD49e/29, phagocytes, 302
CD49f/29, phagocytes, 302
CD50, phagocytes, 302
CD51/61, phagocytes, 302
CD51, phagocytes, 302
CD52, plasma cell myeloma, 618
CD54, phagocytes, 302
CD55 see DAF (CD55)
CD56

aggressive NK-cell leukaemia, 627

extranodal NK/T-cell lymphoma, nasal 
type, 573, 628

multiple myeloma, 589
plasma cell myeloma, 618

CD62E, phagocytes, 302
CD62L, phagocytes, 302
CD62P, phagocytes, 302
CD65, early pre-B ALL, 451
CD66, autologous SCT, 744
CD69, CLL, 533
CD71, CLL, 533
CD79α

early pre-B ALL, 451
nodular lymphocyte predominant 

Hodgkin lymphoma, 636
pre-B ALL, 451

CD80 (B7.1), T cell activation, 345–346
CD86 (B7.2), T cell activation, 345–346
CD99, 228
CD102, phagocytes, 302
CD103, enteropathy-associated T-cell 

lymphoma, 628
CD106, phagocytes, 302
CD108, 228
CD117 (c-Kit)

activating mutations, 387
defi ciency, haematopoiesis, 6
erythroid cell development, 18
haemopoietic stem cells, 2
mast cell development, 321–322
mastocytosis, 701
multiple myeloma, 589
plasma cell myeloma, 618

CD147 see EMMPRIN (CD147)
CD150 markers, haemopoietic stem cells, 

2
CD163, 304
CD226, thrombus stabilization, 779
CD234 see Duffy blood group
CD235A see glycophorin A (CD235A)
CD235B see glycophorin B (CD235B)
CD236 see glycophorin C (CD236); 

glycophorin D (CD236)
CD237, regulatory T-cells, 359
CD238 see Kell blood group
CD239 see Lutheran blood group
CD242 see ICAM-4 (CD242)
CDA see congenital dyserythropoietic 

anaemia (CDA)
CDAN1 gene, congenital dyserythropoietic 

anaemia type I, 200
Cdc42, phagocyte signalling, 305
CDE, AIDS-related NHL, 681
CDH1 gene, hypermethylation, 388
CDKN2A gene

adult T-cell leukaemia lymphoma, 
568–569

multiple myeloma, 579–580
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CDKN2B gene
hypermethylation, chronic 

myelomonocytic leukaemia, 526
multiple myeloma, 579–580

CDR3, B-cell receptor, 348–349
CDRs see complementarity determining 

regions (CDRs)
CEBPA gene

AML, 380
relapse risk, 427

myelodysplastic syndrome, 510
cell–cell adhesion receptors, phagocytes, 

301
cell cycle control, leukaemogenesis, 392–

394, 393
cell differentiation antigens see under CD
cell dose, HLA-matched sibling donor 

haematopoietic SCT, 221
cell-mediated immunity

depression, CLL, 478
neutropenia, 316
red cell destruction, AIHA, 160

cell membrane
B cell malignancy markers, 530–531
damage in sickle cell disease, 111–112

cell surface markers
analysis, adult ALL diagnosis, 433–434
erythroid progenitor development, 

14–15
erythropoiesis, 17–18
haemopoietic stem cells, 2
HSC development, 4–5

cell surface receptors
erythroid cells, 22
see also specifi c receptors

CEMPA gene, inactivating mutations, 387
central nervous system (CNS)

African trypanosomiasis, 966
bleeding

factor VII defi ciency, 822–823
factor XIII defi ciency, 829
haemophilia A, 795

lymphomas, immunosuppression, 658
prophylaxis

adult ALL chemotherapy, 440
aggressive B-cell NHL treatment, 

674
NHL treatment, 680–681, 681

central vein thrombosis, therapy, 880
central venous catheters (CVCs)

fever of unknown origin, 475
venous thromboembolism, 890
venous thrombosis, 880

centroblasts, 356–357
centrocytes, 356–357

peptide processing, 357–358
cephalosporins, alloimmune haemolytic 

anaemia, 166

cerebral infarction, hereditary 
haemorrhagic telangiectasia, 
854

cerebrospinal fl uid (CSF)
childhood ALL, 451
NHL, 662–663

ceroid lipofuscinosis, clinical features, 338
CFU-E cells, 2

erythroid cells, 15
CFU-G cells, 2
CFU-GEMM/Mix cells, 1–2

erythroid cells, 15
CFU-GM cells, 2
CFU-M cells, 2
CGD see chronic granulomatous disease 

(CGD)
Chagas disease see American 

trypanosomiasis (Chagas disease)
Charcot–Leyden crystals

basophil/mast cell granules, 322
eosinophil granules, 318

Chédiak–Higashi syndrome, 923
genetics, 925
haemophagocytic lymphohistiocytosis, 

326
LYST gene, 317
neutrophils, 311, 312, 317

chemical agents
acquired haemolytic anaemias, 172–174
childhood ALL, 449

chemiluminescence, blood screening, HIV, 
273

chemoattractant receptors
eosinophils, 304
neutrophils, 304
see also specifi c molecules

chemokine(s), 304, 359, 359, 363
see also specifi c chemokines

chemokine receptors, neutrophils, 308
chemotaxins, phagocytes, 300
chemotherapeutic agents

adult ALL see acute lymphoblastic 
leukaemia (ALL)

advanced follicular lymphoma 
treatment, 664–665

AML treatment, 419–420
classical Hodgkin lymphoma treatment, 

648, 650
fever, cause of, 469
Hodgkin lymphoma treatment, 645–647, 

647, 652
lymphomatoid granulomatosis 

treatment, 680
mastocytosis treatment, 704
myelodysplastic syndrome therapy, 

520–521
neutropenia, 313
NHL treatment, 664

radiotherapy combination, Hodgkin 
lymphoma treatment, 646

venous thromboembolism, 890–891
see also specifi c drugs

chest radiography, venous 
thromboembolism diagnosis, 
901

CHF see congestive heart failure (CHF)
Chido–Rogers blood group, 245
Chikungunya fever virus, 274
children

AML see acute lymphoblastic leukaemia 
(ALL), childhood

ATG, 220
chronic CML management, 497
cobalamin defi ciency, 71
Hodgkin lymphoma treatment, 651
myelodysplastic syndrome, 528
non-accidental bruising, 853
positive T-cell lymphoproliferative 

disorders, Epstein–Barr virus 
infection, 627, 627

positive T-cell NHL, Epstein–Barr virus 
infection, 573

primary immune thrombocytopenia 
management, 936–937

warm-type AIHA, 162
chimerism, HLA-matched sibling donor 

haematopoietic SCT, 222
CHL see classical Hodgkin lymphoma 

(CHL)
Chlamydia infections

extranodal marginal zone lymphoma of 
MALT, 619

sickle cell disease, 114, 116
chlorambucil

CLL management, 545, 546
cold-type AIHA, 165
follicular lymphoma, 664

chloramphenicol, acquired aplastic 
anaemia, 208

chlorate, acquired haemolytic anaemias, 
173

2-chlorodeoxyadenosine, follicular 
lymphoma treatment, 665

chloroquine, malaria treatment, 961–962
cholelithiasis see gallstones
cholesterol embolism, 855
cholesterol ester storage disease, 338
cholesterol, red cell membrane, 227
chondroitin sulphate, basophil/mast cell 

granules, 322
CHOP (cyclophosphamide, doxorubicin, 

vincristine and prednisolone)
adult T-cell leukaemia lymphoma, 570, 

678
aggressive B-cell NHL, 674
AIDS-related NHL, 681



Index

1004

anaplastic large cell lymphoma, 678
B-PLL, 550
CLL, 546
follicular lymphoma, 665
mantle cell lymphoma, 673
multicentric Castleman disease, 680
peripheral T-cell lymphomas, 677
Sézary syndrome/mycosis fungoides, 

567
Waldenström macroglobulinaemia, 672

chromogenic antithrombin heparin 
cofactor assay, 884, 884

chromosome(s)
abnormalities

AML, 415
Fanconi anaemia, 189, 189
myelodysplastic syndrome, 509
Sézary syndrome/mycosis fungoides, 

567
HLA, 710
megaloblastic anaemia, 67
rearrangements

leukaemogenesis, 384–385
molecular genetic analysis, 411

translocations
FISH, 407
NHL, 657, 659
plasma cell myeloma, 618
somatic mutations, 385–386

chromosome 7 abnormalities, 
myelodysplastic syndrome, 
509–510

chronic benign neutropenia, 315
chronic eosinophilic leukaemia, 500, 704

cytogenetic analysis, 406
FISH, 407

chronic granulocytic leukaemia see chronic 
myelogenous leukaemia (CML)

chronic granulomatous disease (CGD)
CYBB gene, 260
neutropenia, 317–318

chronic haemolytic anaemia, 127
chronic hypoxia, erythrocytosis, 691
chronic idiopathic neutropenia, 315
chronic idiopathic neutrophilia, 313
chronic intravascular haemolysis, Heinz 

bodies, 172–173
Chronic Leukaemia and Myeloma Task 

Force (CLMTF), multiple 
myeloma prognosis, 590

chronic liver disease, haemostatic 
disturbance, 848–849

chronic lymphocytic leukaemia (CLL), 
530–557

cell-mediated immunity, 478
clinical features, 534

haematological features, 534
immune cytopenias, 535–536

infections see below
lymph nodes, 616
malignancies, 942, 944
monoclonal B-cell lymphocytosis, 

543–544
polyclonal B-cell lymphocytosis, 544
red cell aplasia, 942
thrombocytopenia, 467
warm-type AIHA, 162

cytogenetic analysis, 405–406
diagnosis, 534, 615

blood fi lm, 396, 397, 534, 534, 535
bone marrow aspirates, 534, 536, 536, 

537
bone marrow examination, 536–537
bone marrow trephine biopsy, 531, 

534, 535, 536
FISH, 407, 409
fl ow cytometry, 403, 532
white cell counts, 466

differential diagnosis, 542–543
B-cell prolymphocytic leukaemia vs., 

550
NHL vs., 403

genetics
BCL2 gene, 388
predisposition, 543

humoral immune response, 478
hypomethylation, 388
immunophenotype, 531
incidence, 531
infections, 478
laboratory features, 534
management, 544–550

alemtuzumab, 547
alkylating agents, 545
anthracycline-based therapy, 546
autoimmune complications, 548
BCL2 antisense oligonucleotides, 

547
bendamustine, 547
chlorambucil, 545, 546
CHOP, 546
cladribine, 546
corticosteroids, 545–546
cyclophosphamide, 546
epratuzumab, 547
fl udarabine, 546, 547
IWCLL response defi nition, 545
lumiliximab, 547
monoclonal antibodies, 546, 546
MRD assessment, 545
ofatumumab, 547
pentostatin, 546
purine analogues, 546
response criteria, 544–545
Richter transformation, 548–549
rituximab, 547

SCT, 547–548
secondary MDS/AML, 549–550
splenectomy, 547
spontaneous regression, 544
supportive care, 549

median age, 531
pathogenesis, 533–534
prognostic factors, 538–542

age, 538
biological, 540, 540
CD38, 541
cytogenetics, 538–540
gender differences, 542
gene expression profi ling, 541
IGH chromosomal translocations, 

540
IGHV mutational status, 538, 541, 

541
median survival, 538
microRNAs, 541–542
therapy response, 538
ZAP-70, 541

prognostic stratifi cation, 537–538
molecular genetic analysis, 411–412

score frequency, 533
staging systems, 537–538, 544
WHO lymphoma classifi cation, 614–616

chronic mountain sickness, erythrocytosis, 
692

chronic myelogenous leukaemia (CML), 
483–502

adult ALL vs., 437
advanced phase management, 498–499

allogeneic SCT, 498
blastic transformation, 499
cytotoxic drugs, 499

aetiology, 483–484
basophils, 321
BCR–ABL1 chimeric gene, 385–386, 388, 

483, 486, 486, 487
signal transduction pathways, 489
structure, 488

biphasic disease, 484
cell biology, 485–486
chronic phase management, 491–498

adults, 497–498
allogeneic SCT, 491, 496, 496–497
autografting, 498
busulfan, 496
children, 497
homoharringtonine, 496
hydroxycarbamide, 495
imatinib mesylate, 491–494
immunotherapy, 498
interferon alpha, 495–496
treatment decisions, 497–498, 498
tyrosine kinase inhibitors, second 

generation, 494–495
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classifi cation, 484–485
clinical features, 488–489
cytogenetics, 405, 406, 486–487, 487
diagnosis

blood fi lm, 396, 398
bone marrow aspirates, 397, 398
white cell counts, 466

epidemiology, 483–484
genetics

ABL1–BCR gene, 486, 486
BCR–ABL1 chimeric gene see above
LTA gene, 388
Philadelphia chromosome, 483, 486

historical aspects, 483
incidence, 483
laboratory haematology, 489–491

advanced phase, 490, 490–491
biochemical changes, 491
blastic phase, 490
chronic phase, 489–490, 490

management
advanced phase see above
chronic phase see above
SCT, 724

molecular biology, 487–488
natural history, 483–484
progenitors, 485
prognosis, 485, 485

Sokal prognostic index, 484
staging, 484, 484–485
triphasic disease, 484
variants, 499–501

Philadelphia-negative, 499
see also specifi c variants

chronic myeloid leukaemia see chronic 
myelogenous leukaemia (CML)

chronic myelomonocytic leukaemia 
(CMML), 499–500, 526–527

bone marrow histology, 514
KRAS gene, 391
NRAS gene, 391
splenomegaly, 499

chronic neutrophilic leukaemia (CNL), 
500, 706–707

diagnosis, 706–707, 707
chronic non-spherocytic haemolytic 

anaemia, glucose-6-phosphate 
dehydrogenase defi ciency, 152

chronic pancreatitis, cobalamin 
malabsorption, 73

chronic post-phlebitic symptoms, deep 
vein thrombosis, 888

chronic thromboembolic pulmonary 
hypertension, 913

Churg–Strauss syndrome, eosinophilia, 
946

Chuvash polycythaemia, 691
chymase, basophil/mast cell granules, 322

ciclosporin
acute GvHD therapy, 735
chronic GvHD therapy, 740
CLL, 548
with methotrexate and mycophenolate 

mofetil, 732
renal toxicity, 738
SCT reduced intensity conditioning 

regimens, 732
T-cell large granular lymphocyte 

leukaemia, 563
ciprofl oxacin, infection prophylaxis, 473
cirrhosis see liver
citrate-phosphate-dextrose-adenine 

(CPD-A) anticoagulant, blood 
donation, 269

c-Kit see CD117 (c-Kit)
cladribine

CLL management, 546
follicular lymphoma treatment, 665
hairy cell leukaemia treatment, 553

classical Hodgkin lymphoma (CHL), 
640

histology, 640
subtypes, 640, 640
treatment, 647–648, 650

ABVD, 648
BEACOPP, 650
chemotherapy, 648, 650
randomized trials, 648

WHO lymphoma classifi cation, 636, 
636–637

classic complement pathway, 234, 234–235
class switching, Igs, 358
clear cells, peripheral T-cell lymphoma not 

otherwise specifi ed, 631
CLEC-2, platelets, 785
clindamycin, malaria treatment, 962
clinically directed therapy, fever of 

unknown origin, 476
clinical penetrance, haemochromatosis, 

type 1, 50–51
clinical trials

adult ALL therapy, 446
childhood ALL treatment, 457
see also specifi c trials

CLL see chronic lymphocytic leukaemia 
(CLL)

CLL5 trial, 546
CLN, 335
CLN 1, 335
CLN 2, 335
CLN 3, 335
CLN 4, 335
CLN 5, 335
CLN 6, 335
CLN 7, 335
CLN 9, 335

clodronate, multiple myeloma 
management/treatment, 585

clonal analysis, HSCs, 1–2
clonal hypereosinophilic syndromes, 

704–706
clinical features, 705
investigations, 705–706
pathophysiology, 704–705
prognosis, 706
treatment, 706

clonality, leukaemogenesis, 381–382, 383
clonal selection theory, lymphocytes, 

344–346
clopidogrel

anti-platelet effects, 773
bleeding risks, 467
essential thrombocythaemia treatment, 

696
resistance to, 790–791

Clostridium diffi cile infection, allogeneic 
SCT complications, 738

Clostridium perfringens infection, 951
acquired haemolytic anaemias, 169
polyagglutinable red cells, 262

clotting factors
concentrates, haemophilia A treatment, 

796–797
sickle cell disease, 119

CLOT trial, venous thromboembolism in 
cancer, 896

CMFB–MYH11 fusion gene, AML minimal 
residual disease, 428–429

CML see chronic myelogenous leukaemia 
(CML)

CMML see chronic myelomonocytic 
leukaemia (CMML)

CMT (combined modality treatment), 
classical Hodgkin lymphoma 
treatment, 647

c-MYC gene, Burkitt lymphoma, 384
CNL see chronic neutrophilic leukaemia 

(CNL)
CNS see central nervous system (CNS)
CNSHA see congenital non-spherocytic 

haemolytic anaemia (CNSHA)
Coa antigen, Colton blood group, 261
coagulation see blood coagulation
cobalamin, 68–76

absorption, 68–69
intrinsic factor, 68–69
tests for, 75–76

analogues, 70
dietary sources, 68
enterohepatic circulation, 69
folate relationship, 62
intracellular metabolism, 63
requirements, 68
serum measurement, 75
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structure, 68, 68
synthesis, 68
transport, 69–70

cobalamin defi ciency
adults, 70
causes, 70–74, 71

dietary inadequacy, 70–71
drug-induced, 72, 74
food cobalamin absorption, 72
gastrectomy, 72
intestinal causes, 72–73
pernicious anaemia, 71–72
simple atrophic gastritis, 72

congenital, 73, 74
diagnosis, 74–75
drug-induced, 72, 74
epithelial surfaces, 64
HIV infection, 954
metabolism abnormalities, 74
neurological manifestations, 66
tests for cause, 75–76
tissue effects, 64–66
treatment, 80
see also megaloblastic anaemia

cobalamin F disease, 335
clinical features, 338

Cob antigen, Colton blood group, 261
cobblestone-area forming cell (CAFC) 

assays, 2
CODOX-M/IVAC, AIDS-related NHL, 

681
coeliac disease, acquired aplastic anaemia, 

207
coenzymes, folate, 63
cold-acting antibodies

AIHA, 159, 160
blood group antibodies, 233

cold-type autoimmune haemolytic 
anaemia, 164–165, 165

malignancies, 942
colistin

with framycetin and nystatin 
(FRACON), 473

infection prophylaxis, 473
collagen(s)

binding, von Willebrand disease 
diagnosis, 806

disorders, bruising, 854
platelet receptors, 781–782
thrombus formation, 777
type αI genes, β-thalassaemia modifi ers, 

92
vascular disorders, neutropenia, 316

collagen receptor defects
genetics, 925
platelet responses, 922

colony-forming unit (CFU) assays, HSCs, 
1–2

colony-stimulating factor 1 (CSF-1), 
monocyte development, 323

Colton blood group, 245, 261
antigen see aquaporin 1 (Colton 

antigen)
combined modality treatment (CMT), 

classical Hodgkin lymphoma 
treatment, 647

common acute lymphoblastic leukaemia 
(c-ALL), 434

comparative genomic hybridization 
(CGH), 412

myelodysplastic syndrome, 510–511
compatibility testing, blood transfusion 

recipients, 281
‘compatible’ platelets, platelet transfusions, 

466
complement, 233–236

activation, AIHA, 160
alternative pathway, 234, 235
blockade, paroxysmal nocturnal 

haemoglobinuria treatment, 
181–182, 183

classic pathway, 234, 234–235
drug-induced alloimmune haemolytic 

anaemia, 166
extravascular haemolytic transfusion 

reactions, 284
fi xation, Igs, 232
Ig binding, 232, 235–236
intravascular haemolysis, 161
lytic phase, 235–236
paroxysmal nocturnal haemoglobinuria, 

178
receptors see complement receptor(s)
see also specifi c proteins

complementarity determining regions 
(CDRs)

B-cell receptor, 348
CLL, 533

complement receptor(s)
macrophages, 301
monocytes, 301
phagocytes, 301, 304

complement receptor 1 (CR1/CD35), 228, 
303

interferon-γ effects, 303
phagocytes, 301

complement receptor 3 (CR3/CD11b/
CD18), 303

interferon-γ effects, 303
phagocytes, 301, 302

compound heterozygosity, δβ thalassaemia, 
97–98

computed tomography (CT)
CLL, 534
Hodgkin lymphoma, 643, 643, 645
mastocytosis, 702

NHL, 662
Richter transformation, 549
spiral, pulmonary embolism diagnosis, 

902–903
spleen, 372, 373
systemic AL amyloidosis, 607
venous thromboembolism diagnosis, 

902
conditional expression, haemoglobin, 85
conditioning regimens

allogeneic SCT, 729, 730
autologous SCT, 729
sibling donor allogeneic SCT, 730–731
unrelated donor allogeneic SCT, 731
see also stem cell transplantation (SCT)

congenital abnormalities, folate defi ciency, 
79

congenital amegakaryocytic 
thrombocytopenia (CAMT), 203, 
204, 917

genetics, 925
congenital cobalamin defi ciency, 74
congenital cobalamin malabsorption, 73
congenital cyanotic heart disease, 

erythrocytosis, 692
congenital dyserythropoietic anaemia 

(CDA), 187, 199–201
red cell aplasia, 973
type I, 199–200, 200, 200
type II, 200, 200, 201
type III, 200, 201, 201

congenital erythrocytosis, 691
congenital erythropoietic porphyria, 41–42
congenital intrinsic factor defi ciency, 72
congenital methaemoglobulinaemia, 107
congenital methylmalonic acidaemia, 74
congenital methylmalonic aciduria, 74
congenital neonatal neutropenias, 979
congenital neutropenia, 202
congenital non-inherited 

thrombocytopenias, 916–917
congenital non-spherocytic haemolytic 

anaemia (CNSHA)
glucose phosphate isomerase defi ciency, 

146
pyruvate kinase defi ciency, 144
triose phosphate isomerase defi ciency, 

147
congenital thrombotic thrombocytopenic 

purpura, 862
congestive heart failure (CHF)

folate defi ciency, 79
iron defi ciency anaemia, 40

Congo red staining, systemic AL 
amyloidosis, 604, 604

conjunctival telangiectasia, hereditary 
haemorrhagic telangiectasia, 
854–855
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connective tissue disorders, 945–946, 
946

anaemia, 945–946
blood coagulation disorders, 946

consolidation radiotherapy, classical 
Hodgkin lymphoma, 650

consolidation therapy
adult ALL chemotherapy, 439–440
AML treatment, 423, 425
childhood ALL treatment, 457–458

constant region, Ig heavy chains, 231
continuous-fl ow autoanalysers, 

agglutination reactions, 241
contraceptives, oral see oral contraceptives
Coombs (antiglobin) test

agglutination reactions, 238–239
AIHA, 158
haemolytic disease of the fetus and 

newborn, 975
COPP, classical Hodgkin lymphoma, 650
copper defi ciency, 81
coproporphyrinogen oxidase, haem 

synthesis, 35
core-binding factor complex

AML, 391–392
structure, 391, 392

coronary artery bypass graft (CABG)
haemostatic disturbances, 851
platelets, 851

corticosteroids
acute GvHD, 735
antiphospholipid syndrome, 895
CLL, 545–546, 548
cold-type AIHA, 165
Diamond–Blackfan anaemia, 199
GvHD, infections, 477
haemophagocytic lymphohistiocytosis, 

327
lymphopenia, 364
mastocytosis, 703
neutrophil development, 310
paroxysmal nocturnal haemoglobinuria, 

180
primary immune thrombocytopenia, 

933, 934
in pregnancy, 938

T-cell large granular lymphocyte 
leukaemia, 563

TTP, 867
warm-type AIHA, 163

CosmoFer (iron dextran), 41
co-trimoxazole

allogeneic SCT infections, 736
infection prophylaxis, 473

Cotton glycoprotein, biological 
signifi cance, 229

counselling, heritable thrombophilia, 
885–886

CpG dinucleotides, myelodysplastic 
syndrome, 512

CR1 see complement receptor 1 (CR1/
CD35)

CR3 see complement receptor 3 (CR3/
CD11b/CD18)

cranial irradiation, childhood ALL 
treatment, 458

Cre-lox recombination, HSC development, 
5

Crohn’s disease, cobalamin malabsorption, 
73

Cromer blood group, 245
antigen, 227, 229

cryoglobulinaemia, essential mixed, 
687

cryoprecipitate, 279
leukaemias, 467

cryoprecipitate-poor plasma 
(cryosupernatant), 279

cryopreservative side effects, SCT, 733
CSF see cerebrospinal fl uid (CSF)
CSF1R gene, myelodysplastic syndrome, 

510
CT see computed tomography (CT)
CTD (cyclophosphamide, thalidomide and 

dexamethasone), systemic AL 
amyloidosis management, 
608–609

CTLA4, T-cell-dependent B-cell activation, 
357

cubulin, cobalamin absorption, 69
cutaneous B-cell lymphoma, 683
cutaneous non-Hodgkin’s lymphoma, 

682–683
CVAD, mantle cell lymphoma, 673
CVCs see central venous catheters (CVCs)
CVP (cyclophosphamide, vincristine, 

prednisolone)
follicular lymphoma, 665
Waldenström macroglobulinaemia, 

672
Cw antigen, Rh system, 256
CX antigen, Rh system, 256
CXC chemokines, 304, 359, 363
CXCL13, angioimmunoblastic T-cell 

lymphoma, 633
CXCR4

haemopoietic stem cells, 3
overexpression, neutropenia, 316
platelets formation, 775
stem cell mobilization, 727

cyanocobalamin, cobalamin defi ciency 
treatment, 80

CYBB gene
chronic granulomatous disease, 317–318
Kell blood group, 260

cyclic neutropenia, 202, 314–315

cyclin D1
gene, mantle cell lymphoma, 393, 621
mantle cell lymphoma, 622, 622

cyclin D2, mantle cell lymphoma, 622
cyclin D3, mantle cell lymphoma, 622
cyclin-dependent cyclase inhibitors, 

multiple myeloma management/
treatment, 596

cyclin D genes, multiple myeloma, 580
cyclooxygenase defi ciency, platelet 

signalling transduction disorders, 
920

cyclophosphamide
acquired aplastic anaemia, 220
adult ALL, 439
with bleomycin, etoposide, doxorubicin, 

vincristine, procarbazine and 
prednisone see BEACOPP 
(bleomycin, etoposide, 
doxorubicin, cyclophosphamide, 
vincristine, procarbazine and 
prednisone)

with busulfan see busulfan
CLL, 546, 548
with dexamethasone, multiple myeloma 

management/treatment, 586
with doxorubicin, vincristine and 

prednisolone see CHOP 
(cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

Fanconi anaemia, 191
follicular lymphoma, 664
with mitoxantrone and fl udarabine, 

follicular lymphoma therapy, 666
with rituximab, doxorubicin, vincristine 

and prednisolone see R-CHOP 
(rituximab, cyclophosphamide, 
doxorubicin, vincristine and 
prednisolone)

SCT conditioning, 726
allogeneic SCT, 521
with fl udarabine and TBI, 731
with total body irradiation, 729, 730

Sézary syndrome/mycosis fungoides, 567
T-cell large granular lymphocyte 

leukaemia, 563
with thalidomide and dexamethasone, 

systemic AL amyloidosis 
management, 608–609

with total body irradiation
allogeneic SCT myeloablative 

conditioning, 730
autologous SCT conditioning 

regimens, 729
with vincristine and prednisolone see 

CVP (cyclophosphamide, 
vincristine, prednisolone)

warm-type AIHA, 163
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cyclosporin, ATG with, 218–219
cystathionine β-synthase, defi ciency, 879
cystinosis, clinical features, 338
cytarabine

adult ALL chemotherapy, 439, 440
AML treatment, 420–421, 423
with carmustine, etoposide and 

melphalan see BEAM 
(carmustine, etoposide, 
cytarabine and melphalan)

CML management, 499
with fl udarabine and amsacrine 

(FLAMSA), allogeneic SCT in 
myelodysplastic syndrome, 521, 
525

hepatotoxicity, 480
myelodysplastic syndrome, 520

cytochemistry, 401–402
acute lymphoblastic leukaemia, 401, 402, 

403
acute monoblastic leukaemia, 402
AML, 401, 402, 403
childhood ALL, 451

cytochrome a, 27
cytochrome b, 27
cytochrome b1, iron absorption, 34
cytochrome c, 27
cytochrome oxidase, 27
cytogenetics, 405, 405–407

acquired aplastic anaemia, 213
acute lymphoblastic leukaemia, 406
adult ALL

diagnosis, 434–435
prognosis, 443–444

adult T-cell leukaemia lymphoma, 
568–569

AML see acute myeloid leukaemia 
(AML)

Burkitt lymphoma, 405
childhood ALL see acute lymphoblastic 

leukaemia (ALL), childhood
chronic eosinophilic leukaemia, 406
chronic myelomonocytic leukaemia, 

526
CLL, 405–406, 538–540
CML, 405, 406, 486–487, 487
FISH, 405
multiple myeloma, 589
mycosis fungoides, 567
myelodysplastic 5q–syndrome, 407
myelodysplastic syndrome, 406, 508, 

508–510
natural killer cell leukaemia, 406
NHL, 405, 658–659
plasma cell dyscrasia assessment, 606
Sézary syndrome, 567
T-prolymphocytic leukaemia, 560
WHO neoplasm classifi cations, 409

cytokine(s), 359, 360–362
anaemia of chronic disease treatment, 

941
CD8 T-cells, 353
Gaucher disease, 331, 332
non-haemolytic febrile transfusion 

reactions, 286
proinfl ammatory, 724
single-nucleotide polymorphisms, 

720
T helper cells type 1, 358
T helper cells type 2, 358
T helper cells type 17, 358
see also specifi c cytokines

cytokine receptors, neutrophils, 308
cytology

primary immune thrombocytopenia, 
933

splenic marginal zone lymphoma, 617
cytomegalovirus infection

allogeneic SCT, 736–737, 738
AML, 424

infectious mononucleosis vs., 366
quantitative PCR, 471
screening

allogeneic SCT, 477
blood donation, 275

transmission, blood transfusions, 273
cytopenia, bone marrow aspirates, 398
cytoreductive therapy

polycythaemia vera treatment, 690
primary myelofi brosis treatment, 700

cytoskeleton
phagocytes, 305
platelets, 773

cytotoxic drugs
advanced CML, 499
myelodysplastic syndrome development, 

504
cytotoxic T-cell precursor (CTLp) assay, 

HLA typing, 720
cytotoxic T-cells see CD8 T-cells

D
dabigatran, venous thromboembolism 

therapy, 905–906
dacarbazine, with doxorubicin, bleomycin 

and vinblastine see ABVD 
(doxorubicin, bleomycin, 
vinblastine and dacarbazine)

dactylitis, sickle cell disease, 113
DAF (CD55), 228
dalteparin, venous thromboembolism in 

cancer, 896
danaparoid, venous thromboembolism 

therapy, 904
Danon disease, 335

clinical features, 338

D antigen (Rh1) see Rhesus blood group
dapsone

acquired haemolytic anaemias, 173
malaria treatment, 962

dasatinib, CML management, 494, 495
DAT see direct agglutination test (DAT)
daunorubicin

AML treatment, 420–421
CML management, 499
myelodysplastic syndrome, 520

DC, telomerase gene complex, 211
DDAVO, acquired von Willebrand disease 

therapy, 858
DDAVP see desmopressin (DDAVP)
decitabine, myelodysplastic syndrome, 523
deep vein thrombosis (DVT)

chronic post-phlebitic symptoms, 888
diagnosis

MRI, 903
ultrasound, 902

incidence, 888
morbidity, 888
prophylaxis, 908–909
recurrence risk, 888
thalidomide side effects, 596
see also pulmonary embolism (PE)

defensins
neutrophils, 307
phagocytes, 306–307

deferasirox, 54
acquired aplastic anaemia, 215
Diamond–Blackfan anaemia, 199
iron-loading anaemias, 59
structure, 56
β-thalassaemias, 95

deferiprone, 54
acquired aplastic anaemia, 215
iron-loading anaemias, 53, 57–58
structure, 56
β-thalassaemias, 95

degranulation, phagocytes, 305
δ-storage pool disorder, platelet responses, 

922
dementia, plasma homocysteine, 66
dendritic cells, 324

antigen presentation, 345
neoplasms, treatment, 679

Dengue fever, 969
blood transfusion transmission, 274

dense granules, platelets, 774
deoxycoformycin see pentostatin 

(deoxycoformycin)
deoxycoformycin (pentostatin), follicular 

lymphoma treatment, 665
deoxythymidine monophosphate (dTMP), 

megaloblastic anaemia, 61
deoxyuridine monophosphate (dUMP), 

megaloblastic anaemia, 61
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deoxyuridine triphosphate (dUTP), 
megaloblastic anaemia, 61–62

dermatan sulphate, 764
desferrioxamine (DFX), 54

acquired aplastic anaemia treatment, 
215

acute iron poisoning, 59
haemochromatosis, type 1, 51
iron-loading anaemias, 53, 56–57
structure, 56
thalassaemia intermedia, 59
β-thalassaemias, 95

desirudin, venous thromboembolism 
therapy, 905

desmopressin (DDAVP)
congenital platelet disorder therapy, 

924
factor V and factor VIII combined 

defi ciency, 821
haemophilia A treatment, 798–799
haemostatic disturbances in renal 

disease, 851
von Willebrand disease treatment, 809

developed countries, childhood ALL, 448
developmental growth factor signalling 

pathways, haematopoiesis, 8
dexamethasone

childhood ALL treatment, 457, 458
with cyclophosphamide and 

thalidomide, systemic AL 
amyloidosis management, 
608–609

with cyclophosphamide, multiple 
myeloma management/
treatment, 586

erythroid cell development, 22
multiple myeloma management/

treatment, 586, 588
systemic AL amyloidosis management, 

608
with vincristine, doxorubicin see VAD 

(vincristine, doxorubicin, 
dexamethasone)

DFX see desferrioxamine (DFX)
D gene segments, B-cell receptor, 348
Dia antigen, Diego blood group, 261
diabetes insipidus, diabetes mellitus, optic 

atrophy and deafness 
(DIDMAOD), sideroblastic 
anaemia, 44

diabetes mellitus
anaemia, 948
thrombosis in infl ammation, 898

diacylglycerol, platelet second messenger 
pathways, 785–786

dialysis
folate prophylaxis, 81
long-term, folate defi ciency, 79

Diamond–Blackfan anaemia, 187, 
197–199

cell/molecular biology, 198–199
clinical features, 197–198
family incidence, 198
genetic subtypes, 198–199, 199
myelodysplastic 5q–syndrome, 509
neonatal anaemia, 972
treatment, 199

diarrhoea
allogeneic SCT complications, 738
leukaemias, 471

diarrhoea-related haemolytic-uraemic 
syndrome, 868–869

Dib antigen, Diego blood group, 261
DIC see disseminated intravascular 

coagulation (DIC)
DIDMAOD (diabetes insipidus, diabetes 

mellitus, optic atrophy and 
deafness), sideroblastic anaemia, 
44

Diego blood group, 245, 261
antigen, 229

diet
cobalamin, 68

defi ciency, 70–71
iron absorption, 34
iron defi ciency anaemia, 39

diethylcarbamazine, fi lariasis treatment, 
964–965

diffuse alveolar haemorrhage, allogeneic 
SCT complications, 739

diffuse large B-cell lymphomas (DLBCLs), 
623

CLL/small lymphocytic leukaemia, 616
differential diagnosis

Burkitt lymphoma vs., 412
primary mediastinal B-cell lymphoma 

vs., 412
gene expression profi ling, 412
hepatitis C virus, 687
immunoblastic morphology, 624
immunohistochemistry, 404–405
intestine, 676
not otherwise specifi ed, 622–624
with predominant extranodal location, 

624–625
Richter transformation, 548
of stomach, 676
subtypes, 623
WHO lymphoma classifi cation, 622–

624, 624–625
dilute Russell’s viper venom time 

(DRVVT), antiphospholipid 
syndrome, 893, 894

2,3-diphosphoglycerate (2,3-DPG)
accumulation, pyruvate kinase 

defi ciency, 142–143

neonatal anaemia, 972
sickle cell disease, 110

2,3-diphosphoglycerate mutase defi ciency, 
146

Diphyllobothrium latum infection, 
cobalamin malabsorption, 73

dipyridamole, essential thrombocythaemia 
treatment, 696

direct agglutination test (DAT), 238
AIHA, 158
babesiosis, 962
blood group screening, 238
CLL, 535–536
drug-induced alloimmune haemolytic 

anaemia, 167
haemolytic disease of the fetus and 

newborn, 295
repeated blood transfusions, 281
Rh D typing, 255

direct Coombs test, TTP, 863
direct thrombin inhibitors, venous 

thromboembolism therapy, 
905–906

disseminated intravascular coagulation 
(DIC), 841–845

acute promyelocytic leukaemia, 467, 945
antithrombin, 764
associated conditions, 842

see also specifi c conditions
clinical features, 843
diagnosis, 843–844
diarrhoea-related haemolytic-uraemic 

syndrome, 868
differential diagnosis, 843–844, 844

TTP vs., 865
heparin cofactor II, 764
HIV infection, 955
infections, 951
malaria, 959
malignancies, 942, 944–945
megaloblastic anaemia, 67–68
neonates, 981
pathophysiology, 841, 842, 843
purpura fulminans, 882
scoring system, 844, 844
treatment, 844–845

diuretics, induced neutropenia, 316
divalent metal transporter 1 (DMT1), 28
DKC1 gene

dyskeratosis congenita, 193
reticular dysgenesis, 315

DLBCLs see diffuse large B-cell lymphomas 
(DLBCLs)

DLI see donor lymphocyte infusion (DLI)
DMT1, 29

iron absorption, 34
mutations, iron refractory iron 

defi ciency anaemia, 41
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DMT1hemojuvelin, 29
DNA analysis

systemic AL amyloidosis, 605–606
systemic amyloidosis, 612

DNA damage
Fanconi anaemia, 189
in utero, childhood ALL, 449

DNA methylation
myelodysplastic syndrome, 512
somatic mutations, 387–388

DNA repair, Fanconi anaemia, 189
DNA replication, folate, 77
DNA synthesis, folate, 64
Doa antigen, 261
Dob antigen, 261
Döhle bodies, 918
Dombrock blood group, 245, 261

antigen, 227
Dombrock glycoprotein, 228
Donath–Landsteiner autoantibody, 252
donor, blood transfusions see blood 

transfusion(s)
donor lymphocyte infusion (DLI)

allogeneic SCT relapse management, 
743–744

CML, 497
graft-versus-leukaemia effect, 724

donor matching, haematopoietic SCT, 223
donor registries, 742–743
dormancy, haemopoietic stem cells, 6
double strand DNA breaks, chromosome 

translocations, 386
Down syndrome

congenital neutropenias, 979
neutrophilia, 313
transient abnormal myelopoiesis, 

707–708
doxorubicin

AML treatment, 421
with bleomycin, vinblastine and 

dacarbazine see ABVD 
(doxorubicin, bleomycin, 
vinblastine and dacarbazine)

with cyclophosphamide, vincristine and 
prednisolone see CHOP 
(cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

with rituximab, cyclophosphamide, 
vincristine and prednisolone see 
R-CHOP (rituximab, 
cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

with vincristine, dexamethasone see 
VAD (vincristine, doxorubicin, 
dexamethasone)

doxycycline, malaria treatment, 962
2,3-DPG see 2,3-diphosphoglycerate 

(2,3-DPG)

D—, Rh system, 257
drug(s)

acquired aplastic anaemia, 208
contraindications, glucose-6-phosphate 

dehydrogenase defi ciency, 153
see also specifi c drugs

drug-induced acute haemolysis, 152
drug-induced alloimmune haemolytic 

anaemia, 166–167, 167
drug-induced cobalamin defi ciency, 72, 

74
drug-induced neutropenia, 316
drug-induced thrombocytopenias, 916
drug-induced warm-type autoimmune 

haemolytic anaemia, 162–163
drug-resistance phenotype, multiple 

myeloma, 581
DRVVT (dilute Russell’s viper venom 

time), antiphospholipid 
syndrome, 893, 894

D segment, Igs, 347–348
dTMP (deoxythymidine monophosphate), 

megaloblastic anaemia, 61
Duffy blood group, 245, 260

antigen (CD234), 228, 229
Plasmodium vivax binding, 229
red cell membrane, 227

malaria infection, 959–960
dUMP (deoxyuridine monophosphate), 

megaloblastic anaemia, 61
Duncan syndrome see X-linked 

lymphoproliferative syndrome
duodenal cytochrome b1, 29
dUTP (deoxyuridine triphosphate), 

megaloblastic anaemia, 61–62
DVT see deep vein thrombosis (DVT)
dysfi brinogenaemia

haemostatic disturbance in chronic liver 
disease, 848

renal disease, 947–948
dyskeratosis congenita, 187, 192–196

cell/molecular biology, 193–195
autosomal dominant, 194
autosomal recessive, 195
DKC1 gene, 193
fi broblasts, 193
genetic subtypes, 195
HUMARA gene, 193
NOP10 gene, 195
reverse transcriptase, 194
telomerase, 194
telomerase complex, 194, 194–195
TERC gene, 194
TERT gene, 194
X-chromosome inactivation patterns, 

193
clinical features, 192, 192–193

premature ageing, 195

Fanconi anaemia vs., 193
mortality, 192
somatic abnormalities, 193
treatment, 195–196

dysmegakaryopoiesis, primary 
myelofi brosis, 698

E
E2A–PBX1 (TCF3–PBX1) gene 

rearrangements, childhood ALL, 
453, 454

E antigen, Rh system, 253
e antigen, Rh system, 253
early pre-B acute lymphoblastic leukaemia, 

immunophenotypic 
classifi cation, 451

early T-precursor acute lymphoblastic 
leukaemia, 434

EATL see enteropathy-associated T-cell 
lymphoma (EATL)

EBF gene, childhood ALL, 450
EBMT see European Group for Blood and 

Marrow Transplantation 
(EBMT)

Ebola virus, 969
echinocytosis, liver disease, 948
ECG, systemic AL amyloidosis, 607
echocardiography

clonal hypereosinophilic syndromes, 
705–706

sickle cell disease, 116
‘economy class syndrome,’ 889
eculizumab, paroxysmal nocturnal 

haemoglobinuria, 181–182
effector cells, SCT, 722–723
efl ornithine, African trypanosomiasis 

therapy, 966
Ehlers–Danlos syndrome (EDS), 

854
EKLF see erythroid Kruppel-like factor 

(EKLF)
EKLF gene

globin gene clusters, 86
Lutheran blood group, 259

ELA2 gene
cyclic neutropenia, 314–315
neutropenias, 202, 314

elastase, neutrophils, 307
elderly patients

AML treatment, 430
ATG, 220
multiple myeloma management/

treatment, 593–594, 594–595
NHL, 683

electrical charge, agglutination tests, 
237–238

electrocardiography (ECG), systemic AL 
amyloidosis, 607
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electrolyte balance
acute renal tubular necrosis, 479–480
leukaemia, 479–480

electron beam irradiation
mycosis fungoides treatment, 682
Sézary syndrome/mycosis fungoides, 

567
electronic cross-matching, 281
electron microscopy, systemic AL 

amyloidosis, 604
ELISA see enzyme-linked immunosorbent 

assay (ELISA)
elliptocytosis, hereditary see hereditary 

elliptocytosis (HE)
eltrombopag, congenital platelet disorder 

therapy, 924
elution tests, blood group screening, 

239–240
EMA, nodular lymphocyte predominant 

Hodgkin lymphoma, 636
Embden–Meyerhof pathway see red cell 

metabolism
embryonic haemoglobin, 83
embryonic sites, haematopoiesis, 5–6
EMMPRIN (CD147), 228
ENA078, platelet α-granules, 774
endocrine disorders, 948, 948

erythrocytosis, 693
endoglin, haemopoietic stem cells, 2
endoplasmic reticulum, HLA class I 

antigen processing/presentation, 
711

endothelial cells
activation, DIC, 843
anticoagulant activity, 755
erythropoiesis, 12
fi brinolytic factors, 755
thrombosis in infl ammation, 898
tissue factor pathway inhibitor, 763

endothelial protein C receptor, 759, 766
endothelin-1 (ET-1), 754
endothelium

blood vessels, 753
tissue factor, 760
vessel injury, 755
von Willebrand factor, 753
see also endothelial cells

endotoxin
neutrophil development, 310
thrombosis in infl ammation, 897

ENG gene, 854
enhancer sequences, haemoglobin, 86
Enterobacter infection, leukaemias, 472
enterohepatic circulation

cobalamin, 69
folate, 76

enteropathy-associated T-cell lymphoma 
(EATL), 573–574

treatment, 677–678
WHO lymphoma classifi cation, 628, 

629
environmental factors

acquired aplastic anaemia, 207–208
heritable thrombophilia, 880
primary immune thrombocytopenia, 

929
enzyme(s)

cycling in lysosomes, 331
Gaucher disease type I, 332
pyruvate kinase defi ciency, 144–145, 145

enzyme-linked immunosorbent assay 
(ELISA)

antiphospholipid syndrome, 894–895
Aspergillus infection, 471
blood group screening, 240, 240
blood screening

HIV, 273
human T-cell leukaemia virus, 273

fi lariasis diagnosis, 964
venous thromboembolism diagnosis, 

901–902
enzyme replacement therapy (ERT)

Fabry disease, 332, 341
Gaucher disease, 332, 338–340
Gaucher disease type II, 338–339
lysosomal storage disorder therapy, 

336
mucopolysaccharidosis, 332
Niemann–Pick disease, 341
Pompe disease, 332

EORTC 20884 trial
classical Hodgkin lymphoma, 650
classical Hodgkin lymphoma treatment, 

649
EORTC H8-F, classical Hodgkin 

lymphoma treatment, 648
eosin-labelled maleimide binding, 

hereditary spherocytosis, 
131–132

eosinophil(s), 318–321
activation, 319
chemoattractant receptors, 304
CML, 490
development, 318–319
disorders, 319–321

see also specifi c diseases/disorders
eotaxin, 304
function, 318–319
granules, 318–319, 319
myeloproliferative disorders, 389
recruitment, 319
structure, 308

eosinophilia, 319–321
causes, 320, 705
Churg–Strauss syndrome, 946
defi nition, 319

fi lariasis, 964
idiopathic, 704
malignancies, 944
polyarteritis nodosa, 946
rheumatoid arthritis, 946
systemic disease, 946
systemic lupus erythematosus, 946

eosinophilia–myalgia syndrome, 319–320
eosinophilic fasciitis, acquired aplastic 

anaemia, 207
eosinophilic leukaemia, chronic see chronic 

eosinophilic leukaemia
eosinophil myeloproliferative disorders, 

FGFR1 gene, 389, 704
eotaxin, 363

eosinophils, 304
EPCR gene, 766
ephrins, thrombus stabilization, 779
epigenetic effects, somatic mutations, 

387–388
epistaxis

factor V defi ciency, 818
factor X defi ciency, 825

epithelial surfaces
cobalamin defi ciency, 64
folate defi ciency, 64

epitopes, 229
EPO see erythropoietin (EPO)
EPOCH, AIDS-related NHL, 681
EpoR see erythropoietin receptor (EpoR)
epratuzumab, 666

childhood ALL treatment, 459
CLL management, 547
follicular lymphoma therapy, 667

Epstein–Barr virus infection
CD21, 364–365
extranodal NK/T-cell lymphoma, nasal 

type, 628
Hodgkin lymphoma, 639
large-cell lymphomas of terminally 

differentiated B cells, 625
NHL, 656, 656–657
positive T-cell lymphoproliferative 

disorders of childhood, 627, 
627

positive T-cell NHL in childhood, 573
Richter transformation, 549
screening, allogeneic SCT, 477
see also infectious mononucleosis; post-

transplant lymphoproliferative 
disease (PTLD)

Epstein syndrome, 918, 918
genetics, 925

Erdheim–Chester disease, 327
ERMAP, 228
error-related incidents, SHOT, 290
ERT see enzyme replacement therapy 

(ERT)
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erythroblasts
iron defi ciency anaemia, 39
in vitro development, 15

erythrocytes see red cell(s)
erythrocyte sedimentation rate (ESR), 

sickle cell disease, 119
erythrocytapheresis see exchange 

transfusion (erythrocytapheresis)
erythrocytosis, 690–693, 691

abnormal erythropoietin secretion, 693
congenital, 691
endocrine disorders, 693
idiopathic, 693
inherited/congenital, 691
primary, 691
secondary, 691–693
systemic hypoxia, 691–693

chronic hypoxia, 691
congenital cyanotic heart disease, 

692
high-affi nity haemoglobin, 692, 692
high altitudes, 691–692
hypopnoea, 691
methaemoglobulinaemia, 692–693
red cell metabolic defects, 692
tobacco smoking, 693

see also polycythaemias
erythroid cells

cell surface receptors, 22
development, erythropoietin receptor, 

18
iron absorption, 34–35

erythroid dysplasia, bone marrow 
histology, 516

erythroid Kruppel-like factor (EKLF)
erythropoiesis, 15, 16
haemoglobin synthesis regulation, 86–87

erythromycin
allogeneic SCT infections, 736
post-splenectomy, 935

erythropoiesis, 12–25, 13, 14
apoptosis, 22–23
cell surface markers, 17–18
defi nition, 12
developmental origins, 12–13
diseases/disorders, 23–24

see also specifi c diseases/disorders
gene expression, 18, 18–19
homeostasis, 12
inhibition, anaemia of chronic disease, 

941
myelodysplastic syndrome, 513
polycythaemia vera, 686
regulation, 23
signal pathway regulation, 19–22

hypoxia sensing, 19–20, 20
see also erythropoietin (EPO); 

erythropoietin receptor (EpoR)

sites, 369
terminal maturation, 16–17
β-thalassaemias, 91, 92
transcription factors, 12, 15–16

erythropoietic porphyrias, 42
congenital, 41–42

erythropoietin (EPO), 12, 20–22
anaemia therapy, 468

anaemia of prematurity, 978
in malignancies, 943

dyskeratosis congenita treatment, 195
erythrocytosis, 693
gene structure, 20
mechanism of action, 21
myelodysplastic syndrome therapy, 468, 

519–520
production measures, 24
structure, 20
β-thalassaemias, 91, 93

erythropoietin receptor (EpoR), 20–22
apoptosis, 22
erythroid cell development, 18
expression, 19
hypoxia, 19
JAK2-STAT5 pathway, 21, 21, 22
PI3-K/Ras-MAP kinase pathway, 21, 

22
structure, 21

ESAM, thrombus stabilization, 779
Escherichia coli infections, 951

leukaemias, 472
sickle cell disease, 114
splenectomy risks, 375

Escherichia coli type 0157:H7 infections, 
868

ESR (erythrocyte sedimentation rate), 
sickle cell disease, 119

essential mixed cryoglobulinaemia, 
hepatitis C virus, 687

essential thrombocythaemia (ET), 
693–697

clinical features, 694
diagnosis, 695, 897
epidemiology, 694
investigations, 694–696

JAK2 gene, 694
pathophysiology, 693–694
in pregnancy, 696–697
prognosis, 696
thrombosis, 896–897
treatment, 696

estrogen
erythroid cell development, 22
haemostatic disturbances in renal 

disease, 851
estrogen receptor gene, β-thalassaemia 

modifi ers, 92
ET see essential thrombocythaemia (ET)

etoposide
AML treatment, 423
with bleomycin, cyclophosphamide, 

doxorubicin, vincristine, 
procarbazine and prednisone see 
BEACOPP (bleomycin, 
etoposide, doxorubicin, 
cyclophosphamide, vincristine, 
procarbazine and prednisone)

with carmustine, cytarabine and 
melphalan see BEAM 
(carmustine, etoposide, 
cytarabine and melphalan)

Sézary syndrome/mycosis fungoides, 
567

ETV6–RUNX (TEL–AML1) gene fusion
acute lymphoblastic leukaemia, 391
childhood ALL, 448–449, 450, 452, 454, 

455
ETV–PDGFRB gene fusion, chronic 

myelomonocytic leukaemia, 499
European Group for Blood and Marrow 

Transplantation (EBMT)
multiple myeloma prognosis, 590
NHL SCT, 668–669

European Organisation for Research and 
Treatment of Cancer (EORTC)

risk factors, Hodgkin lymphoma 
prognosis, 644, 644

trials see under EORTC
Euro score, CML prognosis, 485, 485
EV1I gene, CML, 488
Evans syndrome

TTP vs., 865
warm-type AIHA, 162

exchange transfusion (erythrocytapheresis)
megaloblastic anaemia therapy, 80
Rhesus haemolytic disease of the fetus 

and newborn, 297
sickle cell disease, 121–122
see also plasma exchange

exogenous plasminogen activator, 769
exoglycosidase, basophil/mast cell granules, 

322
explant culture experiments, 

haematopoiesis, 7
expression profi ling, myelodysplastic 

syndrome, 510
extramedullary disease, AML, 415
extramedullary haemopoiesis, spleen, 

371–372
extramedullary plasmacytoma, 584
extranodal marginal zone lymphoma of 

MALT, 619
WHO lymphoma classifi cation, 

618–619
extranodal NK/T-cell lymphoma, nasal 

type, 572–573, 573
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treatment, 678
WHO lymphoma classifi cation, 628, 628

extrapulmonary haemopoiesis, primary 
myelofi brosis, 697–698

extravascular haemolysis
drug-induced alloimmune haemolytic 

anaemia, 166
eculizumab effects, 182

extravascular red cell destruction, 
haemolytic transfusion reactions, 
284, 284–286

F
F2G20210A, 878

detection, 885
heritable thrombophilia, 872, 873

F5G1691A, heritable thrombophilia, 872, 
873

F5 gene, 877
F7 gene, factor VII defi ciency, 822, 823, 

824, 825
F13A gene

factor XIII defi ciency, 829–831, 830
polymorphisms, 831

F13B gene, factor XIII defi ciency, 831
FAB (French–American–British) 

classifi cation
adult ALL, 433
AML, 416, 418
blood fi lm, 396
CML, 491
myelodysplastic syndrome, 504, 

504–505
FA-BCRA pathway, Fanconi anaemia, 

190
Fabry disease, 334, 341

clinical features, 337
diagnosis, 332
enzyme replacement therapy, 332

factor I, developmental haemostasis, 980
factor II

defi ciency, knockout mouse model, 815
developmental haemostasis, 980
haemostatic disturbance in chronic liver 

disease, 848
factor V, 758, 761

defi ciency, 818, 821
acquired, 858
genetics, 820
knockout mouse model, 815, 818
in pregnancy, 834
prophylaxis, 833
treatment, 833

developmental haemostasis, 980
factor VIII combined defi ciency see 

factor V and factor VIII 
combined defi ciency

platelet α-granules, 774

factor Va
generation, 877
inhibition see protein C pathway

factor V and factor VIII combined 
defi ciency, 821

genetics, 814
in pregnancy, 834
prophylaxis, 833
treatment, 833

factor V Leiden see FVR506Q (factor V 
Leiden)

factor VII, 758, 760
blood coagulation, 749
in chronic liver disease, 848
defi ciency, 821–823, 825

clinical manifestations, 822–823
genetics, 822
knockout mouse model, 815
molecular defects, 823, 825
in pregnancy, 834
prophylaxis, 834
treatment, 822–823, 833

developmental haemostasis, 980
in pregnancy, 851

factor VIII, 758, 761
antibody development, 799
assays for, 796
concentrates, 796–797
defi ciency see haemophilia A
developmental haemostasis, 980
factor V combined defi ciency see factor 

V and factor VIII combined 
defi ciency

genetics, 800, 801
heritable thrombophilia, 878
porcine, 799
von Willebrand disease diagnosis, 

806
von Willebrand factor complex, 805, 

805–806
factor VIIIa, inhibition see protein C 

pathway
factor IX, 758, 760

blood coagulation, 749
defi ciency see haemophilia B
developmental haemostasis, 980
heritable thrombophilia, 878

factor X, 758, 760
blood coagulation, 749
chronic liver disease, 848
defi ciency, 825–826

amyloidosis, 856
knockout mouse model, 815
in pregnancy, 834
prophylaxis, 834
treatment, 833

developmental haemostasis, 
980

factor Xa antagonists, venous 
thromboembolism therapy, 906

factor XI, 758, 760–761
concentrate, factor XI defi ciency 

therapy, 827
defi ciency, 748, 827

knockout mouse model, 815
in pregnancy, 835
prophylaxis, 834
treatment, 833

heritable thrombophilia, 878
factor XII

defi ciency, 748
developmental haemostasis, 980

factor XIII, 758, 761
defi ciency, 827–831

classifi cation, 829
clinical manifestations, 829
knockout mouse model, 815, 829
molecular defects, 829–831
neonates, 981
in pregnancy, 835
prophylaxis, 834
treatment, 829, 833

developmental haemostasis, 980
structure, 827–828
synthesis, 827–829

factor H replacement, familial haemolytic-
uraemic syndrome, 869

FAD (fl avine adenine dinucleotide), nitric 
oxide synthase, 306

fainting, blood donation, 270
familial acholuric jaundice see hereditary 

spherocytosis (HS)
familial cold urticaria and leucocytosis, 

313
familial haemolytic-uraemic syndrome, 

869
family history

CLL, 543, 543
Diamond–Blackfan anaemia, 198
haemophilia A, 795
platelet congenital disorders, 915
systemic AL amyloidosis, 606

family testing, haemochromatosis, type 1, 
51

FANC1, Fanconi anaemia, 189, 191
FANCD2, Fanconi anaemia, 189
Fanconi anaemia, 186–192, 187

cell/molecular biology, 189–191
BRAC2 mutations, 191
chromosomal abnormalities, 189, 189
complementation groups/subtypes, 

190
DNA damage, 189
DNA repair, 189
FA-BCRA pathway, 190, 191
FANC1, 189, 191
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FANCD2, 189
genes, 189
interferon-γ, 191
MAPK pathways, 191
mouse models, 191
PALB2 mutations, 191
proteins, 189, 191

see also specifi c proteins
in vitro gene transfer, 191

clinical features, 186–187, 188, 189, 212
leukaemias, 187, 189
malignancy, 186
somatic abnormalities, 187

diagnosis, 214
dyskeratosis congenita vs., 193
incidence, 187
thrombocytopenias, 917
treatment, 191–192

haematopoietic SCT, 189, 191
Farber disease, 334

clinical features, 337
fasciitis, eosinophilic, 207
Fas-ligand, myelodysplastic syndrome, 

508
Fas receptor, apoptosis in erythropoiesis, 

23
fat embolism syndrome, 855
favism, glucose-6-phosphate 

dehydrogenase defi ciency, 150, 
151–152

Fc receptor(s)
AIHA, 160
Ig binding, 232
natural killer, 354
phagocytes, 301
see also specifi c receptors

FcαR, phagocytes, 303
FcεIR

basophils, 321
mast cells, 321

FcγRI, phagocytes, 303, 303
FcγRIIA, platelets, 785
FcγRII, phagocytes, 303, 303
FcγRIIIA, phagocytes, 303
FcγRIIIB, phagocytes, 303
FcγRIII, phagocytes, 303, 303
Fc fragment, Ig, 231
FCM (fl udarabine, cyclophosphamide, 

mitoxantrone), follicular 
lymphoma therapy, 666

febrile reactions
leukaemias, 467
neutrophil antibodies, 263

Felty syndrome, neutropenia, 316, 946
femoral head, avascular necrosis, 115, 

117–118
Ferrinject, iron defi ciency anaemia 

management, 41

ferritin, 26, 27
genetics, 27
heavy chain, 30
iron homeostasis, 33
light chain, 30
measurement, iron status, 37
serum

haemochromatosis, type 1, 49–50
iron-loading anaemias, 54
iron metabolism measurement, 36

ferrochelatase, haem synthesis, 35
ferrokinetics, myelodysplastic syndrome, 

513
ferroportin (SLC40A1), 28
ferroportin 1, 29
ferrous sulphate, iron defi ciency anaemia 

management, 40
fertility, allogeneic SCT complications, 

740–741
fetal–adult switch, haemoglobin synthesis, 

84–85
fetal anaemia, anti-D antibodies, 293
fetal genotype prediction, Rh system, 

258–259
fetal haemoglobin (HbF), 83, 971, 972, 972

at birth, 85
oxygen affi nity, 83
Rhesus haemolytic disease of the fetus 

and newborn, 294, 296
β-thalassaemias, 91
β-thalassaemia, with sickle cell disease, 

100
fetal liver, haematopoiesis, 5
Fetchner syndrome, 918, 918

genetics, 925
fetomaternal haemorrhage

fl ow cytometric immunophenotyping, 
404

neonatal anaemia, 977, 978
fetus, haematopoiesis, 7, 7–8
fever, infections in leukaemia, 469–470
fever of unknown origin, leukaemias see 

leukaemias, supportive care
18-F-fl uorodeoxyglucose positron emission 

tomography (FDG-PET), 
Hodgkin lymphoma, 643, 644

FFP see fresh frozen plasma (FFP)
FGA gene, fi brinogen defi ciency, 815, 816, 

817
FGB gene, fi brinogen defi ciency, 815, 817
FGFR1 gene

chronic myelomonocytic leukaemia, 
526

clonal hypereosinophilic syndromes, 
705

eosinophil myeloproliferative disorders, 
389

FGFR3 gene, multiple myeloma, 579

FGFR3 tyrosine kinase inhibitors, multiple 
myeloma management/
treatment, 596

FGFR/MMSET gene, multiple myeloma, 
578

FGG gene, fi brinogen defi ciency, 815, 817
fi bril identifi cation, systemic AL 

amyloidosis, 604–605
fi brin

generation, 750
plasmin, action of, 768

fi brin D-dimers, venous thromboembolism 
diagnosis, 901

fi brinogen, 758, 761–762
chronic liver disease, 848
defi ciency, 815–816

genetics, 817
knockout mouse model, 815
in pregnancy, 834
prophylaxis, 833
treatment, 833

developmental haemostasis, 980
heparin interaction, 764
malaria, 959
platelets, 772, 774
in pregnancy, 851
thrombus formation, 778

fi brinolysis, 751, 751, 767–770
components, 767

see also specifi c components
factor XI defi ciency, 827
heritable thrombophilia, 879
inhibitors, 769–770
plasminogen, 751

fi brinolytic factors, endothelial cells, 755
fi broblasts, dyskeratosis congenita, 193
fi bronectin, thrombus formation, 778
fi lariasis, 962–965

biology, 962–963
clinical presentation, 963
diagnosis, 964
epidemiology, 962–963
geographical distribution, 962–963, 963
haematological abnormalities, 964
treatment implications, 964–965

fi ne-needle aspiration (FNA), NHL, 659
FIPIL1–PDGFRA gene fusion

AML, 385
chronic eosinophilic leukaemia, 500, 704
clonal hypereosinophilic syndromes, 

705
eosinophilia, 320
FISH, 407

FIPL1 gene, eosinophilia, 704
First-Line Indolent Trial (FIT), 668
FISH see fl uorescence in situ hybridization 

(FISH)
5′ untranslated region, haemoglobin, 85
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FLAMSA (fl udarabine, cytarabine and 
amsacrine), allogeneic SCT in 
myelodysplastic syndrome, 521, 
525

fl avine adenine dinucleotide (FAD), nitric 
oxide synthase, 306

fl avine mononucleotide (FMN), nitric 
oxide synthase, 306

FLI1 gene, Paris–Trousseau syndrome, 919, 
925

Flice inhibitory protein (FLIP), 
myelodysplastic syndrome, 508

FLIP (Flice inhibitory protein), 
myelodysplastic syndrome, 508

fl ow cytometry
acquired aplastic anaemia, 213
adult T-cell leukaemia lymphoma, 569
agglutination reactions, 241
ALL, 402

childhood minimal residual disease, 
455

AML, 403
minimal residual disease, 429

blood group screening, 240
CLL, 403, 532, 541, 542, 543
fetomaternal haemorrhage, 404
haemopoietic stem cells, 2
hairy cell leukaemia, 403
immunophenotyping, 402–404, 404
monoclonal antibody therapy, 403
monoclonal T-cell populations, 403–404
multiple myeloma, 403
myelodysplastic syndrome, 404, 508
NHL, 403

hepatosplenic T-NHL, 572
paroxysmal nocturnal haemoglobinuria, 

179, 179, 180, 403–404
platelet function testing, 789
T-cell large granular lymphocyte 

leukaemia, 564
FLT3 gene

activating mutations, 387
AML, 392

relapse risk, 426–427, 427
childhood ALL, 449
myelodysplastic syndrome, 510

fl uconazole
allogeneic SCT infections, 737
infection prophylaxis, 473–474

fl udarabine
CLL management, 546, 547
with cyclophosphamide, mitoxantrone, 

follicular lymphoma therapy, 
666

follicular lymphoma treatment, 665
mantle cell lymphoma, 556
myelodysplastic syndrome, 520
Richter transformation, 549

SCT conditioning, 223, 726
with busulfan, 732
busulfan with, 730
with cyclophosphamide, 732
with cyclophosphamide and TBI, 731
with cytarabine and amsacrine 

(FLAMSA), 521, 525
with melphalan, 732
myelodysplastic syndrome, 521
total body irradiation with, 732

fl uid balance
acute renal failure, 479
acute renal tubular necrosis, 479
leukaemia, 478–479
polysaccharide solutions, 479

fl uid replacement therapy, 292
adult ALL, 437

fl uorescence in situ hybridization (FISH), 
407–409

AML, 409
BCL2–IGH fusion gene, 407
BCR–ABL fusion gene, 407, 408
bone marrow aspirates, 398
Burkitt lymphoma, 407
CCND1–IGHG1 fusion gene, 407
chromosomal translocations, 407
chronic eosinophilic leukaemia, 407
CLL, 407, 409, 531, 539, 539, 540
cytogenetic analysis, 405
FIP1L1–PDGFRA fusion gene, 407
follicular lymphoma, 407
imatinib mesylate monitoring, 493
mantle cell lymphoma, 407, 556
multiple myeloma, 578–579
MYC–IGHG1 fusion gene, 407
myelodysplastic 5q–syndrome, 509
myelodysplastic syndrome, 507
spectral karyotyping, 407

fl uoroquinolones, infection prophylaxis, 
473

FLVCR, 29
FMC7, hairy cell leukaemia diagnosis, 552
FMN (fl avine mononucleotide), nitric 

oxide synthase, 306
FMS-like tyrosine-3 (FLT-3), AML, 

415–416
FOG-1, erythropoiesis, 15
folate, 76–79

absorption, 76
biochemical functions, 62, 63, 77

coenzymes, 63
DNA replication, 77
DNA synthesis, 64
RNA replication, 77

body stores, 76
cobalamin relationship, 62
dietary, 76
enterohepatic circulation, 76

haemolytic disease of the fetus and 
newborn, 975

megaloblastic anaemia, 62
prophylaxis (supplements), 80–81

anaemia of prematurity, 978
congenital dyserythropoietic anaemia 

treatment, 201
dialysis, 81
haemolytic anaemia, 81
hereditary spherocytosis, 132
prematurity, 81
sideroblastic anaemia treatment, 45
supplements in pregnancy, 64–65, 78, 

81
requirements, 76

pregnancy, 953
serum, folate defi ciency diagnosis, 79
structure, 76, 76
transport, 77

folate defi ciency
cardiovascular disease, 65
causes, 77, 77–79

antifolate drugs, 79
congenital abnormalities, 79
congestive heart failure, 79
excess utilization/loss, 78–79
haematological disorders, 78
homocystinuria, 79
infl ammatory conditions, 78–79
liver disease, 79
long-term dialysis, 79
malabsorption, 78
nutritional, 77–78
pregnancy, 78
premature infants, 78

CLL, 535
diagnosis, 79
epithelial surfaces, 64
malignancies, 65, 943
neural tube defects, 64–65
neurological manifestations, 66
pregnancy complications, 64
scurvy, 78
sickle cell disease, 113
tissue effects, 64–66
treatment, 80
see also megaloblastic anaemia

folate receptors, 77
folinic acid (5-formyl-THF), 80
follicles, lymph nodes, 355, 355
follicular lymphoma, 554, 621, 663–670

advanced disease, 663–664
chemotherapy, 664–665
interferon, 665
monoclonal antibodies, 665–667, 

666
purine analogues, 665
rituximab, 665–666
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BCL2 gene overexpression, 394
blood fi lm, 554
chemotherapy, 664–668

antibody conjugates, 667
immunotoxins, 668
maintenance therapy, 666–667
previously untreated, 666
radioimmunoconjugates, 667, 

667–668
relapsed disease, 668
relapsed low-grade, 666
therapy-naive patients, 668

cytology, 660
FISH, 407
geographical variations, 655–656
immunohistochemistry, 404
localized disease, 663

adjuvant chemotherapy, 663
radiotherapy, 663

prognostic factors, 662
transformed, treatment, 669
WHO lymphoma classifi cation, 619–621

fondaparinux
heparin-induced thrombocytopenia, 

891
venous thromboembolism therapy, 

904
food cobalamin absorption, 72
four T’s algorithm, heparin-induced 

thrombocytopenia, 891
FOXP1 gene, extranodal marginal zone 

lymphoma of MALT, 619
FoxP3, regulatory T-cells, 359
FRACON (framycetin, colistin and 

nystatin), infection prophylaxis, 
473

fragmentation acquired haemolytic 
anaemias, 170, 170, 170–172

framycetin, with colistin and nystatin 
(FRACON), infection 
prophylaxis, 473

frataxin, 29
French–American–British classifi cation see 

FAB (French–American–British) 
classifi cation

fresh frozen plasma (FFP), 279
DIC treatment, 845
factor V and factor VIII combined 

defi ciency, 821
factor VII defi ciency therapy, 823
factor X defi ciency, 825
factor XI defi ciency therapy, 827
familial haemolytic-uraemic syndrome, 

869
haemostatic disturbances in pregnancy, 

851
leukaemias, 467
massive blood loss, 853

preparation, 276
prion disease, 276
prothrombin defi ciency, 816
TTP treatment, 867
vitamin K-dependent coagulation 

factors defi ciency, 832
Friedreich ataxia, 53

pathophysiology, 35
fructose diphosphate aldose A, 147

defi ciency, 146, 147
FTL3 mutation

AML classifi cation, 430–431
AML relapse risk, 425

fucosidosis, 334
clinical features, 337

functional iron, iron metabolism 
measurement, 37

fungal infections
allogeneic SCT infections, 737
AML treatment, 422
CLL, 478
haematological disorders, 950–952
haemophagocytic lymphohistiocytosis, 

326
infections in leukaemia, 469
see also specifi c infections

furosemide, extravascular haemolytic 
transfusion reactions, 284

Fusarium infection, leukaemias, 471
fusion genes, acute lymphoblastic 

leukaemia, 385
FUT1 gene, 250
FUT2 gene, 250
FUT3 gene, 250
FUT genes, 246
FVR506Q (factor V Leiden), 877

activated partial thromboplastin time, 
877

activated protein C, 876
detection, 885

FX gene, 825, 826
FXI gene, 827, 828
Fya antigen, 260
Fyb antigen, 260

G
G6PD see glucose-6-phosphate 

dehydrogenase (G6PD)
galactosialidosis, 335

clinical features, 338
gallstones

Gaucher disease, 338
hereditary spherocytosis, 132
paroxysmal nocturnal haemoglobinuria, 

178
pyruvate kinase defi ciency, 143, 

144
gametocytes, malaria life cycle, 958

G antigen, Rh system, 256
Gardos pathway, sickle cell disease, 110
gastrectomy, cobalamin defi ciency, 72
gastric biopsy, pernicious anaemia 

diagnosis, 72
gastrin, pernicious anaemia, 71
gastrin receptor antibodies, antibodies to, 

72
gastrointestinal system

allogeneic SCT complications, 737–738
autologous SCT complications, 741
deferiprone side effects, 58
GvHD, 735
mastocytosis, 702

GAT (granulocyte agglutination test), 
264

GATA-1
apoptosis, erythropoiesis, 23
congenital erythropoietic porphyria, 41
erythropoiesis, 15–16
globin gene clusters, 86
primary myelofi brosis, 697

GATA1 gene
grey platelet syndrome, 918
myelodysplastic syndrome, 510

GATA-2
erythropoiesis, 15, 16
haematopoiesis, 7–8

Gaucher disease, 334, 336–371
bone marrow, 340
clinical course, 340
clinical features, 336, 337

gallstones, 338
skeletal changes, 340, 340–341

diagnosis, 332
serum Igs, 338
tissue biopsy, 338

GBA gene, 336
β-glucocerebrosidase, 336
laboratory features, 336, 338
pathophysiology, cytokines, 331
prevalence, 331
thrombocytopenias, 917
treatment, 338–341

enzyme replacement therapy, 332, 
338–340

haematopoietic SCT, 332
supportive therapy, 340–341

Gaucher disease type I, 336
clinical features, 338
cytokines, 332
enzymes, 332

Gaucher disease type II, 336
clinical features, 338
enzyme replacement therapy, 338–339

Gaucher disease type III, clinical features, 
338

GBA gene, 336
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GCNT2 gene, 252
G-CSF see granulocyte colony-stimulating 

factor (G-CSF)
GCSFR gene, 510
GDF-15, hepcidin regulation, 32
GELA H89 trial, classical Hodgkin 

lymphoma, 649, 650
gelatinase, neutrophils, 310
gemcitabine

angioimmunoblastic T-NHL, 572
Hodgkin lymphoma treatment, 652

gemtuzumab ozogamicin (Mylotarg)
acute promyelocytic leukaemia, 430
AML therapy, 423, 431
childhood ALL treatment, 459

gender differences, CLL, 542
gene(s)

competition, haemoglobin synthesis 
regulation, 86

defects, hereditary spherocytosis, 
131–132

deletions
δβ thalassaemia, 98, 98
β-thalassaemias, 89
α thalassaemias, 100, 102

environment interactions
heritable thrombophilia, 873–874
leukaemogenesis, 380–381

expression, erythropoiesis, 18, 18–19
mutations

glucose-6-phosphate dehydrogenase 
defi ciency, 149–150

molecular genetic analysis, 411
rearrangements, T-cell receptor, 347, 

351
see also specifi c genes

gene expression profi ling (GEP), 412
acquired aplastic anaemia, 209
CLL, 541
DLBCL, 412
DLBCL not otherwise specifi ed, 623
peripheral T-NHL not specifi ed, 570
primary mediastinal B-cell lymphoma, 

412
gene therapy

dyskeratosis congenita treatment, 196
Fanconi anaemia treatment, 191
haemophilia A, 803
haemophilia B, 803
platelet congenital disorders, 925–926
sickle cell disease therapy, 123–124

genetic counselling, sickle cell disease, 
120

genetic markers, heritable thrombophilia, 
878

genetic predisposition
acquired aplastic anaemia, 211
leukaemogenesis, 380–381

genotype–phenotype relationship
rare bleeding disorders, 832
α thalassaemias, 102–103

gentamicin, vancomycin and nystatin 
(GVN), infection prophylaxis, 
473

GEP see gene expression profi ling (GEP)
Gerbich blood group, 245, 261

antigen, 227, 229
German High-Grade NHL Study Group, 

aggressive treatment, 674
germinal centres

B cell-like DLBCL, 623
lymph nodes, 355–356

germline mutations, chromosome 
translocations, 386

Gf-1, 16
Gf-1b, 16
GFI1 gene, 202
GGCX gene

combined defi ciency of vitamin K 
proteins, 814

vitamin K-dependent coagulation 
factors defi ciency, 832

GHSG HD7 trial, 648
GHSG HD9 trial, 649
GIEMMA trial, 594
GIL antigen see aquaporin 3 (GIL antigen)
Gilbert syndrome, 106

haemolysis with, 127
Gill blood group, 245
Glanzmann thrombasthenia, 788, 921, 922

genetics, 925
platelet responses, 922

Gleevec see imatinib mesylate
Glivec see imatinib mesylate
globins

expression, 18–19
gene promoter mutations, hereditary 

persistence of fetal haemoglobin, 
100

synthesis
disorders, 83–108

see also specifi c diseases/disorders
haem synthesis coordination, 19

thalassaemias, 88
globoid cell leucodystrophy, clinical 

features, 337
Globoside blood group, 245
GLRX5 gene mutations, 44
Glucksberg staging, acute GvHD, 735, 735
β-glucocerebrosidase, Gaucher disease, 

336
glucocorticoids, childhood ALL treatment, 

457
glucose-6-phosphate dehydrogenase 

(G6PD), 149–153
genetics, 149

pentose phosphate pathway, 140
reactions, 149
structure, 149, 149

glucose-6-phosphate dehydrogenase 
defi ciency, 149–153

acute haemolytic crises, 151, 151
chronic granulomatous disease, 

317–318
chronic non-spherocytic haemolytic 

anaemia, 152
clinical features, 150
drug contraindications, 153
drug-induced acute haemolysis, 152
epidemiology, 149–150, 151
favism, 150, 151–152
genetics, 150

gene mutations, 149–150
laboratory diagnosis, 152–153
management, 153
neonatal anaemia, 976
neonatal jaundice syndrome, 150–151, 

151
phototherapy, 151
Plasmodium falciparum malaria 

resistance, 150
WHO classifi cation, 150

glucose phosphate isomerase, 146–147
defi ciency, 146–147

glucose phosphate isomerase defi ciency, 
146

GLUT-1, 228
γ-glutamyl carboxylase (GGCX), 831
γ-glutamylcysteine synthetase, glutathione 

synthesis, 153, 154
glutaredoxin-5 mutations, sideroblastic 

anaemia, 44
glutathione cycle, red cell metabolism see 

red cell metabolism
glutathione defi ciency, 154
glutathione peroxidase, 154
glutathione reductase, 154
glutathione S-transferase, 455
glutathione synthetase, 153, 154
glutatredoxin-5, haem synthesis, 35
gluten-induced enteropathy

folate defi ciency, 78
iron defi ciency anaemia, 40

glyceraldehyde-3-phosphate dehydrogenase 
defi ciency, 146

glycogen storage diseases, 335
clinical manifestations, 337
type II see Pompe disease (glycogen 

storage disease type II)
type 7, 147

glycolytic pathway see red cell metabolism
glycophorin(s)

red cell membrane, 227
see also specifi c types
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glycophorin A (CD235A), 228
erythroid cell development, 18
red cell membrane, 129, 130

glycophorin B (CD235B), 228
red cell membrane, 129, 130

glycophorin C (CD236), 228
red cell membrane, 129, 130

glycophorin D (CD236), 228
glycoproteinoses, 330

see also specifi c diseases/disorders
glycoproteins

ABH antigens, 248, 249
red cell membrane, 227

glycosaminoglycans, amyloidosis, 
600–601

glycosylation, ferritin, 27
glycosylphosphatidylinositol (GPI) anchor

acquired aplastic anaemia, 209
CML, 485–486
paroxysmal nocturnal haemoglobinuria, 

176
red cell membrane, 129

GM1 gangliosidosis, 334
clinical features, 337

GM2 gangliosidosis, 334
clinical features, 337

GM3 gangliosidosis, 334
GM-CSF see granulocyte-macrophage 

colony-stimulating factor 
(GM-CSF)

gout, polycythaemia vera, 689
GP1BA gene

Mediterranean macrothrombocytopenia, 
925

pseudo von Willebrand disease, 925
GP1BB gene, 918
GPIa/IIa antigen, primary immune 

thrombocytopenia, 930
GPIbβ gene, Bernard–Soulier syndrome, 

920, 925
GPIb/IX antigen, primary immune 

thrombocytopenia, 930
GPIb–IX–V receptor complex

Bernard–Soulier syndrome, 920, 925
platelet receptors, 780–781

GPIIb/IIIa antigen, primary immune 
thrombocytopenia, 930

GPIV, primary immune 
thrombocytopenia, 930

GPIX gene, Bernard–Soulier syndrome, 
920, 925

G protein-coupled receptors, platelet 
receptors, 783–784

GPVI
platelet receptors, 779, 780, 781, 

781–782
primary immune thrombocytopenia, 

930

graft failure, allogeneic SCT complications, 
733–734

graft rejection
HLA-matched sibling donor 

haematopoietic SCT, 221, 222
HLA typing in SCT, 723
treatment, 222

graft-versus-host disease (GvHD), 734–735
acute, 724

allogeneic SCT, 734–735
immunological basis, 724, 725

allogeneic SCT
acute, 734–735
AML, 424
myelodysplastic syndrome, 521

blood transfusions, 287
chronic, 739–741, 740

classifi cation, 740
SCT, 724, 725

corticosteroid therapy, infections, 477
HLA-matched sibling donor 

haematopoietic SCT, 222
HLA matching, 716, 723
multiple myeloma allogeneic SCT, 593
prophylaxis, SCT conditioning regimens, 

731
SCT, 467–468

allogeneic see above
umbilical cord, 728

skin, 734, 734–735
graft-versus-host (GVH) response, 

allogeneic SCT, 722
graft-versus-leukaemia (GVL) effect, 722, 

724
allogeneic SCT

ALL, 441
AML, 424
CML, 497
myelodysplastic syndrome, 521, 522

granules
eosinophils, 318–319, 319
mast cells, 322
neutrophils, 308–309, 310
thrombus formation, 777

granulocyte(s)
concentrates, 278–279

cross-matching, 278–279
direct donations, 278

function tests, myelodysplastic 
syndrome, 513

infusions, leukaemias, 477–478
spleen, 370
transfusions, acquired aplastic anaemia, 

215
granulocyte agglutination test (GAT), 264
granulocyte colony-stimulating factor 

(G-CSF)
adult ALL, 438

AML treatment, 422
anaemias, 468
ATG, 218
dyskeratosis congenita treatment, 195
haematopoiesis, 3
haematopoietic SCT donor dosing, 221
imatinib mesylate co-administration, 

492
leukaemia therapy, 477–478
multiple myeloma, 587
myelodysplastic syndrome therapy, 

520
neutrophil apoptosis, 312
neutrophil development, 308
SCT, 743
stem cell mobilization, 727

granulocyte immunofl uorescence test 
(GIFT), 264

granulocyte-macrophage colony-
stimulating factor (GM-CSF), 
361

AML treatment, 422
dyskeratosis congenita treatment, 195
macrophage activation, 323
neutrophil development, 308

granulocytopenia
malignancies, 944
multiple myeloma, 587, 588

granulocytosis, malignancies, 943–944
granulopoiesis, 308

myelodysplastic syndrome, 513
granzymes, CD8 T-cells, 353
grey platelet syndrome (GPS), 918
Griscelli syndrome, haemophagocytic 

lymphohistiocytosis, 326
GRO-α, 363
GRO-β, 363
GRO-γ, 363
growth/development

delay as allogeneic SCT complications, 
740–741

sickle cell disease, 113
growth differentiation factor 15 (GDF-15), 

28
growth factors

anaemia therapy, 468
haemopoietic see haemopoietic growth 

factors
leukaemias, 477–478
myelodysplastic syndrome therapy, 

519–520
neutrophilia, 313
polycythaemia vera, 686

growth monitoring, thalassaemia major, 95
growth programme, Epstein–Barr virus 

infection, 656
GSTM1 gene, 455
GSTT1 gene, 455
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gut investigations, infections in leukaemia, 
471

GVN (gentamicin, vancomycin and 
nystatin), infection prophylaxis, 
473

gynaecological problems, factor X 
defi ciency, 825

GYPA gene, MNS blood group, 259

H
haemangioblast, 4, 4

erythropoiesis, 12
haemarthroses

Bernard–Soulier syndrome, 920
factor V defi ciency, 818
factor XIII defi ciency, 829

haematinics, anaemia management, 292
haematocrit, TTP, 863
haematological neoplasms

laboratory investigation, 395–414
WHO classifi cation, 413–414
see also specifi c tests/investigations

see also specifi c neoplasms
haematology

folate defi ciency, 78
splenectomy, 377–378

haematomas, factor V defi ciency, 818
haematopoiesis, 1–11

acquired aplastic anaemia, 208–209
adult sites, 3
aorta–gonad–mesonephros, 7
embryonic sites, 5–6
regeneration/replacement therapy, 

8–9
supportive environments, 6–8

adult bone marrow, 6–7
in fetus, 7, 7–8

transcription factors, 2
haematopoietic growth factors (HGFs), 

acquired aplastic anaemia, 209
haematopoietic stem cell transplantation 

(HSCT) see stem cell 
transplantation (SCT)

haematoxylin and eosin (H&E) staining, 
systemic AL amyloidosis, 
604

haematuria
haemophilia A, 794
sickle cell disease, 117

haemochromatosis, 47–53
classifi cation, 47, 48
HFE gene, 47
HLA-A*03 association, 713
neonatal, 52
type 1 see below
type 2, 47, 48, 52
type 3, 47, 48, 52
type 4, 47, 48, 52

haemochromatosis protein, 29
haemochromatosis, type 1, 47–51, 48

associated conditions, 51
causes, 48
clinical diagnosis, 49
clinical penetrance, 50–51
family testing, 51
hepcidin synthesis, 48
HFE mutations, 47, 48–49

frequency, 48–49
iron status, 49
morbidity, 49

iron status, 49–50
population screening, 51
treatment, 51

haemodialysis, familial haemolytic-uraemic 
syndrome, 869

haemogenic endothelial cells, SCT, 
8–9

haemoglobin(s), 12–13, 27–32, 83–108
α-globin chains, 85

multispecies consensus regions, 
85–86

analysis, β-thalassaemias, 93
Bart’s, α thalassaemias, 100–102
β-globin chains, 85

β-locus control region, 85
Bethesda, erythrocytosis, 692
breakdown of, 36
degradation, 127
electrophoresis

myelodysplastic syndrome, 513
sickle cell disease, 119, 120

embryonic, 83
fetal see fetal haemoglobin (HbF)
genetics

conditional expression, 85
enhancer sequences, 86
5’ untranslated region, 85
poly-A addition sites, 85
promoter region, 85
splicing acceptor sites, 85
splicing donor sites, 85

Gower 1, 83, 972
Gower 2, 83, 972
Gun Hill, 106
HbA, 972

sickle cell disease, 110
HbA2, 972
HbC, β-thalassaemia, with, 96–97
HbE, β-thalassaemia, with, 97
HbF see fetal haemoglobin (HbF)
HbH, α thalassaemias, 100–102
HbS

blood donation, 268–269
malaria infection, 960
β-thalassaemia, with, 96

Helsinki, erythrocytosis, 692

iron metabolism measurement, 37
Kansas, 107
measurement, blood transfusion donor, 

269–270
neonatal haematology, 972
Portland, 83, 972
San Diego, erythrocytosis, 692, 692
structure, 27, 83
synthesis, 84–87

autonomous gene silencing, 86
fetal–adult switch, 84–85
gene competition, 86
genetic control, 84, 84–87
mRNA transcription/processing, 86, 

87
regulation, 84–87
translation, 87

variants
β-thalassaemia associations, 96–97
see also specifi c variants

haemoglobin Bart’s hydrops syndrome, 
103

haemoglobin disorders, 88
classifi cation, 87–88
congenital methaemoglobulinaemia, 

107
high-oxygen affi nity variants, 107
low-oxygen affi nity variants, 107
splenomegaly, 372
structural variants, 106, 106–107
see also specifi c diseases/disorders

haemoglobinopathies, neonatal anaemia, 
976–977

haemoglobinuria, immediate haemolytic 
transfusion reactions, 284

haemoglobulinaemia, 284
haemolysis, 126–127

blood group screening, 239
cold-type AIHA, 164
drug-induced, 152
extravascular see extravascular 

haemolysis
intravascular see intravascular 

haemolysis
paroxysmal nocturnal haemoglobinuria, 

177
sickle cell disease, 111

haemolytic anaemias
acquired see acquired haemolytic 

anaemias
chronic, 127
clinical features, 127
CLL, 535
congenital non-spherocytic (CNSHA) 

see congenital non-spherocytic 
haemolytic anaemia (CNSHA)

folate prophylaxis, 81
TTP, 863
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haemolytic disease of the fetus and 
newborn (HDFN), 232, 292–298, 
974–975

ABO incompatibilities, 293, 297
anti-c antibodies, 297
anti-K antibodies, 297
blood fi lm, 975
clinical features, 293
maternal alloantibodies, 292–293
maternal O blood group, 247
prevention, 297–298

maternal anti-D antibody, 298
Rh incompatibilities, 293–297

blood group testing, 295
disease severity assessment, 294
exchange transfusion, 297
fetal haemoglobin concentrations, 

294, 296
maternal blood assessment, 294
premature delivery, 295
severity assessment in newborn, 

295–297
haemolytic transfusion reactions (HTRs), 

282–286
antibodies, 284
delayed, 286
extravascular red cell destruction, 284, 

284–286
immediate, 283–286

investigations, 285
intravascular red cell destruction, 

283–284
repeated blood transfusions, 281

haemolytic–uraemic syndrome (HUS), 
868–869

historical aspects, 860
HIV infection, 955
variants, 868

haemopexin, haemolysis, 127
haemophagocytic lymphohistiocytosis, 

326–327, 952–953
associated conditions, 952
bone marrow aspirate, 952
Chédiak–Higashi syndrome, 326
diagnosis, 327
juvenile rheumatoid arthritis, 952

haemophagocytic syndrome, acquired 
haemolytic anaemias, 169–170

haemophilia A, 748, 793–801
acquired, 856, 856–858
associated disease, 857
care organization, 803–804
clinical features, 794–795
clinical severity, 794
in females, 801
gene therapy, 803
inhibitor development, 799–800

immune tolerance, 800

investigation, 795–796
laboratory diagnosis, 796
molecular genetics, 800, 801

mutations, 802, 802
neonates, 980
pathophysiology, 793
presentation, 795
prophylaxis, 798
treatment, 796–799

clotting factor concentrates, 796–797
complications, 799–800
desmopressin, 798–799
guidelines for, 797
haemorrhagic episode prevention, 

797
haemophilia B, 748, 802–803

diagnosis, 802
gene therapy, 803
inheritance, 802
inhibitor development, 803
neonates, 980
treatment, 802–803

guidelines for, 797
Haemophilus infl uenzae type B infection

allogeneic SCT infections, 736
multiple myeloma, 588
post-splenectomy, 935
sickle cell disease, 114
spleen, 371
splenectomy risks, 133, 375, 376

Haemophilus pneumoniae infections, 114
haemopoiesis

developmental, 971
extrapulmonary, primary myelofi brosis, 

697–698
megaloblastic anaemia, 67–68
suppression, HIV infection, 954

haemopoietic growth factors
adult ALL, 438
T-cell large granular lymphocyte 

leukaemia, 563, 565
haemopoietic stem cells (HSCs), 1–11

cell surface markers, 2
defi nition, 1
development, 3–6, 5, 14

aorta–gonad–mesonephros, 4, 5
cell surface markers, 4–5
haemangioblast, 4, 4
lineage tracer experiments, 5
mesodermal precursor cells, 4, 5
transdifferentiation, 4, 5
see also haematopoiesis

dormancy, 6
erythroid progenitor development, 

13–15, 14
cell surface markers, 14–15
microarray analyses, 13–14
models, 15

fl ow cytometry, 2
hierarchy, 1–2, 3
immunophenotype, 2
see also specifi c cells

haemorrhages see bleeding
haemorrhagic disease of the newborn see 

vitamin K defi ciency bleeding 
(VKDB)

haemorrhagic fever, acquired haemolytic 
anaemias, 169

haemosiderin, 26, 27–28
haemostasis, 746–771, 747

defi nition, 746
developmental, 980
disturbances, renal disease, 947–948
fi brin generation, 750
neonatal haematology, 979–983
in pregnancy, 767
see also blood coagulation

haemovigilance, blood transfusions, 
289–292

haem oxidase, haemoglobin breakdown, 36
haem proteins, 26, 27–32

structure, 35
haem-regulated inhibitor (HRI), 19
haem synthesis, 19, 35–36

δ-aminolaevulinic acid, 35
iron absorption, 35, 35
pathological alterations, 41–45

see also porphyria(s)
hair dye, NHL, 658
hairy cell leukaemia, 550–553

acquired aplastic anaemia vs., 214
blood fi lm, 551
clinical fi ndings, 551
diagnosis, 551–553

blood fi lm, 551, 551
bone marrow aspirates, 551
bone marrow trephine, 552
CD20 staining, 552, 552
CD22, 552
FMC7, 552
reticulin assays, 551, 552
spleen histology, 551–552
tartrate-resistant acid phosphatase, 

551–552
fl ow cytometric immunophenotyping, 

403
immunohistochemistry, 404
laboratory fi ndings, 551
treatment, 553

Hallervorden–Spatz syndrome, 53
halofantrine, malaria treatment, 962
hand–foot syndrome, sickle cell disease, 

113
Hand–Schüller–Christian disease, 325, 

326
H antigen see ABO blood group
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haptocorrin, in disease, 70
haptoglobin

haemolysis, 127
neutrophils, 309

Hasenclever score, Hodgkin lymphoma 
prognosis, 644, 644

Hasford score, CML prognosis, 485, 485
HAX1 gene

Kostmann syndrome, 314
neutropenias, 202

Hb Bart’s hydrops fetalis syndrome, 103
HbD disease, with sickle cell disease, 

119
HbE disease, with sickle cell disease, 119
HbH disease, 103
Hb Lepore disease, with sickle cell disease, 

119
H blood group, 245
HbM disease, 692–693
HbO Arab disease, with sickle cell disease, 

119
HBsAg, blood donation screening, 272
HbSC disease, 118
hCOT-1 (human organic cation 

transporter), imatinib mesylate 
response prediction, 493

HDFN see haemolytic disease of the fetus 
and newborn (HDFN)

HE see hereditary elliptocytosis (HE)
heavy chain(s)

B-cell receptor, 348, 348, 349
ferritin, 30
genes, 349
Igs see immunoglobulin(s) (Igs)

Hedgehog signalling, haematopoiesis, 8
Heinz bodies, haemoglobin structural 

variants, 106
Helicobacter pylori infection

extranodal marginal zone lymphoma of 
MALT, 619

iron defi ciency anaemia, 40
MALT lymphoma, 656, 670
pernicious anaemia, 72
primary immune thrombocytopenia, 

930–931
HELLP syndrome

pregnancy, 953–954
TTP vs., 865

hemojuvelin mutations, haemochromatosis 
type 2, 52

HEMPAS, congenital dyserythropoietic 
anaemia type II, 200

heparan sulphate, 764
heparin, 764

basophil/mast cell granules, 322
DIC treatment, 845
venous thromboembolism therapy, 

903–904

venous thrombosis in heritable 
thrombophilias, 879

heparin cofactor II, 759, 763–764
disseminated vascular coagulation, 764
heritable thrombophilia, 878

heparin-induced thrombocytopenia (HIT), 
891, 903–904

anti-heparin/platelet factor 4 antibodies, 
904

heparin sulphate, mucopolysaccharidosis 
type III, 331

hepatic vein thrombosis, paroxysmal 
nocturnal haemoglobinuria, 180

hepatitis virus transmission, blood 
transfusions, 271–272, 274

hepatitis A virus (HAV), blood 
transfusions, 272, 274

hepatitis B virus (HBV)
testing, blood donation, 275
transmission

blood transfusions, 271, 272
factor VIII concentrates, 796

hepatitis C virus (HCV)
DLBCL, 687
haemostatic disturbance in chronic liver 

disease, 848
hepatocellular carcinoma, 480
NHL, 657
splenic marginal zone lymphoma, 555, 

617
testing, blood donation, 275
transmission

blood transfusions, 272
factor VIII concentrates, 796

hepatitis E virus, blood transfusions, 272, 
274

hepatitis G virus, blood transfusions, 272
hepatobiliary complications, sickle cell 

disease, 116
hepatocellular carcinoma (HCC), hepatitis 

C, 480
hepatocytes, hepcidin release, 941
hepatoma, polycythaemia, 943
hepatomegaly

hairy cell leukaemia, 551
large granular lymphocyte leukaemia, 

562
hepatosplenic T-cell non-Hodgkin 

lymphoma, 571
treatment, 678
WHO lymphoma classifi cation, 629, 629

hepatosplenomegaly, mastocytosis, 702
hepatotoxicity

cytarabine, 480
imatinib mesylate, 492

hepcidin, 19, 28, 29, 31–32
anaemia of chronic disease, 940
anaemia, response to, 32

BMP/SMAD signalling, 31
expression regulation, 28, 31–32
haemochromatosis, type 1, 48
hepatocyte release, 941
hypoxia, response to, 32
measurement, 32
regulation, 31

hephaestin, 29
iron absorption, 34

hereditary acanthocytosis 
(abetalipoproteinaemia), 
acquired haemolytic anaemias, 
174

hereditary elliptocytosis (HE), 133–135
in Africa, 134
laboratory investigations, 135
mild common, 134, 134
neonatal anaemia, 975
neonates, 134
Plasmodium falciparum resistance, 

134
silent carriers, 134
spherocytic, 134
treatment, 135

hereditary haemorrhagic telangiectasia 
(HHT), 854–855

hereditary hyperferritinaemia–cataract 
syndrome, 53

hereditary neutrophilia, 312–313
hereditary persistence of fetal haemoglobin 

(HPFH), 88, 97–100
deletions, 98, 98
globin gene promoter mutations, 

100
heterocellular, 100
point mutations, 98, 99
with sickle cell disease, 118–119

hereditary pyropoikilocytosis (HPP), 133–
135, 135

laboratory investigation, 135
neonates, 134, 975–976, 976
silent carriers, 134
treatment, 135

hereditary spherocytosis (HS), 130–133
clinical course, 132
clinical features, 130–131
complications, 132
gene defects, 131–132
laboratory diagnosis, 131
management, 132–133
molecular pathology, 131
neonatal anaemia, 975
protein abnormalities, 131–132

hereditary stomatocytosis, 135, 135–136, 
136

hereditary systemic amyloidosis, 611–612
heritable thrombophilias see 

thrombophilias, heritable



Index

1022

Hermansky–Pudlak syndrome, 923
genetics, 925

herpes simplex virus infection, allogeneic 
SCT, 737

screening, 477
Herpesvirus infections, allogeneic SCT 

infections, 736–737
HES see hypereosinophilic syndrome (HES)
heterocellular hereditary persistence of 

fetal haemoglobin, 100
heterogenous nucleation, sickle cell disease, 

110
heterotrimeric proteins, platelet receptors, 

780
hexokinase, 145–146

defi ciency, 145–146, 146
hexose phosphate shunt, red cell 

metabolism see red cell 
metabolism

HFE gene
haemochromatosis, 47
mutations, haemochromatosis, type 1 

see haemochromatosis, type 1
porphyria cutanea tarda, 42
β-thalassaemia modifi ers, 92–93

HFE, hepcidin expression, 31
HHT (hereditary haemorrhagic 

telangiectasia), 854–855
HHV-8 see human herpesvirus 8 (HHV-8)
HICI gene, hypermethylation, 388
HIF see hypoxia-inducible factor (HIF)
high-affi nity haemoglobin, erythrocytosis, 

692, 692
high altitudes, erythrocytosis, 691–692
high-density microarrays, AML 

classifi cation, 430–431, 431
high endothelial venules, lymph nodes, 

355, 355
highly active antiretroviral therapy 

(HAART), AIDS-related 
lymphoma, 658

high-molecular weight kininogen 
(HMWK) defi ciency, 748

high-oxygen affi nity variants, haemoglobin 
disorders, 107

high-performance liquid chromatography 
(HPLC), 119

high-throughput screening, 
haematopoiesis, 8

hirudin, venous thromboembolism 
therapy, 905

histamine
basophil/mast cell granules, 322
von Willebrand factor, 805

histamine H1 receptor blockers, 703
histamine H2 receptor blockers, 703
histidine-rich protein 2 (HRP2), 960
histiocytic cell neoplasms, treatment, 679

histiocytic disorders, 324–327, 325
see also specifi c diseases/disorders

histiocytosis, Langerhans cell see 
Langerhans cell histiocytosis

histiocytosis X see Langerhans cell 
histiocytosis

histocompatibility, 710–721
see also HLA

histology, 402
adult T-cell leukaemia lymphoma, 

568
classical Hodgkin lymphoma, 640
NHL, 659
nodular lymphocyte-predominant 

Hodgkin lymphoma, 641
systemic AL amyloidosis, 602, 604

histone deacetylase inhibitors, peripheral 
T-cell lymphomas, 677

histone modifi cation, myelodysplastic 
syndrome, 512

HIT see heparin-induced 
thrombocytopenia (HIT)

HIV infection, 954, 954–955
anaemia, 954
antibody development, 272–273
blood coagulation, 955
blood donation screening, 273, 275
cobalamin malabsorption, 73
DIC, 955
haemopoiesis suppression, 954
HLA-B27, 713
HLA-B35, 713
HUS, 955
leucopenia, 954–955
lymphomas, 955
neutropenia, 954–955
platelets, 955
protein S defi ciency, 955
thrombocytopenia, 955
transmission

blood transfusions, 272–273
factor VIII concentrates, 796

TTP, 955
vitamin B12 defi ciency, 954

HLA, 263
allogeneic SCT, 723
antigen processing/presentation, 

711–712
chromosomal location, 710
disease associations, 713
functions, 712
matched sibling donor haematopoietic 

SCT see stem cell transplantation 
(SCT)

nomenclature, 713–714, 714–715
non-haemolytic febrile transfusion 

reactions, 286
polymorphism, 712–713, 713

protein structure, 711, 711
self/non-self discrimination, 710
see also major histocompatibility 

complex(es) (MHC); specifi c 
haplotypes

HLA-A, 710, 711
matching in SCT, 717, 723

HLA-A2, 717–718
HLA-A*03, 713
HLA-B, 710, 711

matching in SCT, 717, 723
HLA-B27

ankylosing spondylitis association, 
713

HIV infection, 713
HLA-B35, 713
HLA-B*53:01, 713
HLA-B57, 713
HLA-C, 710, 711

matching in SCT, 717, 723
HLA class I, 710

antigen processing/presentation, 
711–712

natural killer cells, 354
platelets, 264

HLA class II, 710
antigen processing/presentation, 712
DNA typing, 719
tissue distribution, 713

HLA-DM, 710
HLA-DO, 710
HLA-DP, 710
HLA-DPA, 711
HLA-DQ, 710
HLA-DQA, 711
HLA-DQB, 711
HLA-DQB1, 717, 723
HLA-DR, 710
HLA-DR4, 713
HLA-DR15, 507
HLA-DRA, 711
HLA-DRB, 711
HLA-DRB1, 717, 723
HLA-E, 710
HLA-F, 710
HLA-G, 710
HLA typing, 714, 716–717, 717–720

cellular assays, 719–720
DNA-based methods, 717–719

direct sequencing, 718–719
PCR, 717
PCR sequence-specifi c 

oligonucleotides, 718
PCR sequence-specifi c primers, 718, 

718
platelet transfusions, 466
serology, 717

HMGA2 gene, 176
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Hodgkin lymphoma, 639–654
aetiology, 639–640
clinical presentation, 642–643
diagnosis, 643–644

bone marrow trephine biopsy, 399
epidemiology, 639
histology, 640
immunohistochemistry, 404
immunophenotype, 640
infectious mononucleosis, 366, 367
malignancies, 641–642, 942

CLL/small lymphocytic leukaemia, 
616

Richter transformation, 549
pathogenesis, 640–642

malignant cell characteristics, 640–641
primary mediastinal B-cell lymphoma 

vs., 412
prognostic factors, 644

EORTC risk factors, 644, 644
Hasenclever score, 644, 644

response assessment, 644–645
staging, 643–644
surrounding tissue reaction, 642
treatment, 645–652

ABVD, 646
chemotherapy/radiotherapy 

combination, 646
childhood, 651
cytotoxic chemotherapy, 645–647, 

647, 652
immunotherapy, 652
late effects, 651–652
MOPP, 645–646
new therapy, 652
in pregnancy, 651
progressive disease, 650–651
radiotherapy, 645
relapsed disease, 650–651

warm-type AIHA, 162
WHO lymphoma classifi cation see 

World Health Organization 
(WHO), lymphoma classifi cation

see also classical Hodgkin lymphoma 
(CHL); nodular lymphocyte-
predominant Hodgkin 
lymphoma (NLPHL)

Hollenhorst plaques, cholesterol embolism, 
855

holotranscobalamin (holoTCII, holoTC), 
cobalamin defi ciency, 75

homocysteine
heritable thrombophilia, 879
neurological manifestations, 66
serum, cobalamin defi ciency, 75

homocystinuria
folate defi ciency, 79
megaloblastic anaemia, 65

homogenous nucleation, sickle cell disease, 
110

homoharringtonine, chronic CML 
management, 496

hookworm infection, iron defi ciency 
anaemia, 40

hormonal defi ciencies, erythropoiesis 
disorders, 24

hormone replacement therapy (HRT)
allogeneic SCT, 740–741
thrombosis prevention, 881
venous thromboembolism, 890

hospital-acquired venous 
thromboembolism, 909

host-versus-graft (HVG) response, 722
HOVON trial, multiple myeloma 

management/treatment, 594
Howell–Jolly bodies, post-splenectomy, 

377
HOX11 (TLX1) gene

childhood ALL, 453
congenital amegakaryocytic 

thrombocytopenia, 925
T-cell acute lymphoblastic leukaemia, 

385
T-cell lymphomas, 659
thrombocytopenia with absent radii, 

917
Hoyeraal–Hreidarsson (HH) syndrome, 

193
HPA see human platelet antigens (HPA)
HPFH see hereditary persistence of fetal 

haemoglobin (HPFH)
HPP see hereditary pyropoikilocytosis 

(HPP)
HPS1 gene, 923, 925
HPS2 gene, 923, 925
HPS3 gene, 925
HPS4 gene, 923, 925
HPS5 gene, 925
HPS6 gene, 923, 925
HPS7 gene, 923, 925
HPS8 gene, 923, 925
HRAS gene, 387
HRI (haem-regulated inhibitor), 19
HRT see hormone replacement therapy 

(HRT)
HS see hereditary spherocytosis (HS)
HSCs see haemopoietic stem cells (HSCs)
5-HT2A receptors, platelets, 784
HTRs see haemolytic transfusion reactions 

(HTRs)
Hu1D10 see apolizumab
human herpesvirus 8 (HHV-8)

large-cell lymphomas of terminally 
differentiated B cells, 625

NHL, 657
human leucocyte antigen see HLA

human organic cation transporter (hOCT-
1), imatinib mesylate response 
prediction, 493

human platelet antigens (HPA), 264–266, 
265

molecular typing, 265
typing, 264–265

human recombinant factor VIIa, 799–800
human T-cell leukaemia virus 1 (HTLV-1)

adult T-cell leukaemia lymphoma, 567, 
569

blood transfusions, 273
geographical variations, 656
NHL, 657
Sézary syndrome/mycosis fungoides, 565

human T-cell leukaemia virus 2 (HTLV-2), 
565

HUMARA gene, 193
humoral immune responses

depression, CLL, 478
neutropenia, 316

Hunter syndrome see 
mucopolysaccharidosis type II 
(Hunter syndrome)

Hurler Scheie disease see 
mucopolysaccharidosis type I 
(Hurler Scheie disease)

HUS see haemolytic–uraemic syndrome 
(HUS)

hydroa vacciniforme-like lymphoma, 
627

hydrogen peroxide, phagocytes, 305
hydrolases, lysosomes, 330
hydrops fetalis, 293
hydroxocobalamin, 80
hydroxycarbamide (hydroxyurea)

antiemetic effects, 481
chronic CML management, 495
clonal hypereosinophilic syndromes 

treatment, 706
essential thrombocythaemia treatment, 

696
HbF effects, 122
polycythaemia vera treatment, 690
sickle cell disease therapy, 122–123
thalassaemia intermedia, 105

hydroxyl radical, phagocytes, 305
hydroxyurea see hydroxycarbamide 

(hydroxyurea)
hyperbilirubinaemia

extravascular haemolytic transfusion 
reactions, 284

leukaemias, 480
hypercalcaemia

adult T-cell leukaemia lymphoma, 569
CML, 491
multiple myeloma, 582, 584
Richter transformation, 549
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hypercoagulability
arterial thrombosis, 882
liver disease, 850

hyperdiploidy
ALL, 386
childhood ALL, 452
early pre-B ALL, 451

hypereosinophilia, childhood ALL, 451
hypereosinophilic syndrome (HES), 319, 

704
lymphoproliferative variant, 320–321
treatment, 321

hyperfi brinolysis, DIC vs., 844
hyperhomocysteinaemia, heritable 

thrombophilia, 878
hyper-IgM syndrome, neutropenia, 315
hyperkalaemia

CML, 491
leukaemias, 479
massive transfusions, 289

hypermethylation, CDH1 gene, 388
hyperphosphataemia, leukaemias, 

479
hyperploidy, Sézary syndrome/mycosis 

fungoides, 567
hypersegmented neutrophils, cobalamin 

defi ciency, 75
hypersplenism, 374

CLL, 535
malignancies, 944
tropical diseases, 968

hypertension
polycythaemia vera, 689
renal amyloidosis, 610

hyperthyroidism
acquired von Willebrand disease, 858
pernicious anaemia, 948

hyperunstable β-chain variants, 
β-thalassaemias, 97

hyperuricaemia
leukaemia, 479
urinary alkalinization, 479

hypervariable regions, Igs, 231
hyperviscosity, neonatal polycythaemia, 

978–979
hypoadrenalism, pernicious anaemia, 

948
hypocalcaemia

leukaemias, 479
massive transfusions, 289

hypochromic anaemia, differential 
diagnosis, 37

hypochromic microcytic anaemia, α 
thalassaemias, 102–103

hypochromic red cells, iron metabolism 
measurement, 38

hypocomplementaemia, AIHA, 161
hypodiploid childhood ALL, 452

hypogammaglobulinaemia
CLL, 535
pernicious anaemia, 72

hypoglycaemic agents
induced neutropenia, 316
see also specifi c drugs

hypomethylating drugs
myelodysplastic syndrome therapy, 522–

523, 523
see also specifi c drugs

hypomethylation, 388
hypoparathyroidism, pernicious anaemia, 

948
hypoplastic myodysplasia syndrome, 516
hypopnoea, erythrocytosis, 691
hyposplenism, 376–378

age-dependence, 376
blood fi lm, 377
causes, 377
essential thrombocythaemia, 694
haematological effects, 377–378
management, 376
systemic AL amyloidosis, 602

hypothrombinaemia, prothrombin 
defi ciency, 816

hypothyroidism
acquired von Willebrand disease, 811, 

858
Hodgkin lymphoma treatment, 652

hypoxia
chronic, erythrocytosis, 691
erythropoietin receptor, 19
hepcidin response, 32

hypoxia-inducible factor (HIF), 19–20
hepcidin regulation, 32

hypoxia sensing, erythropoiesis, 19–20, 20

I
I antigen, 252
i antigen, 252
iatrogenic venous thromboembolism, 

890–891
I blood group, 245, 252
ibritumomab, 666
90Y-ibritumomab tiuxetan, 667–668

Waldenström macroglobulinaemia, 672
ICAM-1 (intracellular adhesion molecule 

1), 301
ICAM-1 (intercellular adhesion molecule 

1), multiple myeloma 
pathogenesis, 580

ICAM-2 (intracellular adhesion molecule 
2), 301

ICAM-4 (CD242), 228
I cell syndrome see mucolipidosis type II (I 

cell syndrome)
ICOS, angioimmunoblastic T-cell 

lymphoma, 633

icterus gravis neonatorum, 293
idarubicin, AML treatment, 421
idiopathic aplastic anaemia, 187
idiopathic cold-type autoimmune 

haemolytic anaemia, 164–165
idiopathic erythrocytosis, 693
idiopathic neutropenia, chronic, 315
idiopathic neutrophilia, chronic, 313
idiopathic thrombocytopenic purpura 

(ITP) see primary immune 
thrombocytopenia

idiopathic warm-type autoimmune 
haemolytic anaemia, 162

idiotopes, 231–232
IF see intrinsic factor (IF)
IFM 01 trial, 594
IFM 99 trial, 594
IFN-α see interferon-α (IFN-α)
IFN-γ see interferon-γ (IFN-γ)
IGH gene

mantle cell lymphoma, 384
translocations

CLL, 540
multiple myeloma, 578, 578–579, 589

IGHV genes
B-cell prolymphocytic leukaemia, 550, 

616
classic Hodgkin lymphoma, 637
CLL, 533, 533, 538, 541, 541

IKZF1 gene
childhood ALL, 450
CML, 488

IKZF3 gene, 450
IL-6R gene, haemopoietic stem cells, 2
IL15 gene, childhood ALL prognosis, 455
ileal dysfunction, cobalamin 

malabsorption, 74
imaging, venous thromboembolism 

diagnosis, 902–903
imatinib mesylate

adult ALL prognostic factors, 444
clinical trials, 492–493
clonal hypereosinophilic syndromes 

treatment, 706
CML management, 499

chronic, 491–494
G-CSF co-administration, 492
IRIS trial, 492–493
mastocytosis treatment, 704
mechanism of action, 493
monitoring, 493
resistance, 494
response defi nition, 493–494, 494
response failure, 493–494
response prediction, 493
side effects, 492

Imerslünd–Grasbeck syndrome, 73
Imerslünd syndrome, 73
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immobility, venous thromboembolism, 
889, 900

immune complexes
drug-induced alloimmune haemolytic 

anaemia, 166, 167
primary immune thrombocytopenia, 

930–931
immune cytopenias, CLL, 535–536
immune factors, pernicious anaemia, 72
immune haemolysis, neonatal anaemia, 

974–975
immune recognition, SCT, 724, 726
immune response, 355–359

acquired aplastic anaemia, 209
anatomy, 343–344
primary immune thrombocytopenia, 

929
immune thrombocytopenia, malignancies, 

944
immune thrombocytopenic purpura, 

acquired aplastic anaemia vs., 
213

immune tolerance, haemophilia A 
inhibitor therapy, 800

immunizations, splenectomy, 375
immunochromatography, fi lariasis 

diagnosis, 964
immunocompromised patient, NHL, 

681–682
immunodefi ciency, chronic GvHD, 

739–740
immunoglobulin(s) (Igs), 230–232

AIHA testing, 159
biochemistry, 230–232
class switching, 358
complement binding, 232, 235–236

C1q complement protein, 236
defi nition, 230
diversity, 232
effector functions, 230
Fc fragment, 231
Fc receptor binding, 232
genetics, 230–232

CLL/small lymphocytic leukaemia, 
616

gene rearrangement, 381
heavy chain genes, 349
NHL mutations, 658
splenic marginal zone lymphoma, 617
variable region, 232
V–D–J gene joining, 232
V–J gene joining, 232

heavy chains, 230
constant region, 231
D segment, 347–348
J segment, 347–348
NHL, 658–659
V segment, 347–348

intravenous see intravenous 
immunoglobulin (IVIg)

light chain, 230
kappa (κ), 230–231
lambda (λ), 230–231

physical properties, 232
specifi city, 344
structure, 230, 231

heavy chains see above
hypervariable regions, 231
light chains see above

transplacental passage, 232
see also antibodies; B-cell receptor 

(BCR); specifi c types
immunoglobulin A (IgA), 230

paraprotein, acquired von Willebrand 
disease, 811

secretory, effector functions, 230
structure, 231

immunoglobulin A1 (IgA1), 230
immunoglobulin A2 (IgA2), 230
immunoglobulin D (IgD), 230
immunoglobulin E (IgE), 230

basophil/mast cell binding, 321
effector functions, 230

immunoglobulin G (IgG), 230
blood group antibodies, 233
paraprotein, acquired von Willebrand 

disease, 811
structure, 231

immunoglobulin G1 (IgG1), 230
immunoglobulin G2 (IgG2), 230
immunoglobulin G3 (IgG3), 230
immunoglobulin G4 (IgG4), 230
immunoglobulin M (IgM), 230

blood group antibodies, 233
classical complement activation, 234
effector functions, 230
multiple myeloma, 584
structure, 231

immunohistochemistry, 404–405
acute lymphoblastic leukaemia, 405
Burkitt lymphoma, 404
DLBCL, 404–405
extranodal T/NK lymphoma, nasal type, 

573
follicular lymphoma, 404
hairy cell leukaemia, 404
Hodgkin lymphoma, 404, 643
mantle cell lymphoma, 404
NHL, 404
systemic AL amyloidosis, 605

immunological effects
myelodysplastic syndrome, 507–508
spleen, 371
splenectomy, 378

immunological therapy see 
immunotherapy

immunophenotype
adult ALL prognosis, 443–444
adult T-cell leukaemia lymphoma, 568
CML, 491
haemopoietic stem cells, 2
Hodgkin lymphoma, 640
large granular lymphocyte leukaemia, 

562
plasma cell dyscrasia assessment, 606
SCT donor cells, 728–729
Sézary syndrome, 566–567
T-prolymphocytic leukaemia, 560

immunoproliferative small intestinal 
disease (IPSID), 676

immunoreceptor tyrosine-based activation 
motifs (ITAMs), 304

immunoreceptor tyrosine-based inhibition 
motifs (ITIMs)

platelet inhibition, 787
platelet signalling pathways, 779

immunostaining, CLL, 537
immunosuppression

acquired aplastic anaemia see acquired 
aplastic anaemia

acquired haemophilia A therapy, 858
ATG with, 218
chronic GvHD, 740
haemophagocytic lymphohistiocytosis, 

952
Hodgkin lymphoma, 639–640
myelodysplastic syndrome therapy, 

520
NHL, 656, 658
post-transplant lymphoproliferative 

disease, 682
Richter transformation, 549
T-cell large granular lymphocyte 

leukaemia, 563
warm-type AIHA treatment, 163

immunotherapy
aggressive B-cell NHL treatment, 674
childhood ALL treatment, 459–460
chronic CML management, 498
Hodgkin lymphoma treatment, 652
lymphomatoid granulomatosis 

treatment, 680
mantle cell lymphoma, 673
TTP treatment, 867, 867–868
see also specifi c treatments

immunotoxins, follicular lymphoma 
therapy, 668

IMWG see International Myeloma 
Working Group (IMWG)

incentive spirometry, sickle cell disease 
therapy, 122

incorrect blood component, SHOT, 291
increased iron uptake, iron overload, 

52
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indanediones, venous thromboembolism 
therapy, 904

Indian blood group, 245
antigen (CD44), 229

indirect agglutination test (IAT), 
238–239

blood group screening, 238
Lewis blood group, 251

induced pluripotent embryonic stem cells, 
9, 9

induction therapy
AML relapse risk, 426
multiple myeloma, 581–582
multiple myeloma management/

treatment, 591, 592
infantile pyknocytosis, neonatal anaemia, 

976
infants see children
infection(s)

acquired aplastic anaemia, 213, 215
acquired haemolytic anaemias, 168–170
adult ALL therapy, 437–438
allogeneic SCT complications, 735–737, 

736
AML, 424

anaemia of chronic disease, 940
blood transfusion transmission see blood 

transfusion(s)
childhood ALL, 477
CLL, 549
cold-type AIHA, 165
DIC, 951
eculizumab risks, 182
favism, 152
haematological diseases, 949–952
leukaemia care see leukaemias, 

supportive care
microangiopathic haemolysis anaemias, 

172
multiple myeloma, 588
neutropenias, 202, 313
neutrophilia, 313, 951
prophylaxis, AML treatment, 421–422
sickle cell disease, 113–114
sickle cell disease therapy, 121
thrombocytopenias, 917
see also specifi c infections

infectious mononucleosis, 364–367
clinical features, 365
differential diagnosis, 366

childhood ALL vs., 451
secondary associations, 366–367
serological changes, 365–366

infectious organism clearance, neutrophils, 
309

inferior vena cava fi lters, venous 
thromboembolism therapy, 
907

infertility
BEACOPP side effect, 652
Hodgkin lymphoma treatment, 651, 

652
post-haematopoietic SCT, 222

infl ammation
African trypanosomiasis, 965
anaemia of chronic disease, 940
DIC, 843
folate defi ciency, 78–79
venous thromboembolism, 897, 897–898

infl ammatory bowel disease (IBD)
thrombosis in infl ammation, 898

infl iximab, hepatosplenic T-cell 
lymphoma, 629

inherited aplastic anaemia, acquired vs., 
207

inherited disorders
neonates, 980–981
see also specifi c diseases/disorders

inherited erythrocytosis, 691
inherited neonatal neutropenias, 979
inherited sideroblastic anaemia, 44–45
inherited thrombotic disorders, neonates, 

982–983
inhibitors, haemophilia A, 796
innate immune response, spleen, 371
in situ follicular lymphoma, WHO 

lymphoma classifi cation, 620
insulin, erythroid cell development, 22
insulin-like growth factor 1 (IGF-1), 22
integrin(s)

phagocytes, 301, 302
platelet signalling pathways, 781, 781
thrombus formation, 776, 777
see also specifi c types

integrin α2β1, platelet receptors, 781–782
integrin αIIbβ3

Glanzmann thrombasthenia, 922
platelet α-granules, 774
platelet receptors, 782–783
thrombocytopathy, 922
thrombus formation, 778

integrin αvβ3, apoptotic cell receptor, 304
integrin αvβ5, apoptotic cell receptor, 304
integrin β1, multiple myeloma 

pathogenesis, 580
intensive care support, allogeneic SCT 

complications, 739
intercellular adhesion molecule 1 (ICAM-

1), multiple myeloma 
pathogenesis, 580

interferon-α (IFN-α), 362
adult T-cell leukaemia lymphoma 

treatment, 678
chronic CML management, 495–496
clonal hypereosinophilic syndromes 

treatment, 706

essential thrombocythaemia treatment, 
696

hairy cell leukaemia treatment, 553
polycythaemia vera treatment, 690
toxicity, 495–496

interferon(s), advanced follicular 
lymphoma treatment, 665

interferon-γ (IFN-γ), 362
complement receptor 1, 303
complement receptor 3, 303
Fanconi anaemia, 191
macrophage activation, 323
secreting cells, allogeneic SCT, 744–745
T helper cells type 1, 358

Intergruppo Italiano Linfomi trial, 649
interleukin-1 (IL-1)

anaemia of chronic disease, 940
Gaucher disease, 331

interleukin-1α (IL-1α), 360
anaemia of chronic disease, 940

interleukin-1β (IL-1β), 360
anaemia of chronic disease, 940
hepcidin expression, 32

interleukin-2 (IL-2), 360
adult T-cell leukaemia lymphoma, 

569
macrophage activation, 323
receptor, adult T-cell leukaemia 

lymphoma, 569
T helper cells type 1, 358

interleukin-3 (IL-3), 360
Hodgkin lymphoma, 642
neutrophil development, 308

interleukin-4 (IL-4), 360
macrophage activation, 323
nitric oxide synthase, 306
T helper cells type 2, 358

interleukin-5 (IL-5), 360
interleukin-6 (IL-6), 360

anaemia of chronic disease, 940
Gaucher disease, 331
hepcidin expression, 32
Kupffer cell secretion, 941
T helper cells type 2, 358
thrombosis in infl ammation, 897–898

interleukin-7 (IL-7), 360
interleukin-8 (IL-8), 361, 363

nitric oxide synthase, 306
interleukin-9 (IL-9), 361
interleukin-10 (IL-10), 361

Gaucher disease, 331
nitric oxide synthase, 306
T helper cells type 2, 358

interleukin-11 (IL-11), 361
interleukin-12 (IL-12), 361
interleukin-13 (IL-13), 361
interleukin-14 (IL-14), 361
interleukin-15 (IL-15), 361
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intermediate diffuse large B-cell lymphoma 
and classical Hodgkin 
lymphoma, WHO lymphoma 
classifi cation, 626–627

internal tandem duplications (ITDs), 
AML, 416

International Haemovigilance Network, 
289–290

International Myeloma Working Group 
(IMWG)

multiple myeloma classifi cation, 582
multiple myeloma prognosis, 590, 

590–591
International Prognostic Index (IPI), NHL, 

661
International Prognostic Scoring System 

(IPSS) see myelodysplastic 
syndrome (MDS)

International Prognostic Staging System 
for Waldenström 
Macroglobulinaemia (IPSSWM), 
671

International Rare Bleeding Disorders 
Database (RBDD), 813

International Society for Thrombosis and 
Haemostasis (ISTH), 790

International Society of Blood Transfusion, 
blood group antigens, 244

International Staging System (ISS), 
multiple myeloma, 589–590

International Workshop on CLL (IWCLL), 
534

CLL management, 545
intestine, DLBCL, 676
intima, blood vessels, 752–753
intra-abdominal vein thrombosis, therapy, 

880
intracellular adhesion molecule 1 (ICAM-

1), 301
intracellular adhesion molecule 2 (ICAM-

2), 301
intracellular cobalamin metabolism, 63
intracellular iron homeostasis, 32–33, 33
intracellular transit iron, 36
intracorpuscular causes, haemolysis, 

127
intrafollicular neoplasia, WHO lymphoma 

classifi cation, 620
intraperitoneal transfusion, haemolytic 

disease of the fetus and newborn, 
294–295

intravascular haemolysis
eculizumab effects, 181
paroxysmal nocturnal haemoglobinuria, 

178
intravascular large B-cell lymphoma

treatment, 676
WHO lymphoma classifi cation, 624, 625

intravascular red cell destruction, 
haemolytic transfusion reactions, 
283–284

intravenous immunoglobulin (IVIg)
haemolytic disease of the fetus and 

newborn, 975
primary immune thrombocytopenia in 

pregnancy, 938
primary immune thrombocytopenia 

management, 933, 934, 937
warm-type AIHA treatment, 163

intrinsic factor (IF)
antibodies to, 72
cobalamin absorption, 68–69
congenital defi ciency, 72
pernicious anaemia, 71
structure, 69

intron removal, globin gene processing, 87
invariant chain, HLA class II, 712
invasive pulmonary aspergillosis (IPA), 

allogeneic SCT infections, 737
in vitro gene transfer, Fanconi anaemia, 

191
ionic strength, agglutination tests, 237
ionizing radiation, childhood ALL, 449
IP-10, 363
IPA (invasive pulmonary aspergillosis), 

allogeneic SCT infections, 737
IPI (International Prognostic Index), NHL, 

661
IPSID (immunoproliferative small 

intestinal disease), 676
IPSS (International Prognostic Scoring 

System) see myelodysplastic 
syndrome (MDS)

IPSSWM (International Prognostic Staging 
System for Waldenström 
Macroglobulinaemia), 671

IREs see iron-responsive elements (IREs)
IRF4, primary cutaneous DLBCL, leg type, 

624
IRIDA, hypochromic anaemia vs., 37
IRIS trial, 492–493
iron

distribution in body, 26
serum, iron metabolism measurement, 

36–37
iron absorption, 33–34

erythroid cells, 34–35
molecular factors, 34

iron chelation therapy
acquired aplastic anaemia management, 

215
Diamond–Blackfan anaemia treatment, 

199
haemochromatosis, type 1, 51
iron-loading anaemias see iron-loading 

anaemias

myelodysplastic syndrome therapy, 519
β-thalassaemia management, 94

iron defi ciency anaemia, 38–41
causes, 39, 39–40
clinical features, 39
CLL, 535
diagnosis, 36
hypochromic anaemia vs., 37
iron-defi cient erythropoiesis, 38–39
iron refractory type, 41
management, 40–41
sickle cell disease, 113
store depletion, 38
tissue effects, 39

iron-defi cient erythropoiesis, 38–39
iron dextran (CosmoFer), 41
iron homeostasis, 33, 33

intracellular, 32–33, 33
iron-loading anaemias, 53–57

iron chelation therapy, 56–59
combination therapy, 58, 58
deferasirox, 59
deferiprone, 53, 57–58
desferrioxamine, 53, 56–57

organ function tests, 56
tests for, 54, 54–56

cardiac iron, 55, 55
liver iron, 54–55
non-transferrin-bound iron, 56
serum ferritin, 54
urine iron excretion, 55

iron metabolism, 26–46
anaemia of chronic disease, 941
diagnostic methods, 36–38

bone marrow aspiration, 36, 38
confounding factors, 37
functional iron, 37
haemoglobin, 37
hypochromic red cells, 38
iron-binding capacity, 36–37
red cell mean corpuscular volume, 37
red cell protoporphyrin, 38
reticulocyte haemoglobin content, 38
serum ferritin, 36
serum iron, 36–37
serum transferrin receptors, 37, 37–38
storage iron, 36, 37
supply to tissues, 36–38, 37

intracellular transit iron, 36
plasma non-transferrin-bound iron, 

36
see also haem proteins

iron overload, 47–60
acute iron poisoning, 59
atransferrinaemia, 53
increased iron uptake, 52
neurodegeneration, 53
see also haemochromatosis
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iron refractory iron defi ciency anaemia, 41
iron regulatory protein(s) (IRPs), 33
iron-regulatory protein 1 (IRP1), 19, 30, 

32
iron-regulatory protein 2 (IRP2), 19, 30, 

32
iron-responsive elements (IREs), 32

δ-aminolaevulinic acid synthase, 32
erythropoiesis, 19
iron homeostasis, 33

iron–sucrose (Venofer), 41
iron supplements, anaemia of prematurity, 

978
iron transport proteins, 29–30
IRP1 (iron-regulatory protein 1), 19, 30, 

32
IRP2 (iron-regulatory protein 2), 19, 30, 

32
IRPs (iron regulatory proteins), 33
irradiation

CML risk, 484
transfusions, SCT, 467–468

irradiation-based conditioning, 
haematopoietic SCT, 223

isouramil, favism, 152
ISS (International Staging System), 

multiple myeloma, 589–590
ISTH (International Society for 

Thrombosis and Haemostasis), 
790

ITAMs (immunoreceptor tyrosine-based 
activation motifs), 304

ITDs (internal tandem duplications), 
AML, 416

ITIMs see immunoreceptor tyrosine-based 
inhibition motifs (ITIMs)

ITP see primary immune 
thrombocytopenia

itraconazole, infection prophylaxis, 474
IVC fi lters, thrombolytic prophylaxis, 908
ivermectin, fi lariasis treatment, 965
IWCLL see International Workshop on 

CLL (IWCLL)

J
Jacobsen syndrome, 919

genetics, 925
JAK2 gene, 686

chronic myelomonocytic leukaemia, 
526

essential thrombocythaemia, 693, 694
myelodysplastic syndrome, 510
polycythaemia vera, 686–687
primary myelofi brosis, 697
refractory anaemia with ring sideroblasts 

and thrombocytosis, 527–528
JAK2 inhibitors, polycythaemia vera 

treatment, 690

JAK/STAT signalling pathway
erythropoietin receptor, 21, 21, 22
Hodgkin lymphoma, 642

JAM-A, thrombus stabilization, 779
JAM-C, thrombus stabilization, 779
jaundice

blood donation, 272
haemolysis, 127
haemophagocytic syndrome, 169–170
hereditary spherocytosis, 130
leukaemias, 480
neonatal anaemia, 974, 975
pyruvate kinase defi ciency, 143
warm-type AIHA, 161

J gene segments, B-cell receptor, 348
Jk gene, Kidd blood group, 260
JMML see juvenile myelomonocytic 

leukaemia (JMML)
John Milton Hagen blood group, 245
joint pain, deferiprone, 58
J segment, Igs, 347–348
J-stain immunostaining, nodular 

lymphocyte-predominant 
Hodgkin lymphoma, 642

juvenile myelomonocytic leukaemia 
(JMML), 500–501, 527

clinical features, 501
NF1 gene, 391, 501
PTPN11 gene, 501
RAS family signalling, 389, 390, 391

juvenile pernicious anaemia, 72
juvenile rheumatoid arthritis, 

haemophagocytic 
lymphohistiocytosis, 952

K
kala-azar, 967
kaolin cephalin clotting time (KCCT) see 

prothrombin time (PT)
kaolin clotting time (KCT), 

antiphospholipid syndrome, 893, 
894

Kaposiform haemangioendothelioma, 
855

kappa (κ) light chain
B cell development, 351
Igs, 230–231

karyotypes
multiple myeloma, 578
myelodysplastic syndrome, 516

Kasabach–Merritt syndrome, 855
KCT (kaolin clotting time), 

antiphospholipid syndrome, 893, 
894

Kell blood group, 245, 259–260
antigen, 228

biological signifi cance, 229
McLeod phenotype, 136–137

red cell membrane, 227
structure, 260

Kidd blood group, 245, 260
antigen, 229

kidney see entries under renal
killer inhibitory receptors (KIRs), natural 

killer, 354
kindlin-3, platelet activation, 786
KIT gene, myelodysplastic syndrome, 510
kit-ligand defi ciency, haematopoiesis, 6
Klebsiella infections

leukaemias, 472
sickle cell disease, 114

Kleihauer acid elution test, 298
knockout mouse models

factor V defi ciency, 815, 818
factor VII defi ciency, 815
factor X defi ciency, 815
factor XI defi ciency, 815
factor XIII defi ciency, 815, 829
fi brinogen defi ciency, 815
rare bleeding disorders, 815
vitamin K-dependent coagulation 

factors defi ciency, 815
Knops blood group, 245

antigen, 229
Kostmann syndrome, 202, 314
Krabbe disease (globoid cell dystrophy), 

334
haematopoietic SCT, 332
prevalence, 331

KRAS gene
activating mutations, 387
AML, 391
chronic myelomonocytic leukaemia, 

391
juvenile myelomonocytic leukaemia, 527
multiple myeloma, 579
myelodysplastic syndrome, 391

K typing, blood transfusion recipient 
testing, 281

Kupffer cells, 323
interleukin-6 secretion, 941

kwashiorkor, folate defi ciency, 78
Kx blood group, 245

L
LA (lupus anticoagulant), antiphospholipid 

syndrome, 892–893
lactate dehydrogenase (LDH)

adult ALL, 437
CML, 491
leukaemias, 480
NHL, 660–661
TTP, 863
warm-type AIHA, 162

lactoferrin, 28
neutrophils, 307
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lactoperoxidase, 27
LAD (leucocyte adhesion defi ciency), 312
lambda (λ) light chain

B cell development, 351
Igs, 230–231

LAMPs (lysosome-associated membrane 
proteins), 330

Landsteiner–Wiener blood group, 245
Langerhans cell histiocytosis, 324–326

aetiology, 325
diagnosis, 325
lesions, 325
prognosis, 326
pulmonary, 325–326
spontaneous resolution, 326
treatment, 326

Langerhans cells, 324
antigen recognition/presentation, 325

large B-cell lymphoma, 660
large-cell lymphomas of terminally 

differentiated B cells, WHO 
lymphoma classifi cation, 625

large granular lymphocytic (LGL) 
leukaemia, red cell aplasia, 942, 
943

Lassa fever, 969
latent membrane protein-1 (LMP-1), 

Hodgkin lymphoma, 642
LDH see lactate dehydrogenase (LDH)
Lea antigen, 250
lead poisoning

acquired haemolytic anaemias, 174
iron defi ciency, 42–43

Leb antigen, 250
lectins, 233
LEF1 gene, childhood ALL, 450
Legionella infections

antigen detection, 471
sickle cell disease, 116

leg ulcers, sickle cell disease, 115, 118
leishmaniasis, 967–968

global distribution, 967, 967
transmission, blood transfusions, 274

lenalidomide
mantle cell lymphoma, 556, 673
multiple myeloma, 591, 592–593, 595, 

595
myelodysplastic syndrome, 523–524, 

528
systemic AL amyloidosis, 609
Waldenström macroglobulinaemia, 

672
lepirudin, venous thromboembolism 

therapy, 905
lesions, Langerhans cell histiocytosis, 325
leucocyte(s)

count, CML, 489–490
post-splenectomy, 377

recruitment, platelets, 772–773
see also lymphocyte(s)

leucocyte adhesion defi ciency (LAD), 312
leucocytosis, infectious mononucleosis, 

365
leucodepletion

blood components, 278
non-haemolytic febrile transfusion 

reactions, 286
sickle cell disease, 121

leucodystrophy, metachromatic see 
metachromatic leucodystrophy

leukaemias
development see leukaemogenesis
electrolyte balance, 479–480
essential thrombocythaemia, 

transformation of, 694
Fanconi anaemia, 187, 189
methicillin-resistant Staphylococcus 

aureus, 472
molecular basis, 380–394
oesophagitis, 471
platelet transfusions, 466
primary myelofi brosis, development 

from, 698
Staphylococcus aureus infection, 472
Staphylococcus epidermis infection, 472
supportive care see below
types

acute hypergranular promyelocytic 
leukaemia, 396, 397

acute lymphoblastic leukaemia (ALL) 
see acute lymphoblastic 
leukaemia (ALL)

acute megakaryoblastic leukaemia 
(AMKL) see acute 
megakaryoblastic leukaemia 
(AMKL)

acute microgranular/hypogranular 
promyelocytic leukaemia, 396, 
397

acute monoblastic leukaemia see acute 
monoblastic leukaemia

acute promyelocytic leukaemia see 
acute promyelocytic leukaemia 
(APL)

adult T-cell leukaemia lymphoma see 
adult T-cell leukaemia 
lymphoma (ATLL)

aggressive NK-cell leukaemia, 627, 
627

aleukaemic leukaemia, 214
AML see acute myeloid leukaemia 

(AML)
B-cell acute lymphoblastic leukaemia 

see B-cell acute lymphoblastic 
leukaemia

B-cell prolymphocytic leukaemia, 616

B-cell prolymphocytic leukaemia 
(B-PLL) see B-cell 
prolymphocytic leukaemia 
(B-PLL)

B-precursor acute lymphoblastic 
leukaemia, 443

chronic eosinophilic leukaemia see 
chronic eosinophilic leukaemia

chronic myelomonocytic leukaemia 
see chronic myelomonocytic 
leukaemia (CMML)

chronic neutrophilic leukaemia 
(CNL) see chronic neutrophilic 
leukaemia (CNL)

CLL see chronic lymphocytic 
leukaemia (CLL)

CML see chronic myelogenous 
leukaemia (CML)

common acute lymphoblastic 
leukaemia, 434

early pre-B acute lymphoblastic 
leukaemia, 451

early T-precursor acute lymphoblastic 
leukaemia, 434

hairy cell leukaemia see hairy cell 
leukaemia

juvenile myelomonocytic leukaemia 
see juvenile myelomonocytic 
leukaemia (JMML)

large granular lymphocytic leukaemia, 
942, 943

mast cell leukaemia, 322–323
mature B-cell acute lymphoblastic 

leukaemia see mature B-cell 
acute lymphoblastic leukaemia

mature T-cell acute lymphoblastic 
leukaemia, 434

natural killer cell leukaemia, 406
neutrophilic chronic myeloid 

leukaemia, 707
plasma cell leukaemia, 583
pre-B-cell acute lymphoblastic 

leukaemia see pre-B-cell acute 
lymphoblastic leukaemia

pro-B-cell acute lymphoblastic 
leukaemia, 434

small lymphocytic leukaemia, 
614–616

T-cell acute lymphoblastic leukaemia 
(T-ALL) see T-cell acute 
lymphoblastic leukaemia 
(T-ALL)

T-cell large granular lymphocyte 
leukaemia (T-cell LGL) see T-cell 
large granular lymphocyte 
leukaemia (T-cell LGL)

thymic (cortical) T-cell acute 
lymphoblastic leukaemia, 434
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T-lineage adult acute lymphoblastic 
leukaemia see T-lineage adult 
acute lymphoblastic leukaemia

T-prolymphocytic leukaemia see 
T-prolymphocytic leukaemia 
(TPLL)

see also specifi c diseases/disorders
leukaemias, supportive care, 463–482

anaemia, 463, 464–468
growth factor support, 468
see also blood transfusion(s)

bleeding, 463
febrile reactions, 467
fever of unknown origin, 474–477

broad-spectrum antibiotics, 474–475
central venous catheters, 475
clinically directed therapy, 476
microbiological therapy, 476
subsequent therapy rules, 476, 

476–477
granulocyte infusions, 477–478
growth factors, 477–478
infections, 463, 468–478

bacterial pathogens, 468
fever, 469–470
fungal infections, 469
gut investigations, 471
neutropenia, 469
non-cultural screening, 471–472
oral/rectal swabs, 471
prophylaxis, 473–474
pulmonary infection specimens, 

471
sites of, 469–470
skin lesions, 471
sources, 470
surveillance cultures, 472
urinary tract, 471

metabolic complications, 464, 478–480
electrolyte balance, 479–480
fl uid balance, 478–479
hyperuricaemia, 479
liver function abnormalities, 480
renal function abnormalities, 479–480
tumour lysis syndrome, 479

nausea and vomiting, 464, 481
neutropenic fever, 470–472, 472–473

antibiotic cessation, 477
blood cultures, 470, 470–471
mucosal barrier injury, 470, 470

nutritional complications, 464, 480
pain, 464, 481
psychological complications, 463, 464
reproductive complications, 463, 464
specifi c bleeding problems, 467–468
thrombocytopenia, 464–468

see also blood transfusion(s)
white cell counts, 465–466

leukaemia stem cells, 382–384, 383
leukaemic phase, NHL, 544–556
leukaemic transformation

myelodysplastic syndrome, 518
paroxysmal nocturnal haemoglobinuria, 

178
polycythaemia vera, 689

leukaemogenesis, 380–385
apoptosis/cell cycle control, 393
chromosome rearrangements, 384–385
clonal evolution, 381–382, 383
clonality, 381
defi nition, 380
gene–environment interactions, 380–381
genetic predisposition, 380–381
Ig gene rearrangement, 381
leukaemia stem cells, 382–384, 383
lymphoid malignancies, 383–384
molecular basis, 388–394

cell cycle control, 392–394
RAS family signalling, 389, 391
tyrosine kinase, 388–389, 389, 390

myeloid malignancies, 382–383
phenotype–genotype correlations, 

384–385
risk factors, 381
T-cell receptor gene rearrangement, 

381
see also somatic mutations

leukaemoid reaction, 951
leukopenia, HIV infection, 954–955
leukotriene antagonists, mastocytosis 

treatment, 704
levodopa, warm-type AIHA, 162
levofl oxacin, infection prophylaxis, 473
Lewis blood group, 245, 250–251

antibodies, 251
antigen, 250

lifespan, neutrophils, 309
light chain, 230

B-cell receptor, 348
ferritin, 30

light transmission aggregometry (LTA), 
platelet function testing, 789

Lille scoring system, primary myelofi brosis 
prognosis, 701

lineage tracer experiments, HSC 
development, 5

lipid scavenger receptors, 304
lipids, red cell membrane see red cell 

membrane
lipid storage diseases, 335

clinical manifestations, 338
lipoprotein A, plasmin inhibition, 770
β-lipoproteins, heparin interaction, 764
Listeria infection

CLL, 478
cold-type AIHA, 165

livedo reticularis, 897
antiphospholipid syndrome, 892

liver
AIHA, 160
allogeneic SCT complications, 738, 738
autologous SCT complications, 741
biopsy, haemochromatosis, type 1, 50, 

50
cirrhosis

folate defi ciency, 66
leukaemias, 480

function abnormalities, leukaemia, 480
GvHD, 735
hereditary haemorrhagic telangiectasia, 

854
iron-loading anaemias, 54–55
thrombopoietin production, 931–932

liver disease, 948–949, 949
acquired haemolytic anaemias, 174
anaemia, 948–949
childhood ALL, 451
chronic, 848–849
DIC, 843
differential diagnosis, DIC vs., 844
echinocytosis, 948
folate defi ciency, 79
haemostatic disturbance, 847, 847–850

causes, 847
hypercoagulability, 850
macrocytosis, 948

liver function tests, acquired aplastic 
anaemia, 213

liver transplantation, 949
acquired aplastic anaemia, 207
haemostatic disturbance, 849–850
as immunoprivileged site, 716

LMAN1 gene, 814, 821
LMO1 (TTG-1) gene, 453
LMO2 (TTG-2) gene

childhood ALL, 453
erythropoiesis, 15
T-cell lymphomas, 659

LMP-1 (latent membrane protein-1), 
Hodgkin lymphoma, 642

LMPP (lymphoid primed multipotent 
progenitor), 2

LMWH see low-molecular weight heparin 
(LMWH)

Loa loa infection, 963
localised AL amyloidosis, 610
localized Castleman disease, 680
local radiotherapy

aggressive B-cell NHL treatment, 674
lymphoblastic lymphoma treatment, 

679
multiple myeloma management/

treatment, 588
locomotion, phagocytes, 300–301
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long-term bone marrow culture (LTBMC), 
acquired aplastic anaemia, 208

long-term culture-initiating cell (LTC-IC) 
assays, 2

long-term dialysis, folate defi ciency, 79
low-molecular weight heparin (LMWH), 

764, 904
activated prothrombin time monitoring, 

907
antiphospholipid syndrome 

management, 895
thalidomide side effects, 596
thrombolytic prophylaxis, 909, 911

in cancer, 912
in pregnancy, 912–913
venous thromboembolism, 911, 912

venous thromboembolism therapy, 906, 
907

low-oxygen affi nity variants, haemoglobin 
disorders, 107

LRF CLL4 trial, 536
LTA gene

AML, 388
CML, 388

LTA (light transmission aggregometry), 
platelet function testing, 789

LTBMC (long-term bone marrow culture), 
acquired aplastic anaemia, 
208

LTC-IC (long-term culture-initiating cell) 
assays, 2

LUC7L gene, α thalassaemias, 100
lumbar punctures, adult ALL, 436–437
lumiliximab, CLL management, 547
lung cancer, Hodgkin lymphoma 

treatment, 651–652
lung disease, autologous SCT 

complications, 741
lung(s), hereditary haemorrhagic 

telangiectasia, 854
lung resistance protein (LRP), AML relapse 

risk, 428
lupus anticoagulant (LA), antiphospholipid 

syndrome, 892–893
Lutheran blood group, 245, 259

antigen (CD239), 228, 229
LW glycoprotein, biological signifi cance, 

229
LY03 trial, MALT lymphoma, 670
lymphadenopathy

African trypanosomiasis, 965–966
NHL, 659

lymphatic organization, spleen, 370
lymph, fl ow of, 355
lymph node(s), 355

biopsy
classical Hodgkin lymphoma, 640
multicentric Castleman disease, 680

nodular lymphocyte-predominant 
Hodgkin lymphoma, 641

enlargement, CLL, 534
follicles, 355, 355
germinal centres, 355–356
high endothelial venules, 355, 355
histology, peripheral T-NHL not 

specifi ed, 570
medullary cords, 355, 355
medullary cortex, 355, 355
section, Sézary syndrome, 566
structure, 355
T zones, 355, 355
WHO lymphoma classifi cation, 615

lymphoblastic lymphoma, treatment, 
679

lymphocyte(s), 343–367
antigen recognition, 344–346
clonal selection theory, 344–346
CML, 490
counts, 359, 363–364, 364

active immune response, 363
T-prolymphocytic leukaemia, 559

malignancies, 944
myelodysplastic syndrome, 513
see also leucocyte(s); specifi c cell types

lymphocytosis
non-malignant causes, 364
polyclonal B-cell see polyclonal B-cell 

lymphocytosis
lymphohistiocytosis, haemophagocytic see 

haemophagocytic 
lymphohistiocytosis

lymphoid organs, secondary, 344
lymphoid primed multipotent progenitor 

(LMPP), 2
lymphoma(s)

B-cell
activated B cell-like DLBCLs, 623
borderline DLBCLs and Burkitt 

lymphoma, 626
WHO lymphoma classifi cation, 

626
cutaneous B-cell lymphoma, 683
DLBCLs see diffuse large B-cell 

lymphomas (DLBCLs)
germinal-centre B cell-like DLBCLs, 

623
intermediate DLBCL and classical 

Hodgkin lymphoma, 626–627
intravascular large B-cell lymphoma 

see intravascular large B-cell 
lymphoma

large B-cell lymphoma, 660
large-cell lymphomas of terminally 

differentiated B cells, 625
marginal zone B-cell lymphomas, 661, 

670–671

primary cutaneous DLBCLs, leg type, 
624–625

primary cutaneous large B-cell 
lymphoma, leg type, 683

primary mediastinal B-cell lymphoma 
see primary mediastinal B-cell 
lymphoma

T-cell/histiocyte-rich large B-cell 
lymphoma, 624

Burkitt see Burkitt lymphoma
development see leukaemogenesis
differential diagnosis, acquired aplastic 

anaemia vs., 214
HIV infection, 955
malignancies, 944
molecular basis, 380–394
p15INK4b gene deletion, 394
p16INK4a gene deletion, 394
T-cell

adult T-cell leukaemia lymphoma 
(ATLL) see adult T-cell 
leukaemia lymphoma (ATLL)

angioimmunoblastic T-cell lymphoma 
(AITL) see angioimmunoblastic 
T-cell lymphoma (AITL)

enteropathy-associated T-cell 
lymphoma (EATL) see 
enteropathy-associated T-cell 
lymphoma (EATL)

enteropathy-associated T-cell NHL, 
573–574

extranodal NK/T-cell lymphoma, 
nasal type see extranodal NK/T-
cell lymphoma, nasal type

hepatosplenic T-cell lymphoma see 
hepatosplenic T-cell non-
Hodgkin lymphoma

hepatosplenic T-cell NHL, 571
peripheral T-cell lymphomas (PTCLs) 

see peripheral T-cell lymphomas 
(PTCLs)

primary cutaneous γδ T-cell 
lymphomas, 630–631

primary cutaneous T-cell lymphomas, 
682–683

subcutaneous panniculitis-like T-cell 
lymphoma see subcutaneous 
panniculitis-like T-cell 
lymphoma

T-cell/histiocyte-rich large B-cell 
lymphoma, 624

T-cell NHL see T-cell non-Hodgkin 
lymphoma (T-NHLs)

WHO classifi cation see World Health 
Organization (WHO), 
lymphoma classifi cation

lymphomatoid granulomatosis, treatment, 
680
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lymphomatoid papulosis
mycosis fungoides, 565
WHO lymphoma classifi cation, 630

lymphopenia, 364
causes, 365
corticosteroids, 364

lymphoplasmacytic lymphoma, WHO 
lymphoma classifi cation, 
617

lymphoproliferative disease
cold-type AIHA, 165
warm-type AIHA, 162

LYN gene, CML, 488
lysosomal storage disorders, 330–342

biochemistry, 339
clinical manifestations, 336–341, 

337–338
diagnosis, 331–332
pathophysiology, 330–331
prevalence, 331
prognosis, 336
therapy, 332, 336
see also specifi c diseases/disorders

lysosome-associated membrane proteins 
(LAMPs), 330

lysosomes, 330
defi nition, 330
enzyme cycling, 331
functions, 330
platelets, 774

lysozyme, neutrophils, 307
LYST gene, 317, 925
lytic phase, complement, 235–236

M
macrocytosis

cobalamin defi ciency, 75
liver disease, 948

α2-macroglobulin, 765
macroglobulinaemia, Waldenström see 

Waldenström 
macroglobulinaemia

macroglossia, systemic AL amyloidosis, 
602, 602

macrophage(s), 323–327
activation, 323–324
apoptotic cell clearance, 323
complement receptors, 301
disorders, 324–327

see also specifi c diseases/disorders
spleen, 371
structure, 308

macrophage colony-stimulating factor 
(M-CSF)

macrophage activation, 323
neutrophil development, 308

macrophage mannose receptor (MMR), 
303–304

MAFB gene, 578
MAF gene, 578, 579
Maf recognition elements (MAREs), 

erythropoiesis transcription 
factors, 16

MAG91 study, multiple myeloma 
autologous SCT, 591

magnetic resonance imaging (MRI)
clonal hypereosinophilic syndromes, 

706, 706
deep vein thrombosis diagnosis, 903
haemochromatosis, type 1, 50
Hodgkin lymphoma, 644
iron overload, 54, 55, 55
multiple myeloma, 588
NHL, 662
pulmonary embolism diagnosis, 903
spleen, 372, 373
systemic AL amyloidosis, 607
β-thalassaemia management, 95

MAHA see microangiopathic haemolytic 
anaemia (MAHA)

MAIA, malignancy treatment, 945
MAIGA assay (monoclonal antibody 

immobilization of granulocyte 
antigens), 264

maintenance therapy
adult ALL chemotherapy, 440
follicular lymphoma therapy, 666–667
multiple myeloma management/

treatment, 592–593
MAIPA assay see monoclonal antibody-

specifi c immobilization of 
platelet antigens (MAIPA) assay

major basic protein (MBP), basophil/mast 
cell granules, 322

major histocompatibility complex(es) 
(MHC)

autoimmunity, 347
polymorphisms, 346–347, 347

primary immune thrombocytopenia, 
929

T cell antigen recognition, 344–345
see also HLA

major histocompatibility complex class I 
(MHC class I)

antigen presentation, 344–345, 345, 346
CD8 T-cell antigen recognition, 345, 345
see also HLA class I

major histocompatibility complex class II 
(MHC class II)

antigen presentation, 345, 345, 346
B cell development, 349
T-cell-dependent B-cell activation, 357
see also HLA class II

malabsorption
folate defi ciency, 78
iron defi ciency anaemia, 40

malaria, 952, 956–962
anaemias, 952, 959

acquired haemolytic anaemias, 168
biology, 956–958
clinical features, 958
diagnosis, 960–961
epidemiology, 956–958
genetic protection mechanisms, 

959–960
haematological abnormalities, 959
HLA-B*53:01 association, 713
life cycle, 957, 957–958
Plasmodium falciparum, 958, 958
Plasmodium malariae, 958
Plasmodium ovale, 958–959
Plasmodium vivax, 958–959
resistance to

glucose-6-phosphate dehydrogenase 
defi ciency, 150

hereditary elliptocytosis, 134
sickle cell disease, 109

splenectomy, 376
splenomegaly, 372
transmission, 957

blood transfusions, 274
treatment, 961–962

malignancies, 942–945
acquired circulating anticoagulants, 945, 

945
anaemia, 940, 942, 942–943
coagulation changes, 944–945, 945
DIC, 944–945
Fanconi anaemia, 186
folate defi ciency, 65
granulocytopenia, 944
granulocytosis, 943–944
microangiopathic haemolysis anaemias, 

171–172
platelets, 944
polycythaemia, 943
post-haematopoietic SCT, 222–223
primary fi brinolysis, 945
splenomegaly, 372
thrombocytopenia, 944, 944
thrombocytosis, 944
treatment-induced bleeding disorders, 

945
venous thromboembolism see venous 

thromboembolism (VTE)
white cell changes, 944, 944–945

malnutrition, hereditary spherocytosis, 
132

maloprim, acquired haemolytic anaemias, 
173

MALT1 gene, 619
MALT lymphoma, 670–671
α-mannosidosis, 334

clinical features, 337



Index

1033

β-mannosidosis, 334
clinical features, 337

mannosyl/fucosyl receptors, phagocytes, 
303–304

Mansonella ozzardi infection, 964
Mansonella perstans infection, 963
M antigen, 228
mantle cell lymphoma, 555–556, 622

ATM gene deletion, 386, 393
B-cell prolymphocytic leukaemia vs., 

550
bone marrow trephine biopsy, 556
cellular origins, 384
cyclin D1 gene, 393
cytology, 661
FISH, 407
genetics, 659
IGH gene, 384
immunohistochemistry, 404
management, 672–673
p16INK4A gene deletion, 393
prognostic factors, 662
WHO lymphoma classifi cation, 

621–622
MAPK pathways, Fanconi anaemia, 191
Marburg virus, 969
March haemoglobinuria, 172
MAREs (Maf recognition elements), 

erythropoiesis transcription 
factors, 16

marginal zone B-cell(s), 352–353, 353
lymphomas, 661, 670–671
spleen, 371

marginating pool, monocytes, 323
Maroteaux–Lamy syndrome see 

mucopolysaccharidosis type VI 
(Maroteaux–Lamy syndrome)

massive blood loss, coagulopathy, 853
massive blood transfusions, 282

complications, 288–289
DIC vs., 844

mass spectrometry, systemic AL 
amyloidosis, 606

mast cell(s), 321–323
development, 321
disorders, 321–323
FcεIR, 321
functions, 321
granules, 322
leukaemia, 322–323
proliferation, 322

mastocytosis, 701–704
classifi cation, 701
clinical features, 702

urticaria pigmentosa, 701, 702, 
702

investigations, 702
pathophysiology, 701

prognosis, 704
treatment, 702–704

matched unrelated donor stem cell 
transplantation, adult ALL, 441, 
441

maternal alloantibodies, haemolytic disease 
of the fetus and newborn, 
292–293

maternal anti-D antibody, haemolytic 
disease of the fetus and newborn, 
298

maternal blood assessment, Rhesus 
haemolytic disease of the fetus 
and newborn, 294

matriptase-2 (TMPRSS6), 30, 32
iron refractory iron defi ciency anaemia, 

41
mature B-cell acute lymphoblastic 

leukaemia, 434
adult ALL prognosis, 444

mature B-cell neoplasms see World Health 
Organization (WHO), 
lymphoma classifi cation

mature NK-cell/T-cell neoplasms see 
World Health Organization 
(WHO), lymphoma classifi cation

mature T-cell acute lymphoblastic 
leukaemia, 434

maximum surgical blood ordering 
schedule (MSBOS), 281

May–Hegglin anomaly, 918, 918
genetics, 925
neutrophils, 311, 312

m-BACOD, AIDS-related NHL, 681
MBI (mucosal barrier injury), neutropenic 

fever, 470, 470
MBL see monoclonal B-cell lymphocytosis 

(MBL)
MBP (major basic protein), basophil/mast 

cell granules, 322
MCFD2 gene, 814, 821, 823
MCH see mean corpuscular haemoglobin 

(MCH)
MCL1 gene, CLL, 533
MCL2 study, mantle cell lymphoma, 673
McLeod phenotype, 136–137, 137
McLeod syndrome, CYBB gene, 260
MCP-1, 363
M-CSF see macrophage colony-stimulating 

factor (M-CSF)
MCV see mean corpuscular volume 

(MCV)
MDS see myelodysplastic syndrome 

(MDS)
mean corpuscular haemoglobin (MCH)

hereditary spherocytosis, 131
pyruvate kinase defi ciency, 144, 144
β-thalassaemias, 93

mean corpuscular volume (MCV)
HbF effects, 122
hereditary spherocytosis, 131
iron defi ciency anaemia, 39
iron metabolism measurement, 37
megaloblastic anaemia, 62–63, 66
neonatal anaemia, 975
β-thalassaemias, 93

mean platelet volume (MPV), platelet 
function testing, 789

mechanical acquired haemolytic anaemias, 
170, 170, 170–172

median age
blood vessels, 752–753
CLL, 531

median survival, CLL, 538
mediastinal mass, Hodgkin lymphoma, 

642
Medical Research Council (MRC), 

multiple myeloma prognosis, 
590

Mediterranean macrothrombocytopenia, 
918

genetics, 925
medullary cords, lymph nodes, 355, 

355
medullary cortex, lymph nodes, 355, 

355
mefenamic acid

drug-induced alloimmune haemolytic 
anaemia, 167

warm-type AIHA, 162
mefl oquine, malaria treatment, 962
MEGA (Multiple Environmental and 

Genetic Assessment), 879
megakaryocytes, 515

myelodysplastic syndrome, 513
platelets formation, 775
primary immune thrombocytopenia, 

933
megaloblastic anaemia, 61–82

biochemistry, 61–62
causes, 81
clinical features, 62–66

cardiovascular disease, 65
mean corpuscular volume, 62–63

folate, 62
haematological fi ndings, 66–68

bone marrow, 67, 67
chromosomes, 67
haemopoiesis, 67–68
peripheral blood, 66–67, 67

treatment, 79–80
see also cobalamin defi ciency; folate 

defi ciency
megathrombocytopenia, 918–919
melarsoprol, African trypanosomiasis 

therapy, 966
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melphalan
with carmustine, etoposide and 

cytarabine see BEAM 
(carmustine, etoposide, 
cytarabine and melphalan)

with prednisone, multiple myeloma 
management/treatment, 591

SCT conditioning
allogeneic SCT, 521
autologous SCT, 729
with fl udarabine, 732

systemic AL amyloidosis management, 
608, 609

memory T cells, allogeneic SCT, 745
menadiol, acquired haemolytic anaemias, 

173
menorrhagia

factor V defi ciency, 818
factor VII defi ciency, 823
factor X defi ciency, 825

menstruation, iron homeostasis, 33
mental development, iron defi ciency 

anaemia, 39
mental retardation syndrome, with α 

thalassaemias, 103–104
mercaptopurine

adult ALL chemotherapy, 440
childhood ALL, 455
childhood ALL treatment, 458

mesenchymal stem/progenitor cells, 
haematopoiesis, 7

mesodermal precursor cells, HSC 
development, 4, 5

metabolic diseases
leukaemias see leukaemias, supportive 

care
neutropenia, 316

metachromatic leucodystrophy, 334
clinical features, 337
haematopoietic SCT, 332
prevalence, 331

metaclopramide, antiemetic effects, 481
methaemoglobulinaemia

acquired haemolytic anaemias, 
173–174

congenital, 107
erythrocytosis, 692–693

methicillin-resistant Staphylococcus aureus 
(MRSA), 472

methionine synthase reductase, childhood 
ALL prognosis, 455

methotrexate
adult ALL chemotherapy, 439, 440
childhood ALL prognosis, 455
childhood ALL treatment, 457, 458
with ciclosporin and mycophenolate 

mofetil, SCT reduced intensity 
conditioning regimens, 732

primary CNS lymphoma, 676–677
Sézary syndrome/mycosis fungoides, 567
T-cell large granular lymphocyte 

leukaemia, 563
methylene blue, fresh frozen plasma 

preparation, 279
5,10-methylene tetrahydrofolate 

polyglutamate, megaloblastic 
anaemia, 61, 62

5,10-methylene tetrahydrofolate reductase 
(MTHFR)

childhood ALL prognosis, 455
defi ciency, 879
neural tube defects, 65

methylmalonate, cobalamin defi ciency, 75
methylmalonic acidaemia, congenital, 74
methylmalonic aciduria, congenital, 74
methylprednisolone

acute GvHD therapy, 735
primary immune thrombocytopenia in 

pregnancy, 938
MGUS see monoclonal gammopathy of 

undetermined signifi cance 
(MGUS)

mHA see minor histocompatibility 
antigens (mHA)

MHC see major histocompatibility 
complex(es) (MHC)

microangiopathic haemolytic anaemia 
(MAHA), 171–172

causes, 171
DIC vs., 844
malignancies, 942

microarrays
Burkitt lymphoma, 626
erythroid progenitor development, 

13–14
erythropoiesis, 18
gene expression, 412–413

see also gene expression profi ling 
(GEP)

high-density, AML classifi cation, 430–
431, 431

molecular blood grouping techniques, 
242

multiple myeloma, 579
NHL, 659

microbicidal proteins, neutrophils, 307
microcolumns, agglutination reactions, 

241
microcolumn tests, blood group screening, 

240, 240
microcytosis, myelodysplastic syndrome, 

512
β2-microglobulin

amyloidosis, 599–600, 611
CLL, 540
multiple myeloma, 589

microplates
agglutination reactions, 241
blood group screening, 240–241

microRNAs, CLL, 541–542
microscopy

malaria diagnosis, 960
sideroblastic anaemia, 43

microthrombotic disease, 855
mild common hereditary elliptocytosis, 

134, 134
minimal residual disease (MRD)

adult ALL, 435
fl ow cytometric immunophenotyping, 

402
prognosis, 444–445

AML, 428–429
childhood ALL, 459

prognosis, 455
CLL management, 545
molecular genetic analysis, 411
quantitative PCR, 410

minor histocompatibility antigens (mHA), 
720

allogeneic SCT, 723
minor red cell abnormalities, blood 

transfusion donor, 268–269
MIP-1α, 363

eosinophils, 304
MIR15 gene, 542
MIR16 gene, 542
MIR34α gene, 542
miscarriage see spontaneous abortion
missense mutations

factor V defi ciency, 818
RHD gene, 256

mitochondria
haem synthesis, 35
myopathy, sideroblastic anaemia, 44
sideroblastic anaemia, 44–45

mitoferrin, 29
mitoxantrone

AML treatment, 421
with cyclophosphamide and fl udarabine, 

follicular lymphoma therapy, 666
mixed cryoglobulinaemia, essential, 

hepatitis C virus, 687
mixed lymphocyte culture (MLC) assay, 

HLA typing, 719–720
MLC (mixed lymphocyte culture) assay, 

HLA typing, 719–720
MLL, erythropoiesis, 15
MLL gene

early pre-B ALL, 451
myelodysplastic syndrome, 510
rearrangements, childhood ALL, 453, 

454, 455
MMR (macrophage mannose receptor), 

303–304
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MMSET gene, 579
MNS blood group, 245, 259
molecular genetics, 410–413

acute lymphoblastic leukaemia, 411
adult ALL diagnosis, 434–435
childhood ALL see acute lymphoblastic 

leukaemia (ALL), childhood
chromosomal rearrangement, 411
CLL, 411–412
gene mutations, 411
MRD, 411
prognostic stratifi cation, 411–412
TCR chain rearrangement, 411

molecular mimicry, primary immune 
thrombocytopenia, 930

Monge disease, erythrocytosis, 692
monoclonal antibodies, 233

advanced follicular lymphoma 
treatment, 665–667, 666

AML minimal residual disease, 429
blood grouping, 233
CLL management, 546, 546
see also specifi c antibodies

monoclonal antibody immobilization of 
granulocyte antigens (MAIGA) 
assay, 264

monoclonal antibody-specifi c 
immobilization of platelet 
antigens (MAIPA) assay, 
264–265

primary immune thrombocytopenia, 
930

monoclonal antibody therapy
cold-type AIHA, 165
fl ow cytometric immunophenotyping, 

403
Waldenström macroglobulinaemia, 

672
warm-type AIHA treatment, 163–164
see also specifi c antibodies

monoclonal B-cell lymphocytosis (MBL)
CLL, 543–544
WHO lymphoma classifi cation, 615

monoclonal gammopathy of undetermined 
signifi cance (MGUS), 582, 601

multiple myeloma, 579
WHO lymphoma classifi cation, 618

monoclonal immunoglobulin, multiple 
myeloma, 577–578

monoclonal light chains, systemic AL 
amyloidosis, 601

monocytes, 323–327
circulating, 323
CML, 490
complement receptors, 301
disorders, 324–327

see also specifi c diseases/disorders
malignancies, 944

marginating pool, 323
structure, 308
tissue factor, 760

monocytopenia, 324
monocytosis, 324, 324

myelodysplastic syndrome, 513
monosomy 13, multiple myeloma, 579
monospot test, infectious mononucleosis, 

366
Montreal platelet syndrome, 918–919
MOPP (mustine, vincristine, procarbazine 

and prednisolone)
classical Hodgkin lymphoma treatment, 

647
Hodgkin lymphoma treatment, 645–646

Morquio syndrome see 
mucopolysaccharidosis type IV 
(Morquio syndrome)

mouse models
acquired aplastic anaemia, 209, 211
Fanconi anaemia, 191

moyamoya transformation, sickle cell 
disease, 115

MPL gene
congenital amegakaryocytic 

thrombocytopenia, 204
essential thrombocythaemia, 693
primary myelofi brosis, 697

M-protein, multiple myeloma 
pathogenesis, 582

MPV (mean platelet volume), platelet 
function testing, 789

MRC PT-1 trial, essential 
thrombocythaemia treatment, 
696

MRD see minimal residual disease (MRD)
MRI see magnetic resonance imaging 

(MRI)
mRNA transcription/processing, 

haemoglobin synthesis, 86, 87
MRSA (methicillin-resistant Staphylococcus 

aureus), 472
MSBOS (maximum surgical blood 

ordering schedule), 281
MTHFR see 5,10-methylene 

tetrahydrofolate reductase 
(MTHFR)

MTHFR gene, 455
MTTRR gene, 455
mucolipidoses, 333

clinical manifestations, 337
prevalence, 331
see also specifi c types

mucolipidosis type I (sialidosis I), 333
clinical features, 337

mucolipidosis type II (I cell syndrome), 
333

clinical features, 337

mucolipidosis type III (pseudo-Hurler 
syndrome), 333

clinical features, 337
mucolipidosis type IV, 333

clinical features, 337
mucopolysaccharidoses, 330, 333

clinical manifestations, 337
see also specifi c diseases/disorders

mucopolysaccharidosis type I (Hurler 
Scheie disease), 333

clinical features, 337
therapy, 332

mucopolysaccharidosis type II (Hunter 
syndrome), 333

clinical features, 337
enzyme replacement therapy, 332

mucopolysaccharidosis type III (Sanfi lippo 
syndrome), 333

clinical features, 337
enzyme replacement therapy, 332
pathophysiology, 330–331

mucopolysaccharidosis type IV (Morquio 
syndrome), 333

clinical features, 337
enzyme replacement therapy, 332

mucopolysaccharidosis type VI 
(Maroteaux–Lamy syndrome), 
333

clinical features, 337
mucopolysaccharidosis type VII (Sly 

syndrome), 333
clinical features, 337

mucopolysaccharidosis type X, 333
mucosal-associated lymphoid tissue 

lymphoma see MALT 
lymphoma

mucosal barrier injury (MBI), neutropenic 
fever, 470, 470

mucosal factors, iron absorption, 34
mucosal tract bleeding

acquired aplastic anaemia, 211
factor XIII defi ciency, 829

mucositis, allogeneic SCT complications, 
737

multicentric Castleman disease, 680
HIV infection, 657

multidrug resistance protein 1, AML 
relapse risk, 428

multimer analysis, von Willebrand disease, 
807

Multiple Environmental and Genetic 
Assessment (MEGA), 879

multiple myeloma, 577–598
aetiology, 577
bone marrow aspirates, 397, 400
cellular origins, 384
clinical manifestations, 585
coagulation disorders, 856
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defi nition, 577
differential diagnosis, 582–583
disease complications, 584–588

anaemia, 587
bone marrow failure, 587
infections, 588
nervous system, 588
renal failure, 586–587
skeletal involvement see below

epidemiology, 577
fl ow cytometric immunophenotyping, 

403
genetic abnormalities, 578–580

1q gains, 579
17p deletion, 579
aneuploidy, 579
CCND1, 578, 580
CCND2, 580
CCND3, 578, 580
cyclin D genes, 580
FGFR3, 579
FGFR/MMSET, 578
FISH, 578–579
IGH translocations, 578, 578–579
karyotypic instability, 578
late events, 579–580
MAF, 578, 579
MAFB, 578
MGUS display, 579
microarray analysis, 579
MMSET, 579
molecular classifi cation, 580
monosomy 13, 579

IgM-type, 584
laboratory work-up, 583
management/treatment, 584–588, 

591–597
allogeneic SCT, 593
aurora kinase inhibitors, 596
autologous SCT, 587, 591–592, 592
bisphosphonates, 584–585, 586
bortezomib, 593, 595, 595
clodronate, 585
cyclin-dependent cyclase inhibitors, 

596
cyclophosphamide/dexamethasone, 

586
dexamethasone, 586, 588
elderly patients, 593–594, 594–595
FGFR3 tyrosine kinase inhibitors, 

596
induction therapy, 591, 592
lenalidomide, 591, 592–593, 595, 595
local radiation therapy, 588
maintenance therapy, 592–593
melphalan–prednisone, 591
newly diagnosed transplant 

candidates, 591–593

non-transplant candidates, 593–594
pamidronate, 585
plasma cell receptor blockers, 596
proteasome inhibitors, 596
at relapse, 594–596, 595
signalling pathway inhibitors, 596
thalidomide, 591, 592, 593, 595, 595
VAD, 586, 591
zoledronic acid, 584–585, 585–586

molecular classifi cation, 580
non-secretory, 584
pathogenesis, 577–582

drug-resistance phenotype, 581
induction, 581–582
monoclonal Ig, 577–578
myeloma cell origin, 578
plasma cell–microenvironment 

interaction, 580–581, 581
signalling pathways, 581, 581

prognostic factors, 588–591, 589
disease complications, 589–590
host factors, 588
malignant clone factors, 589
therapy response, 590–591
tumour burden, 589–590

skeletal involvement, 584–586
bone pain, 584
hypercalcaemia, 584
osteonecrosis, 586

smouldering, 582–583
symptomatic, 583, 583

multiple sclerosis, infectious 
mononucleosis, 367

multiple sulphate defi ciency, 335
clinical features, 338

multispecies consensus regions, 
α-globin chains haemoglobin, 
85–86

MUM1, primary cutaneous DLBCL, leg 
type, 624

µ heavy chain, B cell development, 
349–350

Munc13–4, haemophagocytic 
lymphohistiocytosis, 326

Munc-18, platelet activation, 786
mustine, with vincristine, procarbazine 

and prednisolone see MOPP 
(mustine, vincristine, 
procarbazine and prednisolone)

mutations
factor VII defi ciency, 825
factor X defi ciency, 825–826, 826
leukaemogenesis, 381

MYC gene
Burkitt lymphoma, 626, 657
CML, 488
DLBCL not otherwise specifi ed, 623
multiple myeloma, 579

nodular lymphocyte predominant 
Hodgkin lymphoma, 636

translocation, NHL, 658
MYC–IGHG1 fusion gene, FISH, 407
mycophenolate mofetil

allogeneic SCT, 744
ATG with, 218
with ciclosporin and methotrexate, 732
CLL, 548
with methotrexate and ciclosporin, 

732
primary immune thrombocytopenia 

management, 934
SCT reduced intensity conditioning 

regimens, 732
warm-type AIHA treatment, 163

Mycoplasma infections, 951
sickle cell disease, 116

Mycoplasma pneumoniae infections
cold-type AIHA, 165
sickle cell disease, 114

mycosis fungoides, 565–567, 682
aetiology, 565–566
clinical course, 567
clinical features, 566
cytogenetics, 567
diagnosis, 566–567
differential diagnosis, 567
prognosis, 567
staging, 682
treatment, 567, 682
WHO lymphoma classifi cation, 630, 

630
see also Sézary syndrome

myelodysplasia
with isolated del(5q), WHO 

classifi cation, 506, 506
malignancy therapy, 943
with α thalassaemias, 104

myelodysplastic 5q–syndrome, 386–387
cytogenetics, 407, 509

myelodysplastic/myeloproliferative disease, 
526–528

see also specifi c diseases/disorders
myelodysplastic syndrome (MDS), 

503–529
acquired aplastic anaemia vs., 214
aetiology, 504

Diamond–Blackfan anaemia, 198
epigenetic abnormalities, 512
erythropoietin, 468
essential thrombocythaemia, 

transformation of, 694
malignancies, 944
post-ATG, 220
severe congenital neutropenia, 314

apoptosis, 508
childhood, 528
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classifi cation, 504–507
FAB classifi cation, 504, 504–505
WHO classifi cation, 505, 505–507

clinical features, 512
cytogenetic analysis, 406
diagnosis, 512–513

blood fi lm, 399
bone marrow aspirates, 397, 400
bone marrow histology, 513, 514
bone marrow morphology, 513
bone marrow trephine biopsy, 515
FISH, 507
fl ow cytometric immunophenotyping, 

404
future work, 528
genetic abnormalities, 510–512, 511

AML1–EVI1 gene fusion, 510
AML1 gene mutations, 510
ASXL1 gene, 512
ATRX gene, 510
CBL gene, 511–512
CEBPA gene, 510
comparative genome hybridization, 

510–511
CSF1R gene, 510
expression profi ling, 510
FLT3 gene, 510
GATA1 gene, 510
GCSFR gene, 510
JAK2 gene, 510
KIT gene, 510
KRAS gene, 391
MLLgene, 510
NRAS gene, 391, 510
PDGFRB gene, 510
PU.1 gene, 510
RAS gene mutations, 510
single-nucleotide polymorphisms, 

510
TERC mutations, 195
TET2 gene, 511
TP53 gene, 510
uniparental disomy, 510

historical aspects, 503–504
immunological abnormalities, 507–508
incidence, 504
International Prognostic Scoring System, 

516, 516–517
management indicators, 525–526
median survival, 517
outcomes, 517
WHO classifi cation-based prognostic 

scoring system vs., 517–518
management/treatment, 519–524

allogeneic SCT, 521–522, 522, 522
chelation therapy, 519
chemotherapy, 520–521
goals, 524–525

growth factors, 519–520
hypomethylating drugs, 522–523, 523
immunosuppression, 520
IPSS intermediate-1, 525
IPSS intermediate-2/high, 525–526
IPSS low, 525
lenalidomide, 523–524
response assessment, 525
SCT, 519, 520–521
strategy, 524, 524–526
supportive care, 519

molecular basis, 508–512
cytogenetics, 508, 508–510

natural history, 513, 516
pathogenesis, 507–508
subtype frequencies, 505
WHO classifi cation-based prognostic 

scoring system, 505, 505–507, 
517, 518, 519

cumulative survival, 518
IPSS vs., 517–518
leukaemic transformation, 518
median survival, 518
overall survival, 518

see also specifi c diseases/disorders
myelofi brosis

essential thrombocythaemia, 
transformation of, 694

haemophagocytic lymphohistiocytosis, 
952

polycythaemia vera, 689, 689
primary see primary myelofi brosis

myelofi brotic myodysplasia syndrome, 
516

myeloid malignancies
BCR–ABL fusion gene, 382–383, 383
leukaemogenesis, 382–383

myeloma cell origin, multiple myeloma, 
578

myeloma kidney, 586
myeloma, multiple see multiple myeloma
myeloperoxidase defi ciency, neutropenia, 

318
myeloproliferative neoplasms, 686–709

acquired von Willebrand disease, 811
defi nition, 686
see also polycythaemias

myeloproliferative syndromes, WHO 
classifi cation, 484

MYH9 gene
Epstein syndrome, 925
Fetchner syndrome, 925
May–Hegglin anomaly, 925
Sebastian syndrome, 925

MYH11–CBFB, AML, 381
Mylotarg see gemtuzumab ozogamicin 

(Mylotarg)
myoglobin, structure, 27

Myozyme (alglucosidase alfa), Pompe 
disease, 341

N
NADPH oxidase, phagocytes, 305
NADPH: quinone oxidoreductase 

polymorphisms, 449
NAITP (neonatal alloimmune 

thrombocytopenia), 298, 
981–982

naive B cells, 352
N antigen, 228
narrowband UVA (NB-UVA), mycosis 

fungoides treatment, 682
NAT (nucleic acid test), HIV blood 

screening, 273
National Amyloidosis Centre, systemic 

amyloidosis, 610–611
natural killer (NK) cell(s), 344, 354

disorders, neutropenia, 316
leukaemia, cytogenetic analysis, 406
lytic mechanisms, 354, 354
SCT rejection, 723
tumour response, 712
viral infection response, 712

natural killer T cells, 354–355
nausea and vomiting, leukaemia, 464, 481
NB-UVA (narrowband UVA), mycosis 

fungoides treatment, 682
NCIC/ECOG study, classical Hodgkin 

lymphoma treatment, 648
NCRI AML 16 trial, 525–526
Ncx1 gene, haematopoiesis, 5
negative selection, T cell development, 

351
Neisseria meningitidis infection

spleen, 371
splenectomy risks, 133, 375, 376

nelarabine, lymphoblastic lymphoma 
treatment, 679

neonates
anaemia see neonatal anaemia
autoimmune thrombocytopenia, 982
congenital neutropenias, 979
exchange transfusion, haemolytic 

disease of the fetus and newborn, 
975

haematology see neonatal haematology
haemochromatosis, 52
hereditary elliptocytosis, 134
hereditary pyropoikilocytosis, 134
polycythaemia, 978–979

causes, 978
rare bleeding disorders, 814–815
screening, sickle cell disease, 119–120
stroke, 882–883
thalassaemia screening, 106
‘top-up’ blood transfusions, 282
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neonatal alloimmune thrombocytopenia 
(NAITP), 298, 981–982

neonatal anaemia, 971–979
anti-D antibodies, 293
causes, 972, 972–977

blood loss, 977
haemoglobinopathies, 976–977
immune haemolysis, 974–975
parvovirus B19 infection, 973
red cell aplasia, 973–974
red cell destruction, 974–977
red cell enzymopathies, 976
red cell membrane disorders, 

975–976
reduced red cell production, 972

defi nition, 971–972
diagnosis, 978

algorithm, 973
pathophysiology, 971–972
red cell transfusion, 978

neonatal haematology, 971–984, 979
acquired disorders, 980–981
acquired thrombotic disorders, 983
anaemia see neonatal anaemia
haemoglobins, 972
haemostasis, 979–983
inherited disorders, 980–981
inherited thrombotic disorders, 982–983
thrombosis, 979–983
white cell disorders, 979

neonatal jaundice syndrome, glucose-6-
phosphate dehydrogenase 
defi ciency, 150–151, 151

nephrectomy, anaemia, 947
nerve root compression, multiple 

myeloma, 588
nervous system, multiple myeloma, 588
neural tube defects (NTDs), 64–65
neurodegeneration, iron overload, 53
neuroferritinopathy, 53
neurological features

cobalamin defi ciency, 66
folate defi ciency, 66
hereditary haemorrhagic telangiectasia, 

854
polycythaemia vera, 688
sickle cell disease, 114, 116

neutropenias, 313–316
adult ALL, 436, 438
AML treatment, 422, 422
aplastic anaemia, 316
autoimmune, 315
autologous SCT complications, 741
causes, 314
cellular immune responses, 316
Chédiak–Higashi syndrome, 317
childhood ALL, 450
chronic benign, 315

chronic granulomatous disease, 
317–318

chronic idiopathic, 315
CLL, 549
collagen vascular disorders, 316
congenital, 202
congenital neonatal, 979
CXCR4 overexpression, 316
cyclic, 314–315
deferiprone, 58
defi nition, 313
drug-induced, 316
ELA2 gene, 202
Felty syndrome, 316, 946
function disorders, 316–318, 317
genetic subtypes, 202
hairy cell leukaemia, 551
HIV infection, 954–955
humoral immune responses, 316
hyper-IgM syndrome, 315
imatinib mesylate, 492
infections in leukaemia, 469
infectious mononucleosis, 365
malignancies, 944
metabolic diseases, 316
myelodysplastic syndrome, 512
myeloperoxidase defi ciency, 318
natural killer cell disorders, 316
neonates, 979
nutritional defi ciencies, 316
Papillon–Lefevre syndrome, 318
peripheral destruction, 313
pure white cell aplasia, 315
reticular dysgenesis, 315
rheumatoid arthritis, 316
specifi c granule defi ciency, 318
splenomegaly, 370
systemic lupus erythematosus, 316
thalidomide side effects, 596
tropical diseases, 968
viral infections, 316
WHIM syndrome, 316
X-linked agammaglobulinaemia, 315

neutropenic fever see leukaemias, 
supportive care

neutrophil(s), 307–318
Alder–Reilly anomaly, 311, 312
antigens, 263, 263–264
apoptosis, 312
azurocidin, 307
azurophil granules, 308–309, 310
bacterial permeability-increasing 

protein, 307
Barr bodies, 310–311, 311
cathepsin G, 307
Chédiak–Higashi syndrome, 311, 312
chemoattractant receptors, 304
counts, ethnic variations, 956, 957

development, 307–312, 308
disorders, 312–318

see also specifi c diseases/disorders
function, 307–312
granules, 308–309, 310
hypersegmented, cobalamin defi ciency, 

75
infectious organism clearance, 309
lifespan, 309
malaria, 959
May–Hegglin anomaly, 311, 312
microbicidal proteins, 307
Pelger–Huët anomaly, 310, 311, 312
peroxisome proliferator-activated 

receptor-γ, 309
priming, 309–310
structure, 308

neutrophil elastase, 202
neutrophilia, 312, 312–313

Brucella infections, 951
infections, 951
malignancies, 944
Rickettsia infections, 951
Salmonella infections, 951

neutrophilic chronic myeloid leukaemia, 
707

new integrated risk classifi cation, adult 
ALL prognosis, 445

newly diagnosed transplant candidates, 
multiple myeloma management/
treatment, 591–593

New York study, classical Hodgkin 
lymphoma treatment, 648

NF1 gene, 391, 501, 527
NF-E2, globin gene clusters, 86
NFκB pathway

DLBCL not otherwise specifi ed, 623
Hodgkin lymphoma, 641–642

NHL see non-Hodgkin lymphoma (NHL)
nicotinic acid defi ciency, 81
Niemann–Pick disease(s), 341

see also specifi c types
Niemann–Pick disease A, 334

clinical features, 337
Niemann–Pick disease B, 334
Niemann–Pick disease C, 335
nifurtimox, American trypanosomias, 

967
Nijmegen breakage syndrome (NBS), 191
nilotinib, CML management, 494, 495
nitrates, acquired haemolytic anaemias, 

173
nitric oxide (NO)

endothelium interactions, 753, 754
paroxysmal nocturnal haemoglobinuria, 

177, 179
phagocytes, 305–306
platelet inhibition, 772, 787–788
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sickle cell disease, 111, 112
vasodilation, 111, 112

nitric oxide synthase (NOS), 305–306
nitrites, acquired haemolytic anaemias, 

173
nitrogen mustard, mycosis fungoides 

treatment, 682
nitrous oxide inhalation, cobalamin 

defi ciency, 74
NK cells see natural killer (NK) cell(s)
NKG2D, natural killer cells, 354
NLPHL see nodular lymphocyte-

predominant Hodgkin 
lymphoma (NLPHL)

NMSG, multiple myeloma management/
treatment, 594

NO see nitric oxide (NO)
nodal marginal zone lymphoma, 619
nodular lymphocyte-predominant 

Hodgkin lymphoma (NLPHL), 
640

clinical presentation, 642–643
prognosis, 644
treatment, 647
WHO lymphoma classifi cation, 635, 636

non-cultural screening, infections in 
leukaemia, 471–472

non-gastric MALT lymphomas, 671
non-haemolytic febrile transfusion 

reactions, blood transfusions, 
286

non-Hodgkin lymphoma (NHL), 655–685
aetiology, 656–658

AIDS-related, 681–682
chromosomal translocations, 657
Epstein–Barr virus, 656, 656–657
genetics, 658
hepatitis C virus, 657
human herpesvirus 8, 657
human T-cell leukaemia/lymphoma 

virus type 1, 657
immunosuppressed individuals, 

656
immunosuppression, 658
occupational factors, 658
virus infections, 656–657

aggressive B-cell, treatment, 673–676
adjuvant radiotherapy, 674–675
allogeneic SCT, 675
autologous SCT, 675
CNS prophylaxis, 674
localized disease, 674
stage II-IV, 674

autologous SCT, 668–669
non-conjugated monoclonal 

antibodies, 669
radioimmunoconjugates with, 669

clinical features, 659

cutaneous lymphomas, 682–683
cytogenetics, 658–659
diagnosis, 431

bone marrow trephine biopsy, 399, 
531

cytogenetic analysis, 405
differential diagnosis, 542–543

adult ALL vs., 437
CLL vs., 403
fl ow cytometric immunophenotyping, 

403
epidemiology, 655–656

elderly patients, 683
geographical variations, 655–656

frequency, 655
immunocompromised patient, 681–682
immunohistochemistry, 404
International Prognostic Index, 661
laboratory investigations, 659–662

anaemia, 659–660
fi ne-needle aspiration, 659
histology, 659
lactate dehydrogenase, 660–661
paraproteins, 660–661

leukaemic phase, 544–556
malignancies, 942
oncogenes, 658–659
red cell aplasia, 942
splenic marginal zone, 657
staging, 662–663
treatment, 663

aggressive, 680–681
allogeneic SCT, 669
autologous SCT see above
chemotherapy, 664
CNS prophylaxis, 680–681, 681
high-grade lymphoma, 679
SCT, 668–669
therapy algorithms, 670

warm-type AIHA, 162
see also specifi c diseases/disorders

non-myeloablative stem cell 
transplantation, adult ALL, 441, 
442

non-neuropathic hereditary systemic 
amyloidosis, 612

non-secretory multiple myeloma, 584
nonsense-mediated mRNA decay (NMD), 

globin gene translation, 87
non-spherocytic haemolytic anaemia, 

chronic, glucose-6-phosphate 
dehydrogenase defi ciency, 152

non-steroidal anti-infl ammatory drugs 
(NSAIDs), sickle cell disease 
therapy, 122

non-transferrin-bound iron (NTBI)
iron-loading anaemias, 56
β-thalassaemias, 94

non-transplant candidates, multiple 
myeloma management/
treatment, 593–594

Noonan syndrome
PTPN11 gene, 391
thrombocytopenias, 917

NOP10 gene, 195
Nordic Myeloma Study Group, 587
norfl oxacin, infection prophylaxis, 473
normochromic macrocytic anaemia, 

Diamond–Blackfan anaemia, 198
normochromic normocytic anaemia

leishmaniasis, 967
malaria, 959

NOTCH1 gene mutations, 449–450
NOTCH signalling pathway

haematopoiesis, 8
Hodgkin lymphoma, 642

NPM1 gene
AML relapse risk, 427, 427
anaplastic large-cell lymphoma, 574
function alteration, 387

NPM–ALK gene translocations, 633
NRAS gene

activating mutations, 387
AML, 391
chronic myelomonocytic leukaemia, 391
multiple myeloma, 579
myelodysplastic syndrome, 391, 510

NSAIDs (non-steroidal anti-infl ammatory 
drugs), sickle cell disease therapy, 
122

NT5C3 gene, pyrimidine 5’-nucleotidase, 
154

NTBI see non-transferrin-bound iron 
(NTBI)

N-terminal pro-brain natriuretic peptide 
(NT-pro-BNP), 607

NT-pro-BNP (N-terminal pro-brain 
natriuretic peptide), 607

nucleic acid test (NAT), HIV blood 
screening, 273

nucleotide metabolism, red cell 
metabolism, 154–155

null phenotypes, blood group antigens, 
229

nutritional defi ciencies
CLL vs., 534–535
erythropoiesis, 24
folate defi ciency, 77–78
leukaemia, 464, 480
neutropenia, 316

NYH9 gene, thrombocytopenias, 918
nystatin

with framycetin and colistin (FRACON), 
473

with gentamicin and vancomycin 
(GVN), 473
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O
obstetric haemorrhage, 851
occupational factors, NHL, 658
ocular complications, sickle cell disease, 

117
oedema, pulmonary, 738–739
oesophagitis, leukaemias, 471
ofatumumab

CLL management, 547
follicular lymphoma therapy, 667

ofl oxacin, infection prophylaxis, 473
Ok blood group, 245
older patients see elderly patients
oligosaccharidoses, 334

clinical manifestations, 337
prevalence, 331

oncogenes, NHL, 658–659
opiates, analgesia, 481
opportunistic infections

adult T-cell leukaemia lymphoma, 568, 
678

see also specifi c infections
opportunistic/overwhelming post-

splenectomy infection (OPSI), 
133, 375–376, 935

opsonic receptors, phagocytes, 303
opsonization, 234–235
oral contraceptives

counselling in heritable thrombophilia, 
885–886

thrombosis prevention, 881
venous thromboembolism, 890

oral swabs, infections in leukaemia, 
471

organ involvement
allogeneic SCT complications, 737–739
systemic AL amyloidosis, 606, 606–607

organomegaly, AML, 415
oropharyngeal bleeding, haemophilia A, 

795
orotic aciduria, megaloblastic anaemia 

causing, 81
Oroya fever see Bartonella infections 

(Oroya fever)
orthochromatic erythroblasts (Ort), 14
osmotic fragility test, hereditary 

spherocytosis, 131, 132
osteomyelitis, sickle cell disease, 114
osteonecrosis, multiple myeloma, 586
osteoporosis, mastocytosis, 702
osteosclerotic myeloma (POEMS 

syndrome), 584
oxidative damage defence, glutathione 

cycle, 148
oxidative haemolysis, acquired haemolytic 

anaemias, 172, 173, 173
oxidative stress defences, red cell 

metabolism, 147–148

oxidoreductases, 29–30
oxygen affi nity, fetal haemoglobin, 83
oxygen dissociation curve, 83–84
oxymetholone, Fanconi anaemia 

treatment, 191

P
P1 antigen, 238, 251, 252
P2 antigen, 251
P2X1 ATP receptor, 785
P2Y1 ADP receptor, 783

signalling transduction disorders, 920
thrombocytopathy, 922

P2Y12 ADP receptor, 783
thrombocytopathy, 922

p15INK4b gene deletion, 394
p16INK4a gene

deletion
lymphomas, 394
mantle cell lymphoma, 393

hypermethylation, 388
p53 gene, inactivating mutations, 387
paediatric follicular lymphoma, 620
paediatric protocol indications, adult ALL 

therapy, 445
PAI-1

haemostatic disturbance in chronic liver 
disease, 849

protein C pathway inhibition, 767
pain

leukaemia, 464, 481
sickle cell disease therapy, 122
total body radiation, 481
vinca alkaloids, 481

PALB2 gene mutations, 191
palliative care, 464, 481

AML treatment, 418–419
pamidronate, multiple myeloma 

management/treatment, 585
pancreatic enzymes, Shwachman–Diamond 

syndrome, 197
pancreatitis, chronic, 73
pancytopenia, acquired aplastic anaemia, 

213
P antigen, 238
pantothenic acid defi ciency, 81
Papillon–Lefevre syndrome, 318
Pappenheimer bodies, myelodysplastic 

syndrome, 512
PAR-1 thrombin receptor, 784, 897
PAR-4 thrombin receptor, 784
paracellular diapedesis, phagocytes, 

301
paracetamol, non-haemolytic febrile 

transfusion reactions, 286
paraproteinaemia, coagulation disorders, 

856
paraproteins, NHL, 660–661

parasite lactate dehydrogenase (pLDH), 
malaria diagnosis, 960–961

parasitic infections
blood transfusion transmission, 271
haematological disorders, 950–952
spleen, 371
see also specifi c infections

paratopes, 229
parenteral fl uid administration, adult ALL, 

437
parenteral iron therapy, iron defi ciency 

anaemia management, 40–41
parietal cells, antibodies to, 72
Paris–Trousseau syndrome, 919

genetics, 925
Parkinson’s disease, plasma homocysteine, 

66
paroxysmal cold haemoglobulinuria 

(PCH), 159, 165–166
viral infections, 950

paroxysmal nocturnal haemoglobinuria 
(PNH), 176–185

clinical features, 177–179
bone marrow failure, 177
cholelithiasis, 178
haemolysis, 177
leukaemic transformation, 178
nitric oxide consumption, 179
renal disease, 178
spontaneous remission, 178–179
thrombosis, 177–178
venous thromboembolism, 898

epidemiology, 177
fl ow cytometric immunophenotyping, 

403–404
future work, 184
glycosylphosphatidylinositol defects, 176
HMGA2 gene, 176
investigations, 179
pathophysiology, 176–177
PIGA gene, 176
post-ATG, 220
pregnancy, 182
prognosis, 184
treatment, 179–182

allogeneic bone marrow 
transplantation, 181

complement blockade, 181–182, 183
supportive care, 179–180
thrombosis, 180

partial D, Rh system, 255
partial remission (PR), CLL, 537
partial thromboplastin time with kaolin 

(PTTK) see prothrombin time 
(PT)

parvovirus 9 infection
hereditary spherocytosis, 132
red cell aplasia, 950
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parvovirus B19 infection, 973
pathogen inactivation techniques, blood 

donation, 275–276
pathogen receptors, blood group antigens, 

229
patient-controlled analgesia (PCA), sickle 

cell disease therapy, 122
PAX5 gene, nodular lymphocyte 

predominant Hodgkin 
lymphoma, 636

P blood group, 245, 251–252
PCA (patient-controlled analgesia), sickle 

cell disease therapy, 122
PCC see prothrombin complex concentrate 

(PCC)
PCH see paroxysmal cold 

haemoglobulinuria (PCH)
PCI, protein C pathway inhibition, 767
PCR see polymerase chain reaction (PCR)
PD1, angioimmunoblastic T-cell 

lymphoma, 633
PDGF see platelet-derived growth factor 

(PDGF)
PDGFRA gene

chronic myelomonocytic leukaemia, 526
eosinophilia, 704
eosinophil myeloproliferative disorders, 

389
PDGFRB gene

chronic myelomonocytic leukaemia, 
526

clonal hypereosinophilic syndromes, 
705

eosinophil myeloproliferative disorders, 
389

myelodysplastic syndrome, 510
PE see pulmonary embolism (PE)
Pearson syndrome, 196

red cell aplasia, 973
PECAM-1

phagocytes, 301
thrombus stabilization, 779

pedigrees, heritable thrombophilia, 878
pefl oxacin, infection prophylaxis, 473
Pel–Ebstein fever, Hodgkin lymphoma, 

642
Pelger–Huët anomaly

myelodysplastic syndrome, 512–513
neutrophils, 310, 311, 312

penicillin
allogeneic SCT infections, 736
drug-induced alloimmune haemolytic 

anaemia, 166
pentamidine

African trypanosomiasis therapy, 966
allogeneic SCT infections, 736

pentose phosphate pathway see red cell 
metabolism

pentostatin (deoxycoformycin)
CLL management, 546
follicular lymphoma treatment, 665
hairy cell leukaemia treatment, 553
T-prolymphocytic leukaemia therapy, 

561
perforins

CD8 T-cells, 353
haemophagocytic lymphohistiocytosis, 

326
performance score, AML relapse risk, 428
periodic acid–Schiff stain, ALL, 402, 403
peripheral blood

megaloblastic anaemia, 66–67, 67
morphology, myelodysplastic syndrome, 

512
sickle cell disease, 119

peripheral destruction, neutropenia, 313
peripheral neuropathy, systemic AL 

amyloidosis, 607
peripheral T-cell lymphomas (PTCLs), 

662, 677–678
not otherwise specifi ed, 570, 631, 631

periprosthetic leaks, fragmentation 
haemolysis, 171

perivalvular leaks, fragmentation 
haemolysis, 171

pernicious anaemia
autoimmune disease association, 72
cobalamin defi ciency, 71–72
Helicobacter pylori infection, 72
hyperthyroidism, 948
hypoadrenalism, 948
hypogammaglobulinaemia, 72
hypoparathyroidism, 948
immune factors, 72
intrinsic factor, 71
juvenile, 72
steroid therapy reaction, 72

peroxisome proliferator-activated 
receptor-γ (PPAR-γ), 
neutrophils, 309

peroxisomes, platelets, 774
pesticides, acquired aplastic anaemia, 208
PET see positron emission tomography 

(PET)
petechiae, 915
PETHEMA-94 trial, 591
PF4, platelet α-granules, 774
PGE2 see prostaglandin E2 (PGE2)
P-glycoprotein

AML, 430
relapse risk, 428

imatinib mesylate resistance, 494
pH

agglutination tests, 237
blood component changes, 279
complement, lytic phase, 235

phagocytes, 300–329
adhesion molecules, 302

cell–cell adhesion receptors, 301
intracellular adhesion molecule 1, 301
intracellular adhesion molecule 2, 

301
vascular cell adhesion molecule-1, 

301
antimicrobial proteins, 306–307
azurocidin, 306
bacterial permeability-increasing 

protein, 306
cathepsin G, 306
cytoskeletal proteins, 305
degranulation, 305
dysfunction, 307–327
integrins, 301, 302
locomotion, 300–301
mechanisms of function, 300–307
nitric oxide, 305–306
opsonic receptors, 303
paracellular diapedesis, 301
PECAM-1, 301
production, 307–327
receptors, 301, 303–304

apoptotic cells, 304
complement receptors, 301, 304
Fc receptors, 301
mannosyl/fucosyl receptors, 303–304

respiratory burst, 305
secretion, 305
selectins, 301, 302
signalling, 304–305
structure, 307–327, 308
see also specifi c cells

phagocytosis, red cells in spleen, 371
pharmacogenetic variables, childhood ALL 

prognosis, 455–456
phenazopyridine, acquired haemolytic 

anaemias, 173
phenotype–genotype correlations, 

leukaemogenesis, 384–385
phenoxymethylpenicillin, post-

splenectomy, 935
phenytoin, folate defi ciency, 79
Philadelphia (Ph) chromosome

adult ALL, 434–435
prognosis, 443–444

CML, 483, 486
negative chronic myelogenous 

leukaemia, 499
phlebotomy, haemochromatosis, type 1, 

50, 51
phosphatase reactions, ALL, 402, 403
phosphatidylcholine, red cell membrane, 

128
phosphatidylethanolamine, red cell 

membrane, 128
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phosphatidylinositol 3-kinase (PI3-K)
BCR–ABL1 chimeric gene, 489
platelet second messenger pathways, 786

phosphatidylinositol glycan A, red cell 
membrane, 129

phosphatidylserine, red cell membrane, 
128

phosphofructokinase, 147
defi ciency, 146, 147

6-phosphogluconate dehydrogenase, 140
phosphoglycerate kinase, 147

defi ciency, 146, 147
phototherapy

acute GvHD therapy, 735
glucose-6-phosphate dehydrogenase 

defi ciency, 151
phox (phagocyte oxidase) proteins, 

phagocytes, 305
physical examination, primary immune 

thrombocytopenia, 932
physiological reactions, SHOT, 290
PI3-K see phosphatidylinositol 3-kinase 

(PI3-K)
PI3-K/Ras-MAP kinase pathway, 

erythropoietin receptor, 21, 22
PIFT (platelet suspension 

immunofl uorescence test), 264
PIGA gene

acquired aplastic anaemia, 209
acquired haemolytic anaemias, 174
myelodysplastic syndrome, 507
paroxysmal nocturnal haemoglobinuria, 

176
PIM1 gene, 636
PK antigen, 238
PKG-1, platelet inhibition, 787
placenta, haematopoiesis, 5–6, 7
plasmablastic lymphoma, WHO 

lymphoma classifi cation, 625
plasma cell(s), 343–344

development, 355
dyscrasia, systemic AL amyloidosis, 601, 

606
leukaemia, 583
microenvironment interaction, multiple 

myeloma, 580–581, 581
neoplasms, WHO lymphoma 

classifi cation, 618
proliferative activity, multiple myeloma, 

589
receptor blockers, multiple myeloma 

management/treatment, 596
plasma cell myeloma, WHO lymphoma 

classifi cation, 618
plasmacytoma, 618

bone, 584
extramedullary, 584
WHO lymphoma classifi cation, 618

plasma exchange
cold-type AIHA, 165
diarrhoea-related haemolytic-uraemic 

syndrome, 869
TTP treatment, 866–867
see also exchange transfusion 

(erythrocytapheresis)
plasma expanders, anticoagulant effects, 

852
plasma iron, erythropoiesis, 23
plasma non-transferrin-bound iron, iron 

metabolism, 36
plasmapheresis see plasma exchange
plasma, preparation, 276
plasma protein antibodies, 266

blood transfusions, 287
plasma protein antigens, 266
plasma skimming, spleen, 369
plasmin, 767–768

fi brin, action on, 768
inhibitors, 770

plasminogen (PLG), 759, 767–768
activation inhibitors, 769–770
fi brinolysis, 751
haemostatic disturbance in chronic liver 

disease, 848, 849
plasminogen activation inhibitor type 1, 

759, 769
plasminogen activation inhibitor type 2, 

769–770
plasminogen activators, 768–769

see also specifi c types
Plasmodium falciparum infection see 

malaria
Plasmodium malariae infection see 

malaria
Plasmodium ovale infection see malaria
Plasmodium vivax

Duffy glycoprotein binding, 229
infection see malaria

platelet(s), 772–792
actin polymerization, 786–787
activation, 786–787, 921
adhesion, 786, 921
adhesion disorders, thrombocytopathies, 

919–920
aggregation disorders, 

thrombocytopathies, 921–923
α-granules, 774, 774
amyloidosis, 856
animal models, 774–775
antibodies, 264–266

blood transfusions, 286–287
binding, von Willebrand disease 

diagnosis, 806
bleeding problems, 788
blood vessel wall interaction, 

753–754

congenital disorders, 915–927
bleeding, 915
classifi cation, 915
coagulation factor disorders vs., 

915
family history, 915
gene therapy, 925–926
genetics, 925
therapy, 924–925
variable severity, 915
see also specifi c diseases/disorders

connective tissue disorders, 946
coronary artery bypass graft, 851
count, heparin-induced 

thrombocytopenia, 891
cytoskeleton, 773
defi nition, 772
dense granules, 774
dilution of, massive transfusions, 289
disorders, viral infection, 950
fi brinogen, 772
formation, 775
functions, 772–773, 773, 915

platelet function testing, 789
function testing, 788–790

automated cell counting, 789
bleeding time, 789
fl ow cytometry, 789
light transmission aggregometry, 

789
mean platelet volume, 789
myelodysplastic syndrome, 513
platelet function analyser, 789

genetics, 774
haemostasis, 755
HIV infection, 955
inhibition, 772, 787–788
lifespan, 774
lysosomes, 774
malignancies, 944
matching in immunological 

refractoriness, 266
peroxisomes, 774
post-splenectomy, 377–378
pregnancy, 953–954
preparation, 276, 277, 278
primary myelofi brosis, 698
receptors

α2A-adrenoceptors, 784–785
CD36, 785
CLEC-2, 785
FcγRIIA, 785
5-HT2A receptors, 784
P2X1 ATP receptor, 785
stimulatory see below

renal disease, 850, 850
second messenger factors, 785–786
secretion, 786
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signalling pathways, 779–783, 780
integrins, 781, 781
ITIM, 779
Src, 779, 781, 782
Syk, 779, 781, 782
thrombocytopathies, 920

stimulatory receptors, 779–783
collagen, 781–782
GPIb-IX-V, 780–781
G protein-coupled receptors, 783–784
GPVI, 779, 780, 781, 781–782
heterotrimeric proteins, 780
integrin α2β1, 781–782
integrin αIIbβ3, 782–783
P2Y1 ADP receptor, 783
P2Y12 ADP receptor, 783
PAR-1 thrombin receptor, 784
PAR-4 thrombin receptor, 784
thromboxane receptor, 783–784
tyrosine kinase-linked receptors, 

780–783
storage changes, 279–280
storage granules, 774

see also specifi c types
structure, 773–774, 919
thrombosis, 790–791
thromboxane, 772, 786
transfusions see platelet transfusions
von Willebrand factor, 772

platelet-derived growth factor (PDGF)
platelet α-granules, 774
primary myelofi brosis, 697

platelet suspension immunofl uorescence 
test (PIFT), 264

platelet transfusions
acquired aplastic anaemia, 214
acute promyelocytic leukaemia, 845
‘compatible’ platelets, 466
congenital platelet disorder therapy, 

924
DIC treatment, 845
HLA typing, 466
leukaemias, 466
massive blood loss, 853
myelodysplastic syndrome, 519
neonatal thrombocytopenia, 982
SCT, 733

PLCH (pulmonary Langerhans cell 
histiocytosis), 325–326

pLDH (parasite lactate dehydrogenase), 
malaria diagnosis, 960–961

PLG see plasminogen (PLG)
PML–RARA fusion gene, acute 

promyelocytic leukaemia, 384, 
386

PML (progressive multifocal 
leucoencephalopathy), rituximab 
side effects, 936

pneumococcal infections, sickle cell 
disease, 113–114, 114

Pneumocystis jirovecii infection
ALL, 477
allogeneic SCT infections, 736, 738
CLL, 478

pneumonia, sickle cell disease, 114
PNH see paroxysmal nocturnal 

haemoglobinuria (PNH)
POEMS syndrome (osteosclerotic 

myeloma), 584
poikilocytosis

iron defi ciency anaemia, 39
myelodysplastic syndrome, 512

point mutations
haematological malignancies, 387
hereditary persistence of fetal 

haemoglobin, 98, 99
δβ thalassaemia, 98
β-thalassaemias, 89
α thalassaemias, 100

point-of-care testing, acquired coagulation 
disorders, 840–841

poly-A addition sites, haemoglobin, 85
polyacrylamide gel electrophoresis (PAGE), 

hereditary spherocytosis, 131
polyagglutinable red cells, 261–263

acquired, 261–262
inherited, 261–262
T activation, 262, 262
Tk activation, 262, 262
Tn activation, 262, 262–263

polyarteritis nodosa, eosinophilia, 946
polychromatic erythroblasts (Pol), 14, 17, 

17
polyclonal B-cell lymphocytosis

blood fi lm, 544
CLL, 544

polycystic kidney disease, abnormal 
erythropoietin secretion, 693

polycythaemias, 686–693
apparent, 693
endocrine disorders, 948
hepatoma, 943
malignancies, 943
primary, 690
renal cell carcinoma, 943
renal disease, 947
secondary, 690–691
see also specifi c diseases/disorders

polycythaemia vera, 686–690
aetiological classifi cation, 686
bone marrow aspirates, 401
Budd–Chiari syndrome, 688
clinical features, 688–689
epidemiology, 688
essential thrombocythaemia, 

transformation of, 694

investigations, 689–690
pathophysiology, 686–687
thrombosis, 896–897
treatment, 690

Polycythaemia Vera Study Group (PVSG), 
687

polymerase chain reaction (PCR), 410
BCR–ABL detection, 410, 410
childhood ALL minimal residual disease, 

455
HLA typing, 717
molecular blood grouping techniques, 

242
quantitative see quantitative polymerase 

chain reaction
T-cell large granular lymphocyte 

leukaemia, 565
thalassaemia screening, 105

polymerase chain reaction sequence-
specifi c oligonucleotides (PCR-
SSO), HLA typing, 718

polymerase chain reaction sequence-
specifi c primers (PCR-SSP), HLA 
typing, 718, 718

polysaccharide solutions, fl uid balance, 479
Pompe disease (glycogen storage disease 

type II), 335, 341
clinical features, 337
enzyme replacement therapy, 332

populations
haemochromatosis, type 1 screening, 51
HLA polymorphism, 713

porcine factor VIII, 799
porphyria(s), 41–42, 42

congenital erythropoietic, 41–42
see also specifi c types

porphyria cutanea tarda, 42
porphyrin synthesis, 36
portal hypertension, splenomegaly, 374
posaconazole, infection prophylaxis, 474
positive selection, T cell development, 

351
positron emission tomography (PET)

Hodgkin lymphoma, 643–644
response assessment, 644–645, 646

NHL, 662
Richter transformation, 549

post-thrombotic syndrome, 913
post-transfusion purpura, 287
post-translational stability mutations, 

β-thalassaemias, 90, 90
post-transplant lymphoproliferative disease 

(PTLD), 222–223, 656, 682, 
739

infectious mononucleosis vs., 366
potassium

blood component changes, 279
red cell metabolism, 140–141
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potassium–chloride cotransporter, sickle 
cell disease, 110

PPAR-γ (peroxisome proliferator-activated 
receptor-γ), neutrophils, 309

pralatrexate, peripheral T-cell lymphomas, 
677

pre-B cell(s), 349
pre-B-cell acute lymphoblastic leukaemia, 

434
immunophenotypic classifi cation, 451

pre-conception screening, thalassaemias, 
105

prednisolone
adult ALL chemotherapy, 438
ATG side effects, 216
chronic GvHD therapy, 740
clonal hypereosinophilic syndromes 

treatment, 706
with cyclophosphamide and vincristine 

see CVP (cyclophosphamide, 
vincristine, prednisolone)

with cyclophosphamide, doxorubicin 
and vincristine see CHOP 
(cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

with melphalan see melphalan
with mustine, vincristine and 

procarbazine see MOPP 
(mustine, vincristine, 
procarbazine and prednisolone)

with rituximab, cyclophosphamide, 
doxorubicin and vincristine see 
R-CHOP (rituximab, 
cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

systemic AL amyloidosis management, 
609

TTP treatment, 867
prednisone

adult ALL chemotherapy, 438
with bleomycin, etoposide, doxorubicin, 

cyclophosphamide, vincristine 
and procarbazine see BEACOPP 
(bleomycin, etoposide, 
doxorubicin, cyclophosphamide, 
vincristine, procarbazine and 
prednisone)

with melphalan, multiple myeloma 
management/treatment, 591

pregnancy, 953, 953–954
anaemias, 953

acquired aplastic anaemia, 207
anti-D antibody detection, 294
antiphospholipid syndrome, 895
coagulation changes, 954
essential thrombocythaemia, 696–697
factor V and factor VIII combined 

defi ciency, 834

factor V defi ciency, 834
factor VII defi ciency, 834
factor X defi ciency, 834
factor XI defi ciency, 835
factor XIII defi ciency, 835
fi brinogen defi ciency, 834
folate defi ciency, 64, 78
folate supplements, 64–65, 78, 81
haemostasis, 767
HELLP syndrome, 953–954
Hodgkin lymphoma treatment, 651
paroxysmal nocturnal haemoglobinuria, 

182
platelets, 953–954
primary immune thrombocytopenia see 

primary immune 
thrombocytopenia

pyruvate kinase defi ciency, 145
sickle cell disease, 117
thrombocytopenia, 953
thrombosis prevention, 881–882
venous thromboembolism, 889

therapy, 912–913
von Willebrand disease, 810
white cells, 953

preimplantation genetic diagnosis, 
thalassaemias, 105

prekallikrein, 758
defi ciency, 748

premarital screening, thalassaemias, 
105

premature ageing, dyskeratosis congenita, 
195

premature infants
folate defi ciency, 78
folate prophylaxis, 81
iron defi ciency anaemia, 39
Rhesus haemolytic disease of the fetus 

and newborn, 295
premature termination codons (PTCs), 

globin gene translation, 87
prenatal diagnosis

sickle cell disease, 120
thalassaemias, 105

preoperative assessment, blood transfusion 
recipients, 280, 280

PRF1 gene, haemophagocytic 
lymphohistiocytosis, 326

priapism, sickle cell disease, 117
primaquine, malaria treatment, 962
primary CNS lymphoma, 676–677
primary cutaneous anaplastic large-cell 

lymphoma, 630
primary cutaneous CD30-positive T-cell 

lymphoproliferative disorders, 
630

primary cutaneous diffuse large B-cell 
lymphomas, leg type, 624–625

primary cutaneous follicle centre 
lymphoma, 620–621, 683

primary cutaneous γδ T-cell lymphomas, 
630–631

primary cutaneous large B-cell lymphoma, 
leg type, 683

primary cutaneous T-cell lymphomas, 
682–683

primary effusion lymphoma, 625, 625
primary erythrocytosis, 691
primary familial and congenital 

polycythaemia (PFCP), 691
primary fi brinolysis, malignancies, 945
primary gastrointestinal lymphomas, 

676
primary immune thrombocytopenia, 

928–939
anti-GPIIb/IIIa antibodies, 928–929
antiplatelet antibodies, 930
CD8 T cells, 931, 931
clinical features, 928–929
CLL, 548
diagnosis, 932, 932–933
environmental trigger, 929
Helicobacter pylori infection, 

930–931
heterogeneity, 928
immune response, 929
management, 933–935, 934

anti-D antibody, 933, 934
azathioprine, 934
children, 936–937
corticosteroids, 933, 934
intravenous Ig, 933, 934
long-term, 934
mycophenolate mofetil, 934
short-term, 934
splenectomy, 934–935
thrombopoietin receptor agonists, 

933, 936
MHC polymorphisms, 929
multifactorial disease, 929–932
natural history, 932
new consensus terminology, 929, 929, 

935
stages, 929

pathophysiology, 929
in pregnancy, 937–938

causes, 937
investigation, 937, 937
management, 937–938

refractory, 935–936
thrombocytopenia, 917, 932
thrombopoietin, 931, 931–932
viral infection, 928

primary intestinal follicular lymphoma, 
620

primary lymphoid organs, 344
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primary mediastinal B-cell lymphoma
differential diagnosis, 412
treatment, 675–676

primary mediastinal large B-cell 
lymphoma, 624

primary myelofi brosis, 697–701
clinical features, 697–698
diagnosis, 699

bone marrow trephine, 699
differential diagnosis, 699
epidemiology, 697
investigations, 698–699
pathophysiology, 697
prognosis, 701
treatment, 699–701

allogeneic SCTm, 699–700
anaemia therapy, 700
cytoreductive therapy, 700
splenectomy, 700
splenic irradiation, 700
thalidomide, 700–701

primary polycythaemias, 690
primary splenic hyperplasia, 374
primary β-thalassaemias, 92
primary tumours, splenomegaly, 374
primidone, folate defi ciency, 79
prions, transmission, blood transfusions, 

271, 274
pro-B cell(s), 349
pro-B-cell acute lymphoblastic leukaemia, 

434
procainamide, warm-type AIHA, 

162
procarbazine

with bleomycin, etoposide, doxorubicin, 
cyclophosphamide, vincristine 
and prednisone see BEACOPP 
(bleomycin, etoposide, 
doxorubicin, cyclophosphamide, 
vincristine, procarbazine and 
prednisone)

with mustine, vincristine and 
prednisolone see MOPP 
(mustine, vincristine, 
procarbazine and 
prednisolone)

PROC gene
protein C defi ciency, 873, 876
thrombosis risk, 879

procoagulant activity, thrombus formation, 
779

progressive multifocal leucoencephalopathy 
(PML), rituximab side effects, 
936

proliferation centres, WHO lymphoma 
classifi cation, 615–616

promoter regions, haemoglobin, 85
pronormoblasts (Pro), 14, 17, 17

PROS gene
protein S defi ciency, 873, 877
thrombosis risk, 879

prostacyclin, platelet inhibition, 772, 787, 
788

prostacyclin synthase, 754
prostaglandin E2 (PGE2)

endothelium interactions, 753, 754
haematopoiesis, 8

protease-activated receptor 1 (PAR-1), 897
protease nexin 2, 765
proteasome inhibitors, multiple myeloma 

management/treatment, 596
proteasomes, antigen processing, 345
protein(s)

defi ciency, anaemia, 81
red cell membrane see red cell 

membrane
protein 4.1, 129
protein 4.2 (pallidin), 129
β-protein, amyloidosis, 600
proteinase 3, 307
protein C, 759, 765–766

activated see activated protein C (APC)
assays, heritable thrombophilia, 884
defi ciency, 873, 876–877

assays, 884
neonates, 982–983
PROC gene, 873, 876
purpura fulminans, 882
warfarin-induced skin necrosis, 855

haemostatic disturbance in chronic liver 
disease, 848

inhibitors, 767
neonatal thrombocytopenia, 982
structure, 876

protein C pathway, 765–767
thrombosis in infl ammation, 898

protein kinase A (PKA), platelet inhibition, 
787

protein kinase C (PKC), platelet second 
messenger pathways, 785–786

protein kinase G (PKG), platelet 
inhibition, 787

protein S, 759, 766
assays, heritable thrombophilia, 884–885
defi ciency, 873, 877

acquired, 858
HIV infection, 955
neonates, 982–983
PROS gene, 873, 877
warfarin-induced skin necrosis, 855

haemostatic disturbances in pregnancy, 
851

neonatal thrombocytopenia, 982
proteinuria, systemic AL amyloidosis, 607
protein Z, 764

heritable thrombophilia, 878

protein Z-dependent inhibitor, 764
prothrombin, 758, 762

defi ciency, 816, 818
genetics, 819
lupus anticoagulant association, 858
in pregnancy, 834
prophylaxis, 833
treatment, 833

prothrombin complex
bleeding in surgery, 911
haemophilia treatment, 799–800

prothrombin complex concentrate (PCC)
acquired haemophilia A therapy, 858
DIC treatment, 845
factor VII defi ciency therapy, 823
factor X defi ciency, 825
prothrombin defi ciency, 816
vitamin K-dependent coagulation 

factors defi ciency, 832
prothrombin time (PT), 748

acquired coagulation disorders, 840
DIC, 843
haemophilia A, 795
heritable thrombophilia, 883
in liver disease, 847–848
neonatal haemostasis, 980
rare bleeding disorders, 814
in trauma, 852

proton-coupled high affi nity folate 
transporter (PCFT/HCP1), 76

protozoan infections
haemophagocytic lymphohistiocytosis, 

326
see also specifi c infections

prourokinase, 759
pruritus

polycythaemia vera, 688
Sézary syndrome/mycosis fungoides, 

566
pseudo-Hurler syndrome see mucolipidosis 

type III (pseudo-Hurler 
syndrome)

pseudohyperkalaemia, hereditary 
stomatocytosis, 135–136

Pseudomonas infections
leukaemias, 472
splenectomy risks, 375

pseudo von Willebrand disease, 810, 812
genetics, 925
platelet responses, 922

psoralen with UVA irradiation see PUVA 
(psoralen with UVA irradiation)

psychogenic purpura, 853
psychological problems

leukaemia, 463, 464
sickle cell disease therapy, 124

PTCLs see peripheral T-cell lymphomas 
(PTCLs)
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PTCs (premature termination codons), 
globin gene translation, 87

PTLD see post-transplant 
lymphoproliferative disease 
(PTLD)

PTPN11 gene
juvenile myelomonocytic leukaemia, 

501, 527
Noonan syndrome, 391

PU.1 gene, 510
puberty, allogeneic SCT complications, 

740–741
pulmonary arteriovenous fi stulae, 

hereditary haemorrhagic 
telangiectasia, 854

pulmonary complications, sickle cell 
disease, 116

pulmonary embolism (PE)
clinical scores, 902
diagnosis

bilateral ultrasonography, 903
MRI, 903
spiral CT, 902–903
ventilation–perfusion (V/Q) scanning, 

902
management, low-molecular weight 

heparin, 908
prophylaxis, 908–909

pulmonary hypertension
chronic thromboembolic, 913
sickle cell disease, 116

pulmonary infections
allogeneic SCT complications, 738–739
specimens, 471
see also specifi c infections

pulmonary Langerhans cell histiocytosis 
(PLCH), 325–326

pulmonary oedema, allogeneic SCT 
complications, 738–739

pure red cell aplasia, CLL, 548
pure white cell aplasia, neutropenia, 315
purine analogues

advanced follicular lymphoma 
treatment, 665

CLL management, 546
splenic marginal zone lymphoma, 671
Waldenström macroglobulinaemia, 

672
purpura fulminans, 882

DIC, 882
neonates, 983
protein C defi ciency, 882

purpura simplex, 853
PUVA (psoralen with UVA irradiation)

mastocytosis treatment, 703
mycosis fungoides treatment, 682
Sézary syndrome/mycosis fungoides, 

567

PVSG (Polycythaemia Vera Study Group), 
687

pycnodysostosis, clinical features, 338
pycnodysostosis, 335
pyknocytosis, infantile, 976
pyridoxine, sideroblastic anaemia 

treatment, 45
pyrimethamine, malaria treatment, 

962
pyrimidine 5’-monophosphate hydrolase 

see pyrimidine 5’-nucleotidase
pyrimidine 5’-nucleotidase, 154–155

defi ciency, 154–155, 155
reactions, 154

pyropoikilocytosis, hereditary see 
hereditary pyropoikilocytosis 
(HPP)

pyruvate kinase, 141–145
defi ciency, 141–145, 146

clinical features, 143–144
congenital non-spherocytic 

haemolytic anaemia, 144
2,3-DPG accumulation, 142–143
epidemiology, 141
laboratory diagnosis, 144–145
management, 143, 145
molecular biology, 141–143
neonatal anaemia, 976
pregnancy, 145
splenectomy, 143, 145

reactions, 142, 142–143

Q
quality of life, NHL treatment, 664
quantitative Buffy coat test, African 

trypanosomiasis, 966
quantitative haemagglutination, 241
quantitative polymerase chain reaction, 

410, 411
adult ALL, 435
cytomegalovirus infection, 471
imatinib mesylate monitoring, 493
minimal residual disease, 410

Quebec platelet disorder, 923
genetics, 925

quinine, malaria treatment, 962
quinolone antibiotics

allogeneic SCT infections, 736
infections in leukaemia, 472

R
radiography

Hodgkin lymphoma, 643
thalassaemia major, 94, 94

radioimmunoconjugates
follicular lymphoma therapy, 667, 

667–668
problems, 668

radionuclide investigations
spleen, 378, 378
see also specifi c radionuclides

radiotherapy
aggressive NHL treatment, 681
anaplastic large-cell lymphoma, 575
classical Hodgkin lymphoma treatment, 

647
cobalamin malabsorption, 74
consolidation, classical Hodgkin 

lymphoma, 650
Hodgkin lymphoma treatment, 645
local see local radiotherapy
localized follicular lymphoma, 663
MALT lymphoma, 671
myelodysplastic syndrome development, 

504
nodular lymphocyte predominant 

Hodgkin lymphoma treatment, 
647

RAEB-1 (refractory anaemia with excess 
blasts 1), 506

RAEB-2 (refractory anaemia with excess 
blasts-2), 506

RAEBt see refractory anaemia with excess 
blasts in transformation 
(RAEBt)

RAG1 gene, 349
RAG2 gene, 349
Rai staging systems, CLL, 537, 544
RANK-L (TRANCE/OPG-1), multiple 

myeloma pathogenesis, 582
RANTES, 363

eosinophils, 304
platelet α-granules, 774

Raph blood group, 245
antigen (CD151) absence, 229

RAPID trial, 648
Rapoport–Luebering shunt, 141, 142
RARA–PML fusion gene, 386
RARS see refractory anaemia with ring 

sideroblasts (RARS)
RARS-T (refractory anaemia with ring 

sideroblasts and thrombocytosis), 
527–528

rasburicase, adult ALL, 437
RAS gene/protein

chronic myelomonocytic leukaemia, 
526

juvenile myelomonocytic leukaemia, 
389, 390, 391

leukaemogenesis, 389, 391
myelodysplastic syndrome, 509–510

RB1 gene deletion, retinoblastoma, 386
RBDD (International Rare Bleeding 

Disorders Database), 813
RB gene, 488
R binder, cobalamin absorption, 68
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RCC (refractory cytopenia of childhood), 
506

R-CHOP (rituximab, cyclophosphamide, 
doxorubicin, vincristine and 
prednisolone)

aggressive NHL treatment, 681
DLBCL of stomach, 676
follicular lymphoma, 665

RCMD (refractory cytopenia with 
multilineage dysplasia), 505

RCMD -RS (refractory cytopenia with 
multilineage dysplasia and ring 
sideroblasts), 505

RCUD (refractory cytopenia with 
unilineage dysplasia), 506

receptor tyrosine kinases (RTKs), 
signalling, 388

recipient, blood transfusions see blood 
transfusion(s)

recombinant activated factor VII (rFVIIa), 
924

recombinant factor VIIa
acquired haemophilia A therapy, 858
factor XI defi ciency therapy, 827

recombinant factor VIII, 797
assays for, 797

recombinant human erythropoietin 
(rHuEpo)

anaemia in renal disease, 947
anaemia of chronic disease treatment, 

941
erythropoiesis disorders, 24
multiple myeloma, 587

recombinant human megakaryocyte 
growth factor (rhMGDF), 
primary immune 
thrombocytopenia management, 
936

recombinant tissue plasminogen activator, 
venous thromboembolism 
therapy, 903

rectal swabs, infections in leukaemia, 471
red cell(s)

alloantibodies, 280–281
antibodies, clinical signifi cance, 236
antigen sensitization, blood transfusions, 

282–286
destruction, neonatal anaemia, 974–977
development see erythropoiesis
enzyme-treated, 238
enzymopathies, neonatal anaemia, 976
folate defi ciency diagnosis, 79
frozen storage, 280
immunohaematology, 226–243

see also blood group antigens
increased destruction, 126
increased production, 126, 127
iron utilization assay, 23–24

metabolism see red cell metabolism
polyagglutinable see polyagglutinable red 

cells
post-splenectomy, 377
preparation, 276
protoporphyrin, iron metabolism 

measurement, 38
quality control, spleen, 371
sickle cell disease, 110–111, 111

red cell aplasia
CLL, 535, 942
large granular lymphocytic leukaemia, 

942, 943
malignancies, 942
neonatal anaemia, 973–974
NHL, 942
parvovirus 9 infection, 950
thymoma, 942

red cell distribution width (RDW), 
megaloblastic anaemia, 66

red cell indices, 395
red cell mass, 24
red cell membrane, 128–130

acquired haemolytic anaemias, 174
cholesterol, 227
composition, 226–227
disorders, 126–139

clinical phenotype, 130–137
neonatal anaemia, 975–976
see also specifi c diseases/disorders

lipids, 128, 128, 226–227
disorders, 136–137

see also specifi c diseases/disorders
proteins, 128, 129, 130, 227, 227

actin, 227
ankyrin, 227
arrangement, 129
band 3, 227
Cromer glycoprotein, 227
Dombrock glycoprotein, 227
Duffy glycoprotein, 227
Gerbich glycoprotein, 227
glycophorins, 227
glycoproteins type 1, 227
glycoproteins type 3, 227
Kell glycoprotein, 227
spectrin, 227
see also specifi c proteins

structure, 128
red cell metabolism, 128, 140–157

defects, erythrocytosis, 692
glutathione cycle, 141, 148, 153–154

oxidative damage defence, 148
glycolytic pathway, 140–147, 141, 142

ATP production, 140
disorders, 141–145, 146

see also specifi c diseases/disorders; 
specifi c enzymes

pentose phosphate pathway 
interactions, 142

potassium ions, 140–141
Rapoport–Luebering shunt, 141, 

142
nucleotide metabolism, 154–155

see also specifi c diseases/disorders; 
specifi c enzymes

oxidative stress defences, 147–148
pentose phosphate pathway, 141, 148, 

148–153
glucose-6-phosphate dehydrogenase, 

140
glycolytic pathway (Embden–

Meyerhof pathway) interactions, 
142

6-phosphogluconate dehydrogenase, 
140

see also specifi c diseases/disorders; 
specifi c enzymes

red cell transfusions
erythropoiesis disorders, 24
neonatal anaemia, 978
SCT, 733
sideroblastic anaemia treatment, 45

red pulp, spleen, 368, 369
reduced intensity conditioning (RIC), SCT, 

731–732
Reed–Sternberg cells, 631
referral centres, haemophilia A care, 803
refractory anaemia (RA), 504

allogeneic SCT, 521
refractory anaemia with excess blasts 1 

(RAEB-1), 506
refractory anaemia with excess blasts-2 

(RAEB-2), 506
refractory anaemia with excess blasts in 

transformation (RAEBt), 
504–505

allogeneic SCT, 521
bone marrow histology, 514
WHO classifi cation, 506

refractory anaemia with ring sideroblasts 
(RARS), 45, 504

allogeneic SCT, 521
bone marrow histology, 514

refractory anaemia with ring sideroblasts 
and thrombocytosis (RARS-T), 
527–528

refractory cytopenia of childhood (RCC), 
506

refractory cytopenia with multilineage 
dysplasia (RCMD), 505

refractory cytopenia with multilineage 
dysplasia and ring sideroblasts 
(RCMD-RS), 505

refractory cytopenia with unilineage 
dysplasia (RCUD), 506
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refractory primary immune 
thrombocytopenia, 935–936

regulatory T-cells (Treg), 359
relapse rate (RR), ALL allogeneic SCT, 

441
relapse/resistant leukaemia, adult ALL 

chemotherapy, 440
relapsing fever, tropical diseases, 969
remission induction

adult ALL chemotherapy, 438–439, 439
AML treatment, 420–421
childhood ALL treatment, 456–457

renal amyloidosis, treatment, 610
renal cell carcinoma (RCC), 

polycythaemia, 943
renal disease/dysfunction, 946–978

allogeneic SCT complications, 738
anaemia, 946–977, 947
autologous SCT complications, 741
DIC, 843
dysfi brinogenaemia, 947–948
eculizumab effects, 181–182
haemostatic disturbances, 850–851, 

947–948
leukaemia, 479–480
paroxysmal nocturnal haemoglobinuria, 

178
platelets, 850, 850
polycythaemia, 947
sickle cell disease, 117

renal failure
acquired haemolytic anaemias, 

173–174
diarrhoea-related haemolytic-uraemic 

syndrome, 868
favism, 152
multiple myeloma, 586–587

renal transplantation
abnormal erythropoietin secretion, 693
immunosuppression, 716

repeated blood transfusions, 281
replacement therapy, prothrombin 

defi ciency, 816
reproductive complications, leukaemia, 

463, 464
residual microbial risk, blood transfusions, 

275–276
resistance, imatinib mesylate, 494
resistance proteins, AML relapse risk, 

428
respiratory burst, phagocytes, 305
restriction endonucleases, 242
restriction fragment length polymorphisms 

(RFLPs), thalassaemia screening, 
105

reticular dysgenesis, neutropenia, 315
reticulin assays, hairy cell leukaemia 

diagnosis, 551, 552

reticulocyte(s), 14
counts

sickle cell disease, 119
β-thalassaemias, 93

haemoglobin content, iron metabolism 
measurement, 38

haemolysis, 127
in spleen, 371

reticulocytopenia
Diamond–Blackfan anaemia, 198
red cell aplasia, 973

reticuloendothelial function, AIHA, 161
retina

neovascularization, sickle cell disease, 
117

vein thrombosis, therapy, 880
retinoblastoma, RB1 gene deletion, 386
9-cis-retinoic acid receptor (RXR), 

erythroid cell development, 22
reverse transcriptase, dyskeratosis 

congenita, 194
reverse transcriptase polymerase chain 

reaction (RT-PCR), 410
AML minimal residual disease, 428
AML treatment monitoring, 420

Revised European–American Classifi cation 
of Lymphoid Neoplasms (REAL) 
see World Health Organization 
(WHO), lymphoma classifi cation

RHAG blood group, 245
RhAG protein, 228
RhCcEe protein, 228
RHCE gene, 254
RHD–CE–D hybrid gene, 255–256
RHD gene, 254

missense mutations, 256
molecular blood grouping techniques, 

242
RhD protein, 228
RHD pseudogene, 255
RhD, testing, blood donation, 275
Rhesus blood group, 245, 252–259

antibodies, 257–258
antigens, 252–253, 256

neonatal anaemia, 974
testing, 275
see also specifi c antigens

band 3/Rh macrocomplex, 255
blood transfusion recipient testing, 280
C antigen, 253
c antigen, 253
compound antigens, 257
Cw antigen, 256
CX antigen, 256
D—, 257
D antigen, 252–253

other antigen effects, 253–254
partial D, 255

variants, 255–256
weak D, 255

E antigen, 253
e antigen, 253
fetal genotype prediction, 258–259
G antigen, 256
haplotype frequencies, 253
incompatibilities see haemolytic disease 

of the fetus and newborn 
(HDFN)

molecular genetics, 254, 254–255
polymorphisms, 254–255
probable genotypes, 253–254

determination, 254
Rhmod, 257
Rhnull, 257
V antigen, 257
VS antigen, 257

rheumatoid arthritis
acquired aplastic anaemia, 207
amyloidosis, 946
anaemia, 945
eosinophilia, 946
HLA-DR4 association, 713
malignancies, 946
neutropenia, 316
sideroblastic anaemia, 946

Rhmod, 257
Rhnull, 257
Rhnull syndrome, 136, 229
RHOH gene, 636
Rho/Rac GTPases, phagocyte signalling, 

305
Rh proteins, 229
RIAM, 786
ribavirin, drug-induced alloimmune 

haemolytic anaemia, 166
ribofl avin defi ciency, 81

fresh frozen plasma preparation, 
279

ribosomes
proteins, Diamond–Blackfan anaemia, 

198–199
RNA processing, inherited aplastic 

anaemia/bone failure syndromes, 
197

Richter syndrome
blood fi lm, 549
CLL/small lymphocytic leukaemia, 

616
Richter transformation, CLL management, 

548–549
Rickettsia infections

neutrophilia, 951
thrombocytosis, 951

RIPA (ristocetin-induced platelet 
aggregation), von Willebrand 
disease diagnosis, 806
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ristocetin
Bernard–Soulier syndrome, 920
thrombus formation, 778

ristocetin-induced platelet aggregation 
(RIPA), von Willebrand disease 
diagnosis, 806

rituximab, 666
advanced follicular lymphoma, 

665–666
aggressive NHL, 681
Burkitt lymphoma, 679
childhood ALL, 459
chronic GvHD, 740
CLL, 547, 548
cold-type AIHA, 165
with cyclophosphamide, doxorubicin, 

vincristine and prednisolone see 
R-CHOP (rituximab, 
cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

follicular lymphoma, 666–667
hairy cell leukaemia, 553
mantle cell lymphoma, 673
multicentric Castleman disease, 680
nodular lymphocyte predominant 

Hodgkin lymphoma, 647
refractory primary immune 

thrombocytopenia, 935–936
side effects, 935–936
TTP, 867–868
Waldenström macroglobulinaemia, 

672
warm-type AIHA, 163–164

rivaroxaban, venous thromboembolism 
therapy, 906

RNA interference (RNAi), myelodysplastic 
5q–syndrome, 509

RNA replication, folate, 77
Romanowsky dyes

B cell malignancies, 530
malaria diagnosis, 960

Rosai–Dorfman syndrome, 327
rotavirus infection, allogeneic SCT 

complications, 738
routine healthcare, sickle cell disease 

therapy, 121, 121
RPS5 gene, 974
RPS11 gene, 974
RPS14 gene, 387, 509
RPS17 gene, 974
RPS19 gene, 198, 974
RPS24 gene, 974
RPS35a gene, 974
RTKs (receptor tyrosine kinases), 

signalling, 388
RT-PCR see reverse transcriptase 

polymerase chain reaction 
(RT-PCR)

RUNX1 (AML-1) gene
AML, 380
core-binding factor complex, 391
erythropoiesis, 15
haematopoiesis, 7–8
HSC development, 5
myelodysplastic syndrome, 509–510
transient abnormal myelopoiesis of 

Down syndrome, 708
RUNX1 (AML-1)–ETO gene fusion

AML, 381
AML minimal residual disease, 428–429

RUNX1 (AML-1)–EVI1 gene fusion, 
myelodysplastic syndrome, 
510

RUNX2 gene, multiple myeloma 
pathogenesis, 582

S
SAA (serum amyloid A), amyloidosis, 

599–600
Salla disease, 335

clinical features, 338
Salmonella infections, 951

neutrophilia, 951
sickle cell disease, 114

Sandhoff syndrome, 334
Sanfi lippo syndrome see 

mucopolysaccharidosis type III 
(Sanfi lippo syndrome)

SAP scintigraphy
angioimmunoblastic T-cell lymphoma, 

633
systemic AL amyloidosis, 604, 605

SBDS gene, Shwachman–Diamond 
syndrome, 196

Sca-1, haemopoietic stem cells, 2
SCF see stem cell factor (SCF)
Schindler disease, 334

clinical features, 337
schizonts, malaria life cycle, 958
Schulman–Upshaw syndrome, 917

genetics, 925
Scianna blood group, 245, 261
scintillation photography, spleen, 372, 373
SCL (TAL1) gene

childhood ALL, 453
erythropoiesis, 15
HSC development, 5
T-cell acute lymphoblastic leukaemia, 

385
T-cell lymphomas, 659

SCN (severe congenital neutropenia), 187, 
313–314

scurvy
anaemia, 81
bruising, 853–854
folate defi ciency, 78

SDF-1 (stromal cell-derived factor 1), 
363

multiple myeloma pathogenesis, 
580–581

SDF-1α
platelet α-granules, 774
platelets formation, 775

SDS, 211
SDS-PAGE, hereditary spherocytosis, 131
‘seated immobility syndrome,’ 900–901
Sebastian syndrome, 918, 918

genetics, 925
Seckel syndrome, 191
secondary CNS lymphoma, treatment, 677
secondary erythrocytosis, 691–693
secondary lymphoid organs, 344
secondary polycythaemias, 690–691
secondary sideroblastic anaemia, 45
secondary β-thalassaemias, 92
γ-secretase, childhood ALL, 450
secretory immunoglobulin A (sIgA), 

effector functions, 230
selectin(s), phagocytes, 301, 302
E-selectin

endothelium, 753
phagocytes, 301

P-selectin (CD62)
endothelium, 753
phagocytes, 301
platelet α-granules, 774

L-selectin, phagocytes, 301
Senegal haplotype, sickle cell disease, 112
senile purpura, 853
septic shock, blood transfusions, 287
serine protease inhibitors (serpins), 

763–765
see also specifi c types

serotonin antagonists, 481
SERPINC1 gene

antithrombin defi ciency, 874
heritable thrombophilia, 873
thrombosis risk, 879

serpins (serine protease inhibitors), 
763–765

serpocidins, phagocytes, 306
serum amyloid A (SAA), amyloidosis, 

599–600
serum protein electrophoresis, 

myelodysplastic syndrome, 513
17p deletion, multiple myeloma, 579
17q deletion, CLL, 539
severe congenital neutropenia (SCN), 187, 

313–314
Sézary syndrome, 565–567, 682–683

aetiology, 565–566
clinical course, 567
clinical features, 566
cytogenetics, 567
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diagnosis, 566–567
differential diagnosis, 567
prognosis, 567
treatment, 567
WHO lymphoma classifi cation, 630
see also mycosis fungoides

SFLC analysis, plasma cell dyscrasia 
assessment, 606

Sheffi eld scoring system, primary 
myelofi brosis prognosis, 701

SHEPHERD trial, 181
Shigella infections, 951

diarrhoea-related haemolytic-uraemic 
syndrome, 868

SHOT, 289–292
anti D-related events, 290
error-related incidents, 290
incorrect blood component, 291
introduction, 290
mortality decline, 291
physiological reactions, 290
statutory requirements, 290
transfusion-transmitted infections, 290

Shwachman–Diamond–Oski syndrome, 
315

myelodysplastic 5q–syndrome, 509
Shwachman–Diamond syndrome, 187, 

196–197
genetic subtypes, 196
SBDS gene, 196

sialic acid, red cell membrane, 129
sialidosis I see mucolipidosis type I 

(sialidosis I)
sickle cell disease, 109–125

African haplotypes, 112
Arab–Indian haplotype, 112
clinical manifestations, 112–118

acute painful episodes, 113
anaemia, 113
bone complications, 117–118
growth/development, 113
hepatobiliary complications, 116
infections, 113–114
leg ulcers, 118
neurological complications, 114, 116
ocular complications, 117
in pregnancy, 117
priapism, 117
pulmonary complications, 116
renal complications, 117

diagnosis, 119–120
haemoglobin electrophoresis, 119, 

120
peripheral blood fi ndings, 119
prenatal diagnosis, 120

geographic distribution, 109, 110
haplotypes, 109

see also specifi c haplotypes

with HbD disease, 119
with HbE disease, 119
with Hb Lepore disease, 119
with HbO Arab disease, 119
with HPFH, 118–119
malaria, resistance to, 109
mortality, 112
newborn screening, 119–120
pathophysiology, 109–112

erythrocytes, effects on, 110–111, 
111

haemolysis, 111
HbA presence, 110
molecular basis, 109–110
vaso-occlusion, 111

Senegal haplotype, 112
syndromes, 110
β thalassaemia with, 118

fetal haemoglobin, 100
therapy, 121–124

gene therapy, 123–124
haematopoietic SCT, 123, 124
hydroxycarbamide, 122–123
infection control, 121
new techniques, 123, 123
pain management, 122
psychosocial issues, 124
routine healthcare, 121, 121
transfusion therapy, 121–122

variants, 118–119
venous thromboembolism, 898–899
see also haemoglobin(s)

sickle cell trait (HbAS), 118
sideroblastic anaemia, 43, 43–45

acquired, 45
autosomal mutations, 44
hypochromic anaemia vs., 37
inherited, 44–45
microscopy, 43
mitochondrial mutations, 44–45
rheumatoid arthritis, 946
secondary, 45
systemic lupus erythematosus, 946
treatment, 45
X-linked, 44

sideroblasts, 43
siderocytes, 43
signalling pathways

BCR–ABL1 chimeric gene, 489
erythropoiesis see erythropoiesis
inhibitors, multiple myeloma 

management/treatment, 
596

multiple myeloma, 581, 581
phagocytes, 304–305
platelets see platelet(s)

sildenafi l, Waldenström 
macroglobulinaemia, 672

silent carriers
hereditary elliptocytosis, 134
hereditary pyropoikilocytosis, 134
β-thalassaemias, 89

simple atrophic gastritis, cobalamin 
defi ciency, 72

single base substitutions, α thalassaemias, 
100

single-nucleotide polymorphisms (SNPs), 
412, 413

childhood ALL, 450
cytokines, 720
myelodysplastic 5q–syndrome, 509
myelodysplastic syndrome, 510, 516

single-photon emission computed 
tomography (SPECT), spleen, 
372

sirolimus
allogeneic SCT, 744
ATG with, 218

Siwe disease, 325
Sjögren syndrome

acquired aplastic anaemia, 207
malignancies, 946

skeletal effects
Gaucher disease, 340, 340–341
multiple myeloma see multiple myeloma
thrombocytopenia with absent radii, 202

skin
GvHD, 734, 734–735
haemorrhage, acquired aplastic anaemia, 

211
histology, Sézary syndrome/mycosis 

fungoides, 566
lesions

infections in leukaemia, 471
Sézary syndrome/mycosis fungoides, 

566
polycythaemia vera, 688
systemic AL amyloidosis, 602

SLC19A2 gene, sideroblastic anaemia, 44
SLC25A38 gene, sideroblastic anaemia, 44
SLE see systemic lupus erythematosus 

(SLE)
sleeping sickness see African 

trypanosomiasis
Sly syndrome see mucopolysaccharidosis 

type VII (Sly syndrome)
small lymphocytic leukaemia, 614–616
small lymphocytic lymphoma (SLL), 534
small round cell tumours, childhood ALL 

vs., 451
smooth muscle cells, blood vessels, 753
smouldering multiple myeloma, 582–583
SMZL see splenic marginal zone lymphoma 

(SMZL)
SNAP-23, platelet activation, 786
SNAREs, platelet activation, 786
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Sn-mesoporphyrin, glucose-6-phosphate 
dehydrogenase defi ciency 
management, 153

SNPs see single-nucleotide polymorphisms 
(SNPs)

social workers, haemophilia A care, 
803–804

Sokal prognostic index, CML, 484
solid organ transplantation, systemic AL 

amyloidosis management, 610
solid-phase assays, antiphospholipid 

syndrome, 894–895
solid plasmacytoma of bone, 584
solvent-detergent (SD), fresh frozen 

plasma preparation, 279
somatic abnormalities, Fanconi anaemia, 

187
somatic mutations, 385–388

aneuploidy, 386–387
chromosomal translocations, 385–386
epigenetic effects, 387–388
large deletions, 386–387
submicroscopic mutations, 387

Southeast Asian ovalocytosis, 136, 137
Southern blots, T-cell large granular 

lymphocyte leukaemia, 563
Southwest Oncology Group (SWOG), 

multiple myeloma prognosis, 590
specifi c factor assays, haemophilia A, 796
spectral karyotyping (24-colour FISH), 407
spectrins, red cell membrane, 129, 130, 227
SPECT (single-photon emission computed 

tomography), spleen, 372
spherocytic hereditary elliptocytosis, 134
spherocytosis, hereditary see hereditary 

spherocytosis (HS)
sphingolipidoses, 330, 334

clinical manifestations, 337
see also specifi c diseases/disorders

sphingomyelin, red cell membrane, 128
spinal cord compression, multiple 

myeloma, 588
spiral computed tomography, pulmonary 

embolism diagnosis, 902–903
spirometry, sickle cell disease therapy, 122
spleen, 368–389

AIHA, 160
blood fl ow, 369
blood pooling, 369–370
CD4 T-cells, 371
evolution, 368
function, 368–372

blood pooling, 369–370
erythropoiesis, 369
extramedullary haemopoiesis, 

371–372
immunological function, 371
plasma skimming, 369

radionuclide investigations, 378, 378
red cell quality control, 371

granulocytes, 370
haematopoiesis, 3
hairy cell leukaemia, 551–552
irradiation, primary myelofi brosis 

treatment, 700
large granular lymphocyte leukaemia, 

562
macrophages, 371
marginal zone B-cells, 371
removal see splenectomy
sequestration

hereditary spherocytosis, 132
red cells, 371
sickle cell disease, 113

size of, 372
see also splenomegaly

splenic marginal zone lymphoma, 555
structure, 368–372

lymphatic organization, 370
red pulp, 368, 369
splenic cords, 369
vascular organization, 370
white pulp, 368, 369

splenectomy, 374–376
applications

CLL, 547
cold-type AIHA, 165
congenital dyserythropoietic anaemia, 

201
congenital platelet disorder, 924–925
hairy cell leukaemia, 553
hereditary spherocytosis, 132–133
primary immune thrombocytopenia, 

934–935
primary myelofi brosis, 700
pyruvate kinase defi ciency, 143, 145
splenic marginal zone lymphoma, 

555, 671
T-cell large granular lymphocyte 

leukaemia, 565
thalassaemia major, 95
warm-type AIHA, 163

complications, 375–376, 935
delayed, 375
haematological effects, 377–378
immediate, 375
immunological effects, 378
overwhelming postoperative infection, 

375–376
thrombocytosis, 375

haemoglobin structural variants, 107
immunizations, 375
indications for, 133
infection prevention, 935
response prediction, 935
risks of, 133

splenic cords, spleen, 369
splenic marginal zone lymphoma (SMZL), 

554–555, 555, 671
blood fi lm, 555
bone marrow trephine biopsy, 555
WHO lymphoma classifi cation, 616–617

splenic marginal zone NHL, 657
splenomegaly, 372–376

causes, 372, 374, 374
see also specifi c causes

chronic myelomonocytic leukaemia, 
499, 526

essential thrombocythaemia, 694
haemoglobin disorders, 372
hairy cell leukaemia, 551
large granular lymphocyte leukaemia, 

562
leishmaniasis, 968
malaria, 372, 959
malignant haematological disorders, 

372
neutropenia, 370
pathology, 372
polycythaemia vera, 688
portal hypertension, 374
primary myelofi brosis, 697, 698
primary tumours, 374
warm-type AIHA, 161–162

splicing acceptor sites, haemoglobin, 85
splicing donor sites, haemoglobin, 85
spontaneous abortion

anti-D antibodies development, 258
rare bleeding disorders, 814

spontaneous remission
CLL management, 544
Langerhans cell histiocytosis, 326
paroxysmal nocturnal haemoglobinuria, 

178–179
sporozoites, malaria life cycle, 957
sprue, tropical see tropical sprue
Sprycel, CML management, 494
SPTA1 gene, 131
SPTA2 gene, 131
‘spur-cell anaemia,’ 949
SQUID see superconducting quantum 

interface device (SQUID)
Src tyrosine kinase

phagocyte signalling, 304
platelet signalling pathways, 779, 781, 

782
stabilization, acquired aplastic anaemia 

management, 215–216
staging see specifi c diseases/disorders
standard surgical blood ordering schedule 

(SBOS), 281
Stanford trial, 649
Staphylococcus infections, sickle cell disease, 

114
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Staphylococcus aureus infections, 951
leukaemias, 472
multiple myeloma, 588

Staphylococcus epidermis infection, 
leukaemias, 472

Staphylococcus pneumoniae infection, sickle 
cell disease, 114

STAT (signal transducers and activators of 
transcription), BCR–ABL1 
chimeric gene, 489

statutory requirements, SHOT, 290
STEAP3, 29

erythroid cell iron absorption, 35
Steel mice, haematopoiesis, 6
stem cell engraftment, SCT, 726, 

726–727
stem cell factor (SCF)

erythroid cell development, 22
erythropoietin receptor, 21–22
mast cell development, 321–322

stem cell mobilization, SCT see stem cell 
transplantation (SCT)

stem cell transplantation (SCT), 8–9, 220–
224, 722–745

alternative forms, 223–224
allogeneic see allogeneic stem cell 

transplantation
autologous see autologous stem cell 

transplantation
see also specifi c types

clinical management, 732–741
cryopreservative side effects, 733
mortality, 733, 733
platelet transfusions, 733
red cell transfusions, 733

conditioning regimens, 729–732
alkylating agents, 729
comparisons, 730–731
GvHD prophylaxis, 731
reduced intensity, 731–732

future developments, 744–745
graft-versus-leukaemia effect, 722
GvHD, 467–468
haemogenic endothelial cells, 8–9
haploidentical, 224
HLA-matched sibling donor, 221–223

adverse effects, 222
cell dose, 221
chimerism, 222
graft rejection, 221
graft rejection treatment, 222
GvHD, 222

immune recognition, 724
immunological basis, 722–726

acute GvHD, 724, 725
antigens, 722–723
chronic GvHD, 724, 725
effector cells, 722–723

graft-versus-leukaemia effect, 724
immune recognition, 724, 726

indications for, 741–742, 742
acquired aplastic anaemia, 220–224, 

221
adult ALL see acute lymphoblastic 

leukaemia (ALL)
CLL, 547–548
CML, 497
dyskeratosis congenita, 195–196
Fanconi anaemia, 189, 191
Gaucher disease, 332
Krabbe disease, 332
lysosomal storage disorder, 336
metachromatic leucodystrophy, 332
mucopolysaccharidosis type I, 332
myelodysplastic syndrome, 519, 

520–521
NHL, 668–669
sickle cell disease, 123, 124
Waldenström macroglobulinaemia, 

672
long-term complications, 222–223
matched unrelated donors, CML, 497
neutropenia, 314
pretransplant assessment, 220–221
relapse management, 743–744
sources, 8–9
stem cell engraftment, 726, 726–727
stem cell manipulation/expansion, 

728–729
stem cell mobilization, 727–729

autologous transplants, 727
in clinical practice, 727
cord blood transplants, 728, 728
sibling donor transplants, 728
stem cell traffi cking, 727
unrelated donor transplants, 728

transfusions, irradiation, 467–468
unrelated donor, 223

steroids
acute GVHD therapy, 735
antiemetic effects, 481
mycosis fungoides treatment, 682
Sézary syndrome/mycosis fungoides, 

567
side effect, pernicious anaemia, 72

STI571 see imatinib mesylate
stomach, DLBCL, 676
stomatocytes, 135, 135
stomatocytosis, hereditary, 135, 135–136, 

136
storage iron, iron metabolism 

measurement, 36, 37
storage pool defi ciency (SPD) syndrome, 

923, 923
Streptococcus mitis infection, leukaemias, 

471

Streptococcus oralis infection, leukaemias, 
471

Streptococcus pneumoniae infection
allogeneic SCT infections, 736
multiple myeloma, 588
polyagglutinable red cells, T activation, 

262
spleen, 371
splenectomy risks, 133, 375

streptokinase, venous thromboembolism 
therapy, 903, 906

stroke, sickle cell disease, 114, 115, 
116

stromal cell-derived factor 1 (SDF-1)
haemopoietic stem cells, 3
multiple myeloma pathogenesis, 

580–581
stromal cell lines, haematopoiesis, 6, 7
STX11 gene, haemophagocytic 

lymphohistiocytosis, 326
subcutaneous panniculitis-like T-cell 

lymphoma, 571
WHO lymphoma classifi cation, 629, 

629
submicroscopic mutations, somatic 

mutations, 387
substrate reduction therapy (SRT), 

lysosomal storage disorder 
therapy, 336–337

succinate dehydrogenase, 27
sulfasalazine, acquired haemolytic 

anaemias, 173
sulphatase, basophil/mast cell granules, 

322
sulphonamides, malaria treatment, 962
superconducting quantum interface device 

(SQUID)
haemochromatosis, type 1, 50
iron overload, 54

superoxide dismutase, phagocytes, 305
superoxides, phagocytes, 305
supportive therapy

acquired aplastic anaemia management, 
214–215

chronic myelomonocytic leukaemia, 
527

DIC treatment, 844
Gaucher disease, 340–341
hairy cell leukaemia treatment, 553
myelodysplastic syndrome therapy, 

519
paroxysmal nocturnal haemoglobinuria 

treatment, 179–180
systemic AL amyloidosis management, 

610
suppurative thrombophlebitis, 951–952
suramin, African trypanosomiasis therapy, 

966
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surgery
bleeding, haemophilia A, 795
nodular lymphocyte predominant 

Hodgkin lymphoma treatment, 
647

venous thromboembolism prophylaxis, 
911

surveillance cultures, infections in 
leukaemia, 472

SWOG9321 study, multiple myeloma 
autologous SCT, 591

Syk
phagocyte signalling, 304–305
platelet signalling pathways, 779, 781, 

782
symptomatic multiple myeloma, 583, 583
syntaxin-4, platelet activation, 786
syntaxin 11, haemophagocytic 

lymphohistiocytosis, 326
syphilis

testing, blood donation, 275
transmission, blood transfusions, 274

systemic AL amyloidosis, 601–610
AL fi brils, 601
clinical features, 601–602
diagnosis, 602, 603, 604–607

DNA analysis, 605–606
electron microscopy, 604
fi bril identifi cation, 604–605
histology, 602, 604
immunohistochemistry, 605
mass spectrometry, 606
organ involvement, 606, 606–607
plasma cell dyscrasia assessment, 606
SAP scintigraphy, 604, 605

differential diagnosis, 607
management, 607–610

allogeneic bone marrow 
transplantation, 609

autologous peripheral blood SCT, 
608

bortezomib, 609
CTD, 608–609
dexamethasone, 608
lenalidomide, 609
melphalan, 608, 609
prednisolone, 609
solid organ transplantation, 610
supportive treatment, 610
VAD, 609

monoclonal light chains, 601
natural history, 607
plasma cell dyscrasia, 601
prognostic factors, 607

systemic amyloidosis, hereditary, 611–612
systemic diseases

haematological aspects, 940–955
see also specifi c diseases/disorders

systemic hypoxia, erythrocytosis see 
erythrocytosis

systemic lupus erythematosus (SLE)
acquired aplastic anaemia, 207
antiphospholipid syndrome, 892
eosinophilia, 946
malignancies, 946
neutropenia, 316
sideroblastic anaemia, 946
thrombosis in infl ammation, 898
warm-type AIHA, 945–946

systemic tuberculosis, thrombosis in 
infl ammation, 898

T
tachycardia, venous thromboembolism, 

901
tachypnoea, venous thromboembolism, 

901
TAFI see thrombin-activatable fi brinolysis 

inhibitor (TAFI)
TAL1 gene see SCL (TAL1) gene
T-ALL see T-cell acute lymphoblastic 

leukaemia (T-ALL)
tamoxifen, venous thromboembolism, 

890
TAP (transporter associated with antigen 

processing)
antigen processing, 345
HLA class I antigen processing/

presentation, 711
TAR see thrombocytopenia with absent 

radii (TAR)
tartrate-resistant acid phosphatase (TRAP), 

hairy cell leukaemia diagnosis, 
551–552

Tasigna, 494, 495
Tay–Sachs disease, 334
TBI see total body irradiation (TBI)
TCD

GvHD prophylaxis, 731
unrelated donor allogeneic SCT 

conditioning regimens, 731
T cell(s)

αβ, 353
activation, 345–346

acquired aplastic anaemia, 209
antigen recognition, 344–345
B-cell activation, 356, 357
development, 343, 351, 352

negative selection, 351
positive selection, 351
self-reactive deletion, 345

differentiation, 358
γδ, 353

hepatosplenic T-cell lymphoma, 
629

homeostatic proliferation, 354

lymphoproliferative disorders, 558–576
classifi cation, 558, 559
disease features, 559
genotypes, 561
immunophenotypes, 561
leukaemia/lymphoma syndromes, 

565–570
primary leukaemias, 558, 559–565
virus infections, 558
see also specifi c diseases/disorders

monoclonal populations, 403–404
recovery post-SCT, 726
repertoire, 353–354
in spleen, 371
see also CD4 T-cells; CD8 T-cells; T 

helper cells type 1 (Th1); T 
helper cells type 2 (Th2)

T-cell acute lymphoblastic leukaemia 
(T-ALL)

cytogenetics/molecular classifi cation, 
453–454

HOX11 genes, 385
SCL genes, 385

T-cell/histiocyte-rich large B-cell 
lymphoma, 624

T-cell large granular lymphocyte leukaemia 
(T-cell LGL), 561–565

aetiology, 561
clinical features, 561–562
diagnosis, 562–563
differential diagnosis, 563
pathogenesis, 563
prognosis, 563–564
therapy, 563–564, 565, 565

T-cell LGL see T-cell large granular 
lymphocyte leukaemia (T-cell 
LGL)

T-cell non-Hodgkin lymphoma (T-NHLs), 
558, 570–575

anaplastic large-cell lymphoma, 
574–575

angioimmunoblastic, 572
differential diagnosis, 575
EBV-positive in childhood, 573
enteropathy-associated, 573–574
extranodal T/NK lymphoma, nasal type, 

572–573, 573
hepatosplenic, 571
peripheral T-NHL not specifi ed, 570
subcutaneous panniculitis-like T-NHL, 

571
T-cell priming, 355, 356
T-cell receptor (TCR), 343

α chain, 346, 347
rearrangement, 351, 352
T-prolymphocytic leukaemia, 560

αβ, large granular lymphocyte 
leukaemia, 562
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β chain, 347
enteropathy-associated T-NHL, 

574
large granular lymphocyte leukaemia, 

562
rearrangement, 351

chain rearrangement, molecular genetic 
analysis, 411

γ chain
enteropathy-associated T-NHL, 

574
large granular lymphocyte leukaemia, 

562
γδ, 346

development, 351
large granular lymphocyte leukaemia, 

562
generation, 347–349
gene rearrangements, 347, 351

leukaemogenesis, 381
genetics, 348
mutations, NHL, 658
phenotypic changes, 351
proteins, T-lineage ALL, 452
structure, 346, 347

TCF3 gene, childhood ALL, 450
TCF3–PBX1 gene fusion, childhood ALL, 

450
TCF3–PBX1 (E2A–PBX1) gene 

rearrangements, childhood ALL, 
453, 454

TCL1 gene, T-prolymphocytic leukaemia, 
560

TCN1 gene, cobalamin absorption, 68, 69
TdT (terminal 

deoxynucleotidyltransferase), 
350–351

tecarfarin, venous thromboembolism 
therapy, 906

TEL-AML1 gene fusion see ETV6–RUNX 
(TEL–AML1) gene fusion

telangiectasia, conjunctival, 854–855
Tel (ETV6), erythropoiesis, 15
telomerase complex, 212

dyskeratosis congenita, 194, 194–195
temperature

agglutination tests, 237
complement, lytic phase, 235

TERC gene
acquired aplastic anaemia, 212–213
dyskeratosis congenita, 194

terminal deoxynucleotidyltransferase 
(TdT), 350–351

termination codons, globin gene 
translation, 87

TERT gene, acquired aplastic anaemia, 
212–213

tertiary β-thalassaemias, 92–93

TET2 gene
myelodysplastic syndrome, 511
polycythaemia vera, 687
primary myelofi brosis, 697

tetrahydrobiopterin, nitric oxide synthase, 
306

TF see tissue factor (TF)
TFP1 gene, knockout animal models, 

763
TFPI see tissue factor pathway inhibitor 

(TFPI)
TFR1, iron-responsive elements, 32
TFR2, hepcidin expression, 31
TFRC gene, 28
β-TG, 363
TGF-β see transforming growth factor-β 

(TGF-β)
thalassaemia(s), 88–106

classifi cation, 88–89
defi nition, 88–89
epidemiology, 88
globin chain effects, 88
hypochromic anaemia vs., 37
inheritance, 88–89
screening, 105–106
see also specifi c types

α-thalassaemia, 100–104
α0 thalassaemia trait, 103
distribution, 100
genetics, 101, 102

deletions, 100, 102
LUC7L, 100
point mutations, 100
single base substitutions, 100

genotype–phenotype relationship, 
102–103

with mental retardation syndrome, 
103–104

molecular pathology, 100–101
with myelodysplasia, 104
pathophysiology, 100–102
β-thalassaemia co-inheritance, 92

β-thalassaemia, 89–97
α-thalassaemia co-inheritance, 92
clinical fi ndings, 93
distribution, 89
dominant inheritance, 97
fetal haemoglobin, 91
genetic basis, 89–91

β-globin gene deletions, 90, 91
post-translational stability mutations, 

90, 90
processing, 89
transcriptions, 89
translation, 89–90
transposable elements, 90–91

genotype–phenotype relationships, 
92–93

haemoglobin variant associations, 
96–97

hyperunstable β-chain variants, 
97

laboratory diagnosis, 93
management, 93–96

blood transfusions, 92, 94
bone marrow transplants, 96
carriers, 96
iron chelation therapy, 94
prognosis, 96

pathophysiology, 91–92, 92
primary, 92
secondary, 92
with sickle cell disease, 118

fetal haemoglobin, 100
tertiary, 92–93
variant forms, 97

δβ–thalassaemia, 97–100
compound heterozygosity, 97–98
deletions, 98, 98
point mutations, 98

εγδβ-thalassaemia, 100
thalassaemia intermedia, 59, 104–105

molecular pathology, 104, 104
thalassaemia major

defi nition, 93
monitoring/review, 95–96
neonatal anaemia, 976–977, 977
radiography, 94, 94

α0 thalassaemia trait, 103
thalidomide

with cyclophosphamide and 
dexamethasone, systemic AL 
amyloidosis management, 
608–609

mantle cell lymphoma, 673
multiple myeloma management/

treatment, 591, 592, 593, 595, 
595

primary myelofi brosis treatment, 
700–701

side effects, 596
venous thromboembolism, 890
Waldenström macroglobulinaemia, 

672
T helper cells type 1 (Th1)

cytokine production, 358
development, 358
T helper cells type 2 balance, 358

primary immune thrombocytopenia, 
929

T helper cells type 2 (Th2)
cytokine production, 358
development, 358
T helper cells type 1 balance see T helper 

cells type 1 (Th1)
T helper cells type 17 (Th17), 358
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thermal injury, acquired haemolytic 
anaemias, 174

thiamine-responsive megaloblastic 
anaemia, 81

thiamine transporter (THTR-1), 
sideroblastic anaemia, 44

thioguanine, childhood ALL treatment, 
458

thiopurine S-methyltransferases, childhood 
ALL prognosis, 455

THPO gene, congenital amegakaryocytic 
thrombocytopenia, 917

thrombasthenia, Glanzmann see 
Glanzmann thrombasthenia

thrombin
blood coagulation, 748
generation, DIC, 843
protein C pathway, 749–750, 752
von Willebrand factor, 805

thrombin-activatable fi brinolysis inhibitor 
(TAFI), 759

in haemophilia, 793
haemostatic disturbance in chronic liver 

disease, 848–849
plasmin inhibition, 770

thrombin generation assays, acquired 
coagulation disorders, 840

thrombin time (TT), 748
acquired coagulation disorders, 840
haemophilia A, 795
neonatal haemostasis, 980
rare bleeding disorders, 814

thrombocythaemia, essential see essential 
thrombocythaemia (ET)

thrombocytopathies, 919–924
platelet adhesion disorders, 919–920
platelet aggregation disorders, 921–923
platelet signalling transduction 

disorders, 920
see also specifi c diseases/disorders

thrombocytopenias, 916–919
adult ALL, 436
adult T-cell leukaemia lymphoma, 

568
African trypanosomiasis, 966
alloimmune, 916
antiphospholipid syndrome, 892
autologous SCT complications, 741
bone marrow infi ltration, 916–917
CLL, 467, 534
congenital non-inherited, 916–917
defi nition, 916
drug-induced, 916
haemostatic disturbance in chronic liver 

disease, 848
HIV infection, 955
imatinib mesylate, 492
infections, 917

inherited, 917–919
increased platelet size, 918–919
normal platelet size, 917
reduced platelet size, 917

leukaemia, 464–468
malaria, 959
malignancies, 944, 944

see also specifi c malignancies
malignancy treatment, 945
multiple myeloma, 587
myelodysplastic syndrome, 512
neonates, 981–982, 982
pregnancy, 953
primary immune thrombocytopenia see 

primary immune 
thrombocytopenia

thalidomide side effects, 596
TTP, 863
viral infections, 950

thrombocytopenia with absent radii 
(TAR), 187, 202–203, 917

storage pool disease, 923
thrombocytosis

CML association, 695–696
malignancies, 944
MDS association, 696
post-splenectomy, 377–378
reactive, 695, 695
rickettsial infections, 951
splenectomy, 375

thromboelastography, acquired 
coagulation disorders, 840, 840

thromboembolic pulmonary hypertension, 
chronic, 913

β-thromboglobulin, platelet α-granules, 
774

thrombolytic therapy, venous 
thromboembolism therapy, 903, 
906–907

thrombomodulin, 758, 766
blood coagulation feedback inhibition, 

749–750
thrombosis in infl ammation, 898

thrombophilias, heritable, 872–887
arterial thrombosis, 882
candidates, 878
clinical defi nition, 872
counselling, 885–886
environmental risk avoidance, 880
fi brinolysis, 879
gene–environment interactions, 873–874
genetic risk factors, 872
genetic testing, 885–886
homocysteine, 879
laboratory testing, 883–885

activated protein C assay, 883
antithrombin assays, 884
APTT, 883

full blood count, 883
pre-analytical variables, 883
protein C assays, 884
protein S assays, 884–885
prothrombin time, 883

prevalence, 873, 873
venous thrombosis association, 873, 

873–879
therapy, 879–880

see also specifi c diseases/disorders
thrombophilias, neonatal stroke, 882–883
thrombophlebitis

blood transfusions, 288
suppurative see suppurative 

thrombophlebitis
thromboplastin inhibition test, 

antiphospholipid syndrome, 894
thrombopoietin

agonists, congenital platelet disorder 
therapy, 924

platelets formation, 775
primary immune thrombocytopenia, 

931, 931–932
receptor agonists, primary immune 

thrombocytopenia management, 
933, 936

thrombocytopenia with absent radii, 203
thrombosis

eculizumab effects, 181
folate defi ciency, 65
neonatal haematology, 979–983
paroxysmal nocturnal haemoglobinuria, 

177–178, 180
platelets, 790–791

thrombospondin, 754
thrombotic complications

essential thrombocythaemia, 694
polycythaemia vera, 688

thrombotic microangiopathy (TMA), 
historical aspects, 860

thrombotic therapy, contraindications, 906
thrombotic thrombocytopenic purpura 

(TTP), 172, 172, 862–868
acquired, 862
ADAMTS-13 defi ciency, 861, 862
age of onset, 864
associated diseases, 861
autoimmune, 863
clinical fi ndings, 863–865

haemolytic anaemia, 863
thrombocytopenia, 863

congenital, 862
differential diagnosis, 865, 865–866
historical aspects, 860
HIV infection, 955
laboratory fi ndings, 863–865

ADAMTS-13 assays, 863–865, 864
direct Coombs test, 863
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haematocrit, 863
lactate dehydrogenase, 863

mortality, 862
natural history, 866
pathogenesis, 862–863

anti-ADAMTS-13 antibodies, 866
pathology, 862–863
treatment, 866–868

ADAMTS-13 replacement, 868
corticosteroids, 867
fresh frozen plasma, 867
immunological therapy, 867, 867–868
plasma exchange, 866–867
prednisolone, 867
rituximab, 867–868

variants, 866
von Willebrand factor, 755

thromboxane
platelets, 772, 786
thrombus formation, 777

thromboxane receptor
defects, 923

genetics, 925
platelet responses, 922

platelet receptors, 783–784
platelet signalling transduction 

disorders, 920
thrombus formation, 775–779, 776

aggregation, 777–778
granule secretion, 777
platelet capture, 775–777, 776

collagens, 777
integrins, 776, 777
von Willebrand factor, 775

procoagulant activity, 779
spreading, 777, 778
stabilization, 778–779
thromboxane formation, 777

Thy-1, haemopoietic stem cells, 2
thymic (cortical) T-cell acute 

lymphoblastic leukaemia, 434
thymoma, red cell aplasia, 942
thymus, haematopoiesis, 3
thyroid gland, systemic AL amyloidosis, 

602
thyroid hormone receptor, erythroid cell 

development, 22
TIAs see transient ischaemic attacks 

(TIAs)
tick-borne relapsing fever, 969
ticlopidine, mechanism of action, 783
tinzaparin, venous thromboembolism in 

cancer, 896
tissue factor (TF), 755, 758, 760

blood coagulation, 749
DIC, 843
endothelium, 760
haemophilia A, 794

tissue factor pathway inhibitor (TFPI), 
759, 762–763

blood coagulation feedback inhibition, 
749

endothelial cells, 763
heritable thrombophilia, 878
platelet α-granules, 774

tissue plasminogen activator (tPA), 759, 
768–769

fi brinolysis, 751
inhibitor, 768
liver transplantation, 849

T-lineage adult acute lymphoblastic 
leukaemia, 434

adult ALL prognosis, 443
immunophenotypic classifi cation, 

452
TLX1 gene see HOX11 (TLX1) gene
TMA (thrombotic microangiopathy), 

historical aspects, 860
TMD (transient myeloproliferative 

disorder), 979
TMPRSS6 see matriptase-2 (TMPRSS6)
TNF see tumour necrosis factor (TNF)
TNF-α see tumour necrosis factor-α 

(TNF-α)
TNF-β see tumour necrosis factor-β 

(TNF-β)
T-NHLs see T-cell non-Hodgkin 

lymphoma (T-NHLs)
tobacco smoking, erythrocytosis, 693
topoisomerase, chromosome 

translocations, 386
tositumomab, 666
131-I-labelled tositumomab, follicular 

lymphoma, 668
total body irradiation (TBI)

cobalamin malabsorption, 74
cyclophosphamide see 

cyclophosphamide
fl udarabine with, 732
pain, 481
SCT conditioning, 726, 732

with fl udarabine and 
cyclophosphamide, 731

fl udarabine with, 732
toxoplasmosis (Toxoplasma infection)

acquired haemolytic anaemias, 169
allogeneic SCT complications, 738
cold-type AIHA, 165

TP53 gene
adult T-cell leukaemia lymphoma, 

568–569
B-PLL, 550
CLL, 539, 539–540
multiple myeloma, 589
myelodysplastic syndrome, 510

tPA see tissue plasminogen activator (tPA)

TPLL see T-prolymphocytic leukaemia 
(TPLL)

T-prolymphocytic leukaemia (TPLL), 
559–561

aetiology, 559
clinical features, 559–560
cytogenetics, 560
diagnosis, 560
differential diagnosis, 560–561
disease course, 561
pathogenesis, 560
therapy, 561, 562

TRAIL (tumour necrosis factor-related 
apoptosis inducing ligand), 
myelodysplastic syndrome, 
508

TRALI see transfusion-related acute lung 
injury (TRALI)

transcobalamin(s) (TCs)
cobalamin transport, 70
in disease, 70
receptors, 70
structure, 69

transcription factors
erythropoiesis, 12, 15–16
globin gene clusters, 86
haematopoiesis, 2, 7–8
see also specifi c transcription factors

transdifferentiation, HSC development, 4, 
5

transferrin, 28, 30
defi ciency, iron refractory iron 

defi ciency anaemia, 41
haemochromatosis, type 1, 49–50
iron homeostasis, 33

transferrin receptor(s), 28, 29
erythroid cell iron absorption, 35, 35
iron metabolism measurement, 37, 

37–38
transferrin receptor 2 (TFR2), 30

haemochromatosis type 2, 52
transforming growth factor-β (TGF-β), 

362
anaemia of chronic disease, 940
hereditary haemorrhagic telangiectasia, 

854
nitric oxide synthase, 306
primary myelofi brosis, 697
β-thalassaemia modifi ers, 92

transfusion-related acute lung injury 
(TRALI), 286–287

neutrophil antibodies, 263
supportive management, 286–287

transfusions, blood see blood transfusion(s)
transient ischaemic attacks (TIAs)

hereditary haemorrhagic telangiectasia, 
854

sickle cell disease, 114
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transient myeloproliferative disorder 
(TMD), 979

transplacental haemorrhage, anti-D 
antibodies, 258

transplacental passage, Igs, 232
transplant-related mortality (TRM)

ALL allogeneic SCT, 441
sibling SCT, 728
unrelated SCT, 728

transporter associated with antigen 
processing see TAP (transporter 
associated with antigen 
processing)

transthyretin amyloidosis, 611
transthyretin (TTR), amyloidosis, 600
TRAP (tartrate-resistant acid phosphatase), 

hairy cell leukaemia diagnosis, 
551–552

trauma
congenital platelet disorders, 924
haemostatic disturbances, 852–853

triazole antifungals, allogeneic SCT 
infections, 736

trimethoprim, malaria treatment, 962
triose phosphate isomerase, 147

defi ciency, 146, 147
congenital non-spherocytic 

haemolytic anaemia, 147
neonatal anaemia, 976

trisomy 8, AML, 386
TRIUMPH trial, eculizumab, 181
TRM see transplant-related mortality 

(TRM)
trophozoites, malaria life cycle, 957–958
tropical diseases, 956–970

ethnic variations in reference ranges, 
956, 957

non-specifi c haematological 
abnormalities, 968–969

organisms in bone marrow, 956–968
organisms in peripheral blood, 

956–968
see also specifi c diseases

tropical sprue
cobalamin malabsorption, 73
folate defi ciency, 78

Trousseau syndrome, 895–896, 944–945
Trypanosoma brucei gambiense see African 

trypanosomiasis
Trypanosoma brucei rhodesiense see African 

trypanosomiasis
Trypanosoma cruzi infection, 966–967
trypanosomiasis

African see African trypanosomiasis
American, 966–967

tryptase, basophil/mast cell granules, 322
TT see thrombin time (TT)
TTG-1 (LMO1) gene, 453

TTG-2 see LMO2 (TTG-2) gene
TTP see thrombotic thrombocytopenic 

purpura (TTP)
TTR (transthyretin), amyloidosis, 600
TTR gene, familial amyloidotic 

polyneuropathy, 611–612
tuberculosis, cobalamin malabsorption, 73
tumorigenesis, Hodgkin lymphoma, 

641–642
tumour lysis syndrome, 479

Burkitt lymphoma treatment, 679
childhood ALL, 479

tumour necrosis factor (TNF)
anaemia of chronic disease, 940
extranodal T/NK lymphoma, nasal type, 

573
Gaucher disease, 331
thrombosis in infl ammation, 897

tumour necrosis factor-α (TNF-α)
anaemia of chronic disease, 940
CLL, 534
myelodysplastic syndrome, 508
receptor, CLL, 534
thrombosis in infl ammation, 898

tumour necrosis factor-β (TNF-β), 362
T helper cells type 1, 358

tumour necrosis factor-related apoptosis 
inducing ligand (TRAIL), 
myelodysplastic syndrome, 508

tumour-suppressor genes, 
hypermethylation, 388

24-colour FISH (spectral karyotyping), 
407

twins, childhood ALL, 449
twisted gastrulation protein 1 (TWSG1), 

28
hepcidin regulation, 32

two-hit models, 386
tyrosine kinase inhibitors

AML therapy, 432
CML, 497
second generation, chronic CML 

management, 494–495
tyrosine kinase, leukaemogenesis, 388–389, 

389, 390
tyrosine kinase-linked receptors, platelet 

receptors, 780–783
T zones, lymph nodes, 355, 355

U
UFH see unfractionated heparin (UFH)
ultrasound

abdominal, mastocytosis, 702
bilateral, pulmonary embolism, 903
deep vein thrombosis, 902
haemolytic disease of the fetus and 

newborn, 294, 296
mastocytosis, 702

spleen, 373
venous thromboembolism, 902

umbilical cord stem cell transplantation, 1, 
8, 223, 743

conditioning regimens, 731
GvHD, 728
myelodysplastic syndrome, 521
stem cell mobilization, 728, 728

UNC13D gene, haemophagocytic 
lymphohistiocytosis, 326

unconjugated bilirubin, haemolysis, 126
unfractionated heparin (UFH), 764

monitoring, 904
osteoporosis, 904
thrombolytic prophylaxis, 909
venous thromboembolism therapy, 

903–904
see also heparin-induced 

thrombocytopenia (HIT)
uniparental disomy, myelodysplastic 

syndrome, 510
United Kingdom Haemophilia Centre 

Doctors’ Organization 
(UKHCDO), factor X defi ciency, 
825

‘universal’ donors, antibodies to ABO 
antigens, 247–248

upper limb deep vein thrombosis, 880
uracil misincorporation, megaloblastic 

anaemia, 61–62
uric acid, CML, 491
urinary alkalinization, hyperuricaemia 

therapy, 479
urinary plasminogen activator (uPA), 769
urinary tract infections, 471
urinary urobilinogen, haemolysis, 126
urine iron excretion, iron-loading 

anaemias, 55
UROD (uroporphyrinogen decarboxylase), 

porphyria cutanea tarda, 42
urokinase, venous thromboembolism 

therapy, 906
uroporphyrinogen decarboxylase (UROD), 

porphyria cutanea tarda, 42
urticaria pigmentosa, mastocytosis, 701, 

702, 702
UT-B1 protein, 228

V
VAD (vincristine, doxorubicin, 

dexamethasone)
multiple myeloma management/

treatment, 586, 591
systemic AL amyloidosis management, 

609
vancomycin, with gentamicin and nystatin 

(GVN), infection prophylaxis, 
473
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V antigen, Rh system, 257
variable region, Igs, 232
variant Creutzfeldt–Jakob disease (vCJD)

blood transfusion, 274–275
transmission, factor VIII concentrates, 

796
varicella zoster virus infection, 737
vascular cell adhesion molecule-1 

(VCAM-1)
endothelium, 753
multiple myeloma pathogenesis, 580
phagocytes, 301

vascular endothelial growth factor (VEGF), 
platelet α-granules, 774

vascular organization, spleen, 370
vasculitis, haemostatic dysfunction, 854
vasoconstriction, platelets, 772–773
vaso-occlusion, sickle cell disease, 111
vasopressin, von Willebrand factor, 805
VCAM-1 see vascular cell adhesion 

molecule-1 (VCAM-1)
VDJ gene joining, Igs, 232
VDJ rearrangements

B cell development, 350
classical Hodgkin lymphoma, 641
CLL, 533

vegans, cobalamin defi ciency, 70
vegetarian diet, iron defi ciency anaemia, 39
VEGF (vascular endothelial growth factor), 

platelet α-granules, 774
veltuzumab, follicular lymphoma therapy, 

667
venesection, polycythaemia vera treatment, 

690
Venofer (iron–sucrose), 41
venography, venous thromboembolism 

diagnosis, 902
veno-occlusive disease (VOD), allogeneic 

SCT complications, 738, 738
venous circulation, polycythaemia vera, 

688
venous thrombectomy, venous 

thromboembolism therapy, 907
venous thromboembolism (VTE), 888–899

cancer, 895–897
management diffi culties, 896

clinical presentation, 901
clinical scores, 901
diagnosis, 901–903

chest radiography, 901
computed tomography, 902
ELISA, 901–902
fi brin D-dimers, 901
imaging, 902–903
Westermark sign, 901

drug therapy, 903–906
anticoagulant therapy, 903–906
direct thrombin inhibitors, 905–906

factor Xa antagonists, 906
heparin, 903–904

see also heparin-induced 
thrombocytopenia (HIT)

novel drugs, 906
thrombolytic therapy, 903
vitamin K antagonists, 904–905, 905

hospital-acquired, 909
iatrogenic, 890–891
immobility, 889, 900
incidence, 900
infl ammation, 897, 897–898
initial therapy, 906–908

anticoagulant therapy, 907–908
inferior vena cava fi lters, 907
thrombolytic therapy, 906–907
venous thrombectomy, 907

management, 900–914
cancer patients, 912
drug therapy see above
initial therapy see above
in pregnancy, 912–913

mechanisms, 900–901
mortality, 900
non-malignant diseases, 898–899
predisposing conditions, 888, 889
pregnancy, 889
primary prophylaxis, 908–909
risk factors, 901

see also specifi c risk factors
secondary prophylaxis, 909–912

duration, 911
low-molecular weight heparin, 911, 

912
monitoring, 910
surgery, 911
vitamin K antagonists, 909–911
warfarin, 909

secondary recurrence risk, 910
splenectomy complications, 935
tachycardia, 901
tachypnoea, 901
see also deep vein thrombosis (DVT); 

pulmonary embolism (PE)
venous thrombosis

acquired see venous thromboembolism 
(VTE)

ventilation–perfusion (V/Q) scanning, 
pulmonary embolism diagnosis, 
902

VerifyNow test, 790
vessel repair, platelets, 772–773
Vibrio cholerae infection, polyagglutinable 

red cells, 262
vinblastine, with doxorubicin, bleomycin 

and dacarbazine see ABVD 
(doxorubicin, bleomycin, 
vinblastine and dacarbazine)

vinca alkaloids, pain, 481
vincristine

with bleomycin, etoposide, doxorubicin, 
cyclophosphamide, procarbazine 
and prednisone see BEACOPP 
(bleomycin, etoposide, 
doxorubicin, cyclophosphamide, 
vincristine, procarbazine and 
prednisone)

childhood ALL treatment, 457, 458
with cyclophosphamide and 

prednisolone see CVP 
(cyclophosphamide, vincristine, 
prednisolone)

with cyclophosphamide, doxorubicin 
and prednisolone see CHOP 
(cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

with doxorubicin, dexamethasone see 
VAD (vincristine, doxorubicin, 
dexamethasone)

with mustine, procarbazine and 
prednisolone see MOPP 
(mustine, vincristine, 
procarbazine and prednisolone)

with rituximab, cyclophosphamide, 
doxorubicin and prednisolone 
see R-CHOP (rituximab, 
cyclophosphamide, doxorubicin, 
vincristine and prednisolone)

viral haemorrhagic fevers, 969
virus infections, 949–950, 950

anaemia, 949–950
haemophagocytic lymphohistiocytosis, 

326
neutropenia, 316
NHL, 656–657
paroxysmal cold haemoglobinuria, 

950
platelet disorders, 950
primary immune thrombocytopenia, 

928
thrombocytopenia, 950
transmission, blood transfusions, 270, 

271
warm-type AIHA, 163
see also specifi c viruses

VISTA study, multiple myeloma 
management/treatment, 593, 
594

visual disturbances, CML, 488–489
vitamin B12 see cobalamin
vitamin D, mycosis fungoides treatment, 

682
vitamin D receptor, β-thalassaemia 

modifi ers, 92
vitamin E defi ciency, acquired haemolytic 

anaemias, 174
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vitamin K, 845–847
as cofactor, 846
defi ciency, neonates, 981
metabolism, 845–846, 846

vitamin K1, vitamin K defi ciency bleeding 
therapy, 846–847

vitamin K antagonist-induced skin 
necrosis, 882

vitamin K antagonists
side effects, 904–905
venous thromboembolism prophylaxis, 

909–911
venous thromboembolism therapy, 904–

905, 905
vitamin K defi ciency bleeding (VKDB), 

846–847
classifi cation, 846–847

vitamin K defi ciency, malignancy 
treatment, 945

vitamin K-dependent coagulation factors 
defi ciency (VKCFD), 814, 
831–832

knockout mouse model, 815
prophylaxis, 834
treatment, 833

vitamin K epoxide reductase (VKOR), 
831

V–J gene joining, Igs, 232
VKCFD see vitamin K-dependent 

coagulation factors defi ciency 
(VKCFD)

VKDB see vitamin K defi ciency bleeding 
(VKDB)

VKOR gene
combined defi ciency of vitamin K 

proteins, 814
vitamin K-dependent coagulation 

factors defi ciency, 832
VMF see von Willebrand factor (VWF)
VOD (veno-occlusive disease), allogeneic 

SCT complications, 738, 738
volunteer donor registries, 716–717
von Hippel–Lindau (vHL) protein, 

hypoxia sensing, 20
von Willebrand disease, 804–812

ABO effects, 809
acquired, 811, 812, 858, 945
clinical course, 810
clinical features, 806
complications, 810
laboratory diagnosis, 806, 808–809

multimer analysis, 807
molecular genetics, 810
neonates, 980–981
treatment, 809–810
type 1, 806, 808

diagnosis, 808–809
molecular genetics, 810, 811

type 2, 808
molecular genetics, 810

type 2A, 808, 808
type 2B, 808, 808, 918
type 2M, 808, 808
type 2N, 808, 808
type 3, 808

molecular genetics, 810
von Willebrand factor (VWF), 754–755, 

758, 761, 804–806
acquired von Willebrand disease 

therapy, 858
ADAMTS-13 action, 805
agonists, 805
amyloidosis, 856
composition, 754–755
developmental haemostasis, 980
diarrhoea-related haemolytic-uraemic 

syndrome, 868
endothelium, 753
factor VIII complex, 805, 805–806
genetics, 804
haemolytic–uraemic syndrome, 860
haemostatic disturbances in pregnancy, 

851
in homeostasis, 756
platelet α-granules, 774
platelets, 772
shear forces, 780–781
structure, 804
structure–function relationship, 805
thrombus formation, 775, 778
TTP, 860
Weibel–Palade bodies, 754, 804

VS antigen, Rh system, 257
V segment, Igs, 347–348
VTE see venous thromboembolism (VTE)

W
Waldenström macroglobulinaemia, 

671–672
coagulation disorders, 856
WHO lymphoma classifi cation, 617

warfarin
bleeding risks, 467
paroxysmal nocturnal haemoglobinuria 

treatment, 180
skin necrosis, 855
venous thromboembolism prophylaxis, 

909
venous thromboembolism therapy, 

904
venous thrombosis in heritable 

thrombophilias, 879
warm-acting antibodies, 233

AIHA, 159, 160
warm-type autoimmune haemolytic 

anaemia, 161–164

antibody characteristics, 159, 160
autoimmune disease association, 162

systemic lupus erythematosus, 
945–946

clinical features, 161–163
blood fi lm, 161
jaundice, 161
lactate dehydrogenase, 162
splenomegaly, 161–162

drug-induced, 162–163
Evans syndrome, 162
idiopathic, 162
infancy/childhood, 162
lymphoproliferative disease, 162
malignancies, 163, 942
treatment, 163–164

prognosis, 164
viral infections, 163

WAS gene
Wiskott–Aldrich syndrome, 925
X-linked agammaglobulinaemia, 925

WASP gene, neutropenias, 202
‘watch-and-wait’ approach

NHL treatment, 664
primary immune thrombocytopenia 

management, 936, 937
‘waterfall’ hypothesis, blood coagulation, 

748
weak D, Rh system, 255
Weibel–Palade bodies, von Willebrand 

factor, 754, 804
Westermark sign, venous 

thromboembolism diagnosis, 
901

West Nile virus, blood transfusion 
transmission, 274

WHIM syndrome, neutropenia, 316
white cell(s)

antigens, 263–264
connective tissue disorders, 946
disorders

neonatal haematology, 979
tropical diseases, 969

HIV infection, 954–955
malignancies, 944, 944–945
pregnancy, 953

white cell antibodies, 263–264
blood transfusions, 286–287

white cell count
adult ALL, 436
adult ALL prognosis, 442–443
AML relapse risk, 428
CLL, 466
CML, 466
ethnic variations, 956, 957
leukaemia, 465–466
malaria, 959
primary myelofi brosis, 698
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white pulp, spleen, 368, 369
whole-brain irradiation, primary CNS 

lymphoma, 676
whole genome scanning, 412
Wilms tumour, acquired von Willebrand 

disease, 811
Wilson disease, 81

acquired haemolytic anaemias, 174
Wiskott–Aldrich syndrome (WAS)

genetics, 925
storage pool disease, 923
thrombocytopenias, 917

W mice, haematopoiesis, 6
WNT signalling pathway, multiple 

myeloma pathogenesis, 582
Wolman disease, 335

clinical features, 338
World Federation of Haemophilia (WFH), 

813
World Health Organization (WHO)

blood donation, 268
classifi cations

adult ALL, 433
ALL, 406
AML, 406, 416
B cell malignancies, 530
cytogenetic analysis, 409
glucose-6-phosphate dehydrogenase 

defi ciency, 150
laboratory investigation, 413–414
lymphoma see World Health 

Organization (WHO), 
lymphoma classifi cation

myelodysplastic syndrome see 
myelodysplastic syndrome 
(MDS)

myeloproliferative syndromes, 
484

refractory anaemia with excess blasts 
in transformation, 506

HLA nomenclature, 714
World Health Organization (WHO), 

lymphoma classifi cation, 614–
638, 615

Hodgkin lymphoma, 635–637, 640
classical Hodgkin lymphoma, 636, 

636–637
nodular lymphocyte predominant, 

635, 636
mature B-cell neoplasms, 614–627

ALK-positive large B-cell lymphomas, 
625

B-cell prolymphocytic leukaemia, 
616

borderline DLBCL and Burkitt 
lymphoma, 626

Burkitt lymphoma, 625–626
CLL, 614–616

DLBCL not otherwise specifi ed, 622–
624, 623

DLBCL with predominant extranodal 
location, 624–625

extranodal marginal zone lymphoma 
of MALT, 618–619

follicular lymphoma, 619–621, 620
in situ follicular lymphoma, 620
intermediate DLBCL and classical 

Hodgkin lymphoma, 626–627
intrafollicular neoplasia, 620
intravascular large B-cell lymphoma, 

624, 625
large-cell lymphomas of terminally 

differentiated B cells, 625
lymphoplasmacytic lymphoma, 617
mantle cell lymphoma, 621–622
monoclonal gammopathy of 

undetermined signifi cance, 618
nodal marginal zone lymphoma, 619
paediatric follicular lymphoma, 620
plasmablastic lymphoma, 625
plasma cell myeloma, 618
plasma cell neoplasms, 618
plasmacytoma, 618
primary cutaneous DLBCL, leg type, 

624–625
primary cutaneous follicle centre 

lymphoma, 620–621
primary effusion lymphoma, 625, 625
primary intestinal follicular 

lymphoma, 620
primary mediastinal (thymic) large 

B-cell lymphoma, 624
in situ follicular lymphoma, 620
small lymphocytic leukaemia, 

614–616
splenic marginal zone lymphoma, 

616–617
T-cell/histiocyte-rich large B-cell 

lymphoma, 624
Waldenström macroglobulinaemia, 

617
mature NK-cell/T-cell neoplasms, 

627–635
adult T-cell leukaemia/lymphoma, 

627–628, 628
aggressive NK-cell leukaemia, 627, 

627
anaplastic large-cell lymphoma, 

ALK+, 633, 633, 634, 635
anaplastic large-cell lymphoma, ALK-, 

635
angioimmunoblastic T-cell 

lymphoma, 631, 632, 633
EBV-positive T-cell 

lymphoproliferative disorders of 
childhood, 627, 627

enteropathy-associated T-cell 
lymphoma, 628, 629

extranodal NK/T-cell lymphoma, 
nasal type, 628, 628

hepatosplenic T-cell lymphoma, 629, 
629

lymphomatoid papulosis, 630
mycosis fungoides, 630, 630
peripheral T-cell lymphoma not 

otherwise specifi ed, 631, 631
primary cutaneous anaplastic large-

cell lymphoma, 630
primary cutaneous CD30-positive 

T-cell lymphoproliferative 
disorders, 630

primary cutaneous γδ T-cell 
lymphomas, 630–631

Sézary syndrome, 630
subcutaneous panniculitis-like T-cell 

lymphoma, 629, 629
Wra antigen, Diego blood group, 261
Wrb antigen, Diego blood group, 261
WT1 gene

AML minimal residual disease, 429
mutation, AML relapse risk, 427

Wucheria bancrofti infection see fi lariasis

X
X-chromosome inactivation patterns 

(XCIPs)
dyskeratosis congenita, 192
essential thrombocythaemia, 693
haemophilia A in females, 801
leukaemogenesis, 381
polycythaemia vera, 686

xenoantibodies, defi nition, 230
Xg blood group, 245, 261

antigen, 228
Xk protein, 228

absence of, 229
X-linked agammaglobulinaemia, 

neutropenia, 315
X-linked inhibitor of apoptosis (XIAP), 

neutrophil apoptosis, 312
X-linked lymphoproliferative syndrome

haemophagocytic lymphohistiocytosis, 
326

infectious mononucleosis vs., 366
X-linked sideroblastic anaemia, 44
X-linked thrombocytopenia (XLT), 917

genetics, 925

Y
yellow fever, 969
Yersinia enterocolitica infections, 287
yolk sac, haematopoiesis, 7
Yt blood group, 245, 261

antigen, 229
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Z
ZAP-70

CLL, 540, 541, 616
small lymphocytic leukaemia, 616

Zevalin see 90Y-ibritumomab tiuxetan
zidovudine, adult T-cell leukaemia 

lymphoma treatment, 678

Zieve syndrome, acquired haemolytic 
anaemias, 174

zinc defi ciency, deferiprone side effects, 
58

ZNF198–FSFR1 gene fusion, chronic 
myelomonocytic leukaemia, 
499

zoledronic acid, multiple myeloma 
management/treatment, 584–
585, 585–586

Zollinger–Ellison syndrome, cobalamin 
malabsorption, 73
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