


PREFACE 

Viral hepatitis is one of the most common infectious diseases in the world, causing 
significant morbidity and mortality. It is estimated that over 300 million people are 
persistently infected with viral hepatitis; as a result many will develop associated 
liver pathologies such as chronic hepatic insufficiency, cirrhosis, and hepatocellular 
carcinoma. More than two billion people worldwide have evidence of past or current 
hepatitis B virus (HBV) infection, while 350 million people are chronic carriers. 
The World Health Organization (WHO) reports that HBV is the ninth leading cause 
of mortality in the world, accounting for more than a million deaths every year. 
Alarmingly, HBV is 50 to 100 times more infectious than human immunodeficiency 
virus (HIV). Hepatitis C virus (HCV) is also widespread; approximately 3% of the 
world's population is infected with this virus, and up to 170 million are chronic carriers, 
with three to four million persons newly infected each year. A recent estimate by the 
Centers for Disease Control and Prevention (CDC) places the number of chronically 
infected Americans at approximately 2.7 million, making HCV infection approximately 
two times more prevalent than HIV infection. 

HBV is spread through contact with blood or bodily fluids from an infected person 
and, in the adult population, is most often transmitted by sexual contact, unsafe 
injections, or transfusions. The CDC reports that persons chronically infected with 
HBV are at an increased risk of death from cirrhosis and liver cancer, predicting 
that 15-25% will die from chronic liver disease. While HCV is primarily spread 
through direct contact with the blood of an infected person, adults usually acquire 
the disease through needle sharing, transfusions, or percutaneous procedures. CDC 
data suggest that 75-80% of HCV-infected persons will develop chronic infection, 
potentially leading to cirrhosis, liver failure, and/or hepatocellular carcinoma over a 
period of 10 to 20 years. 

Pediatric HBV and HCV cases are on the rise, especially in developing countries 
where these infectious diseases are endemic. Worldwide, HBV and HCV are most 
frequently transmitted from infected mother to child during childbirth or the early 
childhood years. Unfortunately, many times these infections go undiagnosed. According 
to the latest CDC report, 90% of infants infected at birth and 30% of children infected 
between the ages of one and five will develop chronic HBV infection, while only 6% 
of persons infected after age five will become chronically infected. The HBV vaccine, 
although 95% effective in immunizing against the virus, is not a treatment or a cure for 
chronic hepatitis. The vaccine has played a vital role in the prevention of new pediatric 
HBV cases in the US; however, it is not readily accessible on a global level, and, in fact, 
is not currently available to the poorest countries that have the greatest need. Scientific 
research is currently in progress for an HCV vaccine, yet the high mutability of the HCV 
genome complicates the process. Internationally, there is a great need for safe, effective, 
and inexpensive treatments for pediatric HBV and HCV cases. 

With antiretroviral therapies leading to increased survival rates in HIV-infected 
patients, coinfection with HBV/HCV has emerged as a significant clinical problem 
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in the global population. Long-term HIV survivors coinfected with HBV can expect 
to develop chronic active hepatitis and cirrhosis. Studies have demonstrated that HIV 
infection results in a higher rate of HBV replication as well as an increased risk 
for cirrhosis in HBV/HIV coinfected homosexual males. Additionally, cohort studies 
in HCV/HIV coinfected patients confirmed earlier findings that although HIV is not 
strongly affected by HCV infection, HCV progresses at an accelerated rate. A significant 
increase in mortality was observed in HCV/HIV coinfected patients: death occurred in 
7% of the HIV-study population and in 11% of the coinfected-study population, over a 
mean follow-up period of two years and 10 months. In the future, many HIV-infected 
patients will outlive their disease only to battle the complications of viral hepatitis. 

A major milestone was achieved with the approval of lamivudine and the development 
of promising new nucleoside analogs, although the emergence of HBV-resistant virus 
remains a confounding issue for all of these. Clinical studies show that lamivudine can 
suppress the levels of HBV viral load, while reducing liver inflammation. Additionally, 
the CDC estimates that lamivudine is effective in up to only 40% of patients. 

The treatment options for HCV are widening and include various formulations of 
interferon (IFN), IFN in combination with ribivarin, aggressive IFN dosing regimens, 
and novel antiviral drugs. This combination therapy results in sustained virologic 
response in up to 30 to 40% of patients; yet, it also causes significant toxicities and is 
usually more efficacious in patients who have HCV subtypes 2 and 3. Pegylated IFN, 
which has a longer half-life and a more favorable pharmacokinetic profile than IFN 
alpha, has surfaced as a promising new treatment for chronic HCV infection. Recent 
clinical trials demonstrated that pegylated IFN in combination with ribavirin leads to 
sustained response rates of about 50%, with minimal side effects. 

To be effective, today's antiviral agents must aim to completely inhibit viral 
replication or to reduce viral burden to a level where the immune system can take 
over. HBV and HCV are characterized by high levels of replication and turnover, 
which results in an increase in resistant viruses and chronic progressive disease. With 
the emergence of antiviral-resistant mutations in hepatitis, the scientific community 
will recommend combination chemotherapy as the treatment of choice once new drugs 
become available. Thus, the need to develop safe and effective combined modalities 
that completely inhibit viral replication and the development of resistance is essential to 
the treatment of infected and coinfected patients. 

Frontiers in Viral Hepatitis focuses on the latest advances in the search for 
new, more effective therapeutic options as well as related topics in viral hepatitis. 
These include regulatory issues, epidemiology, and emerging viruses; immunology and 
vaccines; viral hepatitis B and C infections in children; genetics, pathology and viral 
diagnosis; cell systems and animal models; novel therapeutics for hepatitis B and C; 
resistance and therapeutic strategies in humans; and prevention and treatment options 
for hepatocellular carcinoma. 

The breadth of information published in this book provides insight into current 
prevention and treatment options. Recent advances in our understanding of the molecular 
biology, immunology and pathogenesis of hepatitis viruses have accelerated at a 
remarkable rate, offering a more comprehensive perspective on hepatitis. Frontiers in 
Viral Hepatitis provides a compilation of the latest research on this important group 
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of viruses, and ultimately serves as a catalyst for interdisciplinary dialogue. It is our 
intention to open the doors for a global discussion on viral hepatitis, in hopes of laying 
the foundation for eradicating these infectious diseases, which lead to so much pain 
and suffering worldwide. 

Raymond F Schinazi 
Jean-Pierre Sommadossi 
Charles M Rice 



ACKNOWLEDGMENTS 

This book is dedicated to our wives and children for their unwavering support of our 
research endeavors and our passion for science, and to the millions who have suffered or 
are currently suffering from viral hepatitis and its complications. 

XIV 



BIOGRAPHIES 

Raymond F Schinazi, PhD 

Dr. Schinazi is Professor of Pediatrics and Chemistry and Director of the Laboratory 
of Biochemical Pharmacology at Emory University School of Medicine. He serves as the 
Senior Research Career Scientist and Scientific Director at the Georgia Veterans Affairs 
(VA) Research Center on AIDS and HIV Infections. He is currently Director of the 
PharmacologyA^irology Core for the NIH-sponsored Emory University Center for AIDS 
Research (CFAR). Dr. Schinazi is the principal founder of several biotech companies 
including Pharmasset, Inc., Tucker, GA, Idenix, Inc., Boston, MA, QuadPharma, Inc., 
Atlanta, GA, and Triangle Pharmaceuticals, Inc., Durham, NC. He currently serves on 
the Board of Director of Pharmasset Ltd. 

Dr. Schinazi received his Ph.D. in Chemistry from the University of Bath, UK in 
1976. He secured a postdoctoral position in pharmacology at Yale University. After his 
postdoctoral training, he joined the Department of Pediatrics at the Emory University 
School of Medicine in 1978. He has served on study sessions for the NIH and various 
other funding agencies and is currently on the editorial board of five journals dealing 
with anti-infective agents, including Antimicrobial Agents and Chemotherapy, Antiviral 
Research, Antiviral Chemistry and Chemotherapy, Antiviral Therapy, and International 
Antiviral News. Dr. Schinazi has published over 260 original papers and has contributed 
to the development of several HIV and hepatitis drugs, including stavudine (D4T), 
lamivudine (3TC), emtricitabine (FTC), amdoxovir (DAPD) and clevudine (L-FMAU). 
Dr. Schinazi has co-authored three books and numerous chapters on viral diseases. 
He is listed as an inventor on more than 60 issued US patents. 

In 1996, Dr. Schinazi served on the Presidential Commission on AIDS. In 2000 he 
received the prestigious Bruce Witte Annual Distinguished Award from the Hepatitis B 
Foundation. Dr. Schinazi is also the recipient of two NIH Merit Awards. His research 
continues to be focused on the discovery of novel antiviral agents and anticancer agents 
and on the development of combined modalities to combat drug resistance. 

XV 
Frontiers in Viral Hepatitis Ed. by RF Schinazi, J-P Sommadossi and CM Rice, xv — xvii 
© 2003 Elsevier B.V. All rights reserved. 



Jean-Pierre Sommadossi, PhD 

Dr. Sommadossi is the Founder, Chairman and Chief Executive Officer of Idenix, 
based in Cambridge, Massachusetts and Montpellier, France. Until 2000, Dr. Sommadossi 
was a Professor of CHnical Pharmacology, Pharmacology and Toxicology; Associate 
Director, The Liver Center and Associate Director, The Center for AIDS Research at 
the University of Alabama at Birmingham School of Medicine. 

He received his Ph.D. in pharmacology in 1984 from the University of Marseilles 
in France. In 1985, after a postdoctoral fellowship at the Medical College of Virginia 
in Richmond, he was appointed Assistant Professor at the University of Alabama at 
Birmingham; he was made a full Professor in 1992. 

Dr. Sommadossi's research into the development of nucleoside analogs for the 
treatment of AIDS and hepatitis has led to a better understanding of the molecular 
pharmacology of these drugs and to the elucidation of their full mechanisms of action 
and toxicity, including the detailed molecular mechanism(s) involved in the lethal 
toxicity of FIAU observed in HBV-infected patients. Using in vitro and cell-based 
assays, his work has led to the discovery of novel inhibitors of HBV and HCV 
replications. Dr. Sommadossi's work on antiviral drug development has attracted 
national and international attention, and he has given over 70 major presentations 
as an invited speaker during the past five years. He is the author of more than 150 
peer-reviewed publications. 



XVll 

Charles Rice, PhD 

Dr. Rice is the Maurice R. and Corinne P. Greenberg Professor and the Head of the 
Laboratory of Virology and Infectious Disease at The Rockefeller University. He also 
serves as the Scientific and Executive Director of the Center for the Study of Hepatitis C, 
a multi-institutional center jointly established in 2000 by The Rockefeller University, 
New York-Presbyterian Hospital, and Weill Medical College of Cornell University. 

Dr. Rice received his Ph.D. in biochemistry in 1981 from the CaHfomia Institute of 
Technology. From 1981 to 1985, he was a postdoctoral research fellow at the Institute. 
In 1986, Dr. Rice was appointed Assistant Professor of the Department of Molecular 
Microbiology at Washington University's School of Medicine. He was promoted to 
Professor in 1995. In 1997, his research team was the first to demonstrate that HCV 
alone is sufficient to cause the disease, a revelation that should help scientists determine 
the best strategy for developing an effective vaccine. Rice joined The Rockefeller 
University in 2000 from Washington University in St. Louis, where he is regarded as 
one of the world's most accomplished virologists and a prominent figure in research on 
HCV. Dr. Rice founded Apath, LLC, a company primarily devoted to HCV research 
and development. 

Dr. Rice's research focuses on several different aspects of molecular virology, viral 
pathogenesis, and vaccine development. Currently, his laboratory team is involved in 
animal model studies of RNA viruses, including Sindbis virus (a togavirus), yellow fever 
virus (type flavivirus), bovine viral diarrhea virus (pestivirus), and HCV. Dr. Rice's 
work on the development of innovative approaches to fighting these viruses will serve 
to re-establish Rockefeller's preeminence in the field of virology as well to globally 
benefit the field of hepatitis research. 



CONTRIBUTORS 

Janice Albrecht, PhD 
Schering-Plough Research Institute 
Kenilworth, NJ, USA 

Harvey J Alter, MD 
Chief Infectious Diseases Section 
Associate Director for Research 
Department of Transfusion Medicine 
Warren Grant Magnuson Clinical Center, 
NIH, Bethesda, MD, USA 

Angeline Bartholomeusz, PhD 
Victorian Infectious Diseases Reference 
Laboratory, 10 Wreckyn Street, North 
Melbourne, Victoria, 3051, Australia 

Pierre Bedossa, PhD 
Service d'Anatomic Pathologique 
Hopital de Bicetre 
94275 Kremlin Bicetre, France 

Timothy M Block, PhD 
Department of Biochemistry and 
Molecular Pharmacology 
Thomas Jefferson University College of 
Medicine 
Philadelphia, PA, 19107, USA 

Hubert E. Blum, PhD 
Department of Medicine II 
University of Freiburg 
D-79106 Freiburg, Germany 

M Robert Blum, PhD 
Triangle Pharmaceuticals 
4611 University Drive 
Durham, NC 27717-0530, USA 

Baruch S Blumberg, PhD 
Fox Chase Cancer Center 
Philadelphia, PA, USA 

L Bellon, PhD 
Ribozyme Pharmaceuticals, Inc 
2950 Wilderness Place 
Boulder, CO 80301, USA 

Samira Benzaria, PhD 
Idenix, SARL 
Immeuble "La Vigie", 
170 Rue Leon Blum, 
34000, Montpellier, France 

Paul Black, PhD 
QuadPharma, Inc., 1860 Montreal Road, 
Suite 217, Tucker, GA 30084, USA 

Larry M Blatt, PhD 
Ribozyme Pharmaceuticals, Inc 
2950 Wilderness Place 
Boulder CO 80301, USA 

BB Bordier, PhD 
Stanford University 
Stanford, CA, USA 

Edward G Bridges 
Idenix, Inc., 
125 CambridgePark Dr 
Cambridge, MA 02140, USA 

Nathaniel A Brown, MD 
Idenix, Inc., 
125 CambridgePark Drive 
Cambridge, MA 02476, USA 

Martin L Bryant, MD, PhD 
Idenix, Inc., 
125 CambridgePark Dr 
Cambridge, MA 02140, USA 

XIX 
Frontiers in Viral Hepatitis Ed. by RF Schinazi, J-P Sommadossi and CM Rice, xix — xxviii 
© 2003 Elsevier B. V. All rights reserved. 



XX 

Nigel Burroughs, PhD 
University of Warwick 
Coventry, UK 

Pat Cane, PhD 
PHLS Antiviral Susceptibility Reference 
Unit, Division of Immunity and Infection 
University of Birmingham Medical 
School, UK 

William F Carman, PhD 
Massachusetts General Hospital 
and the Department of Medicine 
Harvard Medical School 
Boston, MA 02114, USA 

Andreas Cemy, PhD 
Clinica Medica, Ospedale Civico 
CH-6903 Lugano, Switzerland 

Wei Ning Chen, PhD 
Hepatitis and Liver Cancer Research 
Unit, Department of Clinical Research 
Singapore General Hospital, Singapore 
169608, RepubUc of Singapore 

L Cionca, PhD 
University of Medicine Timisoara, 
Ill-rd Pediatric Clinic Timisoara, 
1900 Romania 

Marcia M Clayton 
Department of Pathology 
Anatomy and Cell Biology 
Thomas Jefferson University 
Philadelphia, PA 19107, USA 

Alessandra Colantoni, MD 
Division of Gastroenterology and 
Hepatology, Loyola University Medical 
Center, Building 114, Room 48 
2160 South 1st Ave 
Maywood, IL 60153, USA 

AD Cooper, PhD 
Palo Alto Medical Foundation 
Palo Alto, CA, USA 

David Cooper, MD, DSc 
National Centre in HIV Epidemiology 
and Clinical Research 
University of New South Wales 
Darlinghurst, New South Wales, 
Australia 

Markus Comberg, PhD 
Department of Gastroenterology 
and Hepatology, 
Medizinische Hochschule Hannover 
Hannover, Germany 

R Costa, PhD 
University of Medicine Timisoara, 
Ill-rd Pediatric Clinic Timisoara, 
1900 Romania 

Paul Cote, PhD 
Division of Molecular Virology 
and Immunology 
Georgetown University College 
of Medicine 
Rockville, MD 20852, USA 

Erika Cretton-Scott, PhD 
Idenix, Inc 
125 CambridgePark Dr 
Cambridge, MA 02140, USA 

JM Cullen, PhD 
North Carolina State University 
Raleigh, NC, USA 

Gary L Davis, PhD 
Section of Hepatobihary Diseases 
PO Box 100214, University of Florida, 
Gainesville, FL 32610-0214, USA 



XXI 

Nicola De Maria, MD 
Division of Gastroenterology 
and Hepatology, 
Loyola University at Chicago 
Maywood, IL 60153, USA 

Erik Depla, PhD 
Innogenetics, Inc. 
Industriepark Zwijnaarde 7, Box 4 
Ghent B-9052, Belgium 

Adrian M Di Bisceglie, PhD 
Department of Internal Medicine 
Saint Louis University School of 
Medicine, 1402 South Grand Boulevard 
StLouis, MO 63124, USA 

Raymond A Dwek, PhD 
University of Oxford, 
Oxford, OX1-3QU, UK 

Gerald Eder, PhD 
Hans Popper Primate Center 
Orth/Donau, Austria 

Martha M. Eibl, PhD 
Immunology Outpatient Clinic 
Vienna, Austria 

Rafael Esteban-Mur, PhD 
Servei de Medicine Intema-Hepatologia 
Valle Hebron Hospital, 119 
08035 Barcelona, Spain 

Jules L Dienstag, PhD 
Massachusetts General Hospital 
and the Department of Medicine 
Harvard Medical School 
Boston, MA 02114, USA 

Xiaofeng Fan, PhD 
Department of Internal Medicine 
Saint Louis University School of 
Medicine, 1402 South Grand Boulevard 
St Louis, MO 63124, USA 

Jozsef Dudas, PhD 
First Institute of Pathology and 
Experimental Cancer Research 
Semmelweis University, 
Budapest, Hungary 

Abdesslem Faraj, PhD 
Idenix, SARL 
Immeuble "La Vigie", 
170 Rue Leon Blum, 
34000, MontpeUier, France 

David Dukhan, PhD 
Idenix, SARL, 
Immeuble "La Vigie", 
170 Rue Leon Blum, 
34000, MontpeUier, France 

Geoffrey M Dusheiko, PhD 
Centre for Hepatology, 
Royal Free Campus 
Royal Free and University College 
Medical School 
Rowland Hill Street, 
London, UK, NW3 2PF 

Mark Feitelson, PhD 
Department of Pathology 
Anatomy and Cell Biology 
Thomas Jefferson University 
1020 Locust Street 
Philadelphia, PA 19107, USA 

Eric B Ferrari, PhD 
Department of Structural Chemistry, 
Schering-Plough Research Institute 
2015 Galloping Hill Road, 
Kenilworth, NJ 07033-0539, USA 



Russell Fleischer 
Division of Antiviral Drug Products 
Center for Drug Evaluation and Research 
U.S. Food and Drug Administration 
Rockville, MD, USA 

Phillip Furman, PhD 
Triangle Pharmaceuticals 
4611 University Drive 
4 University Place 
Durham, NC 27717-0530, USA 

Zachary Goodman, PhD 
Department of Hepatic and 
Gastrointestinal Pathology 
Armed Forces Institute of Pathology 
Washington, DC 20306-6000, USA 

Gilles Gosselin, PhD 
Laboratoire de Chimie Bioorganique 
CNRS UMR 5625, 
Universite de Montpellier II, 
Place Eugene Bataillon 
34095 Cedex 5 Montpellier, France 

Jenny Heathcote, MD 
University of Toronto 
Division of Gastroenterology 
Toronto M5T 258, Canada 

Markus H Heim, PhD 
Department of Research 
University Hospital Basel 
CH-4031 Basel, Switzerland 

Brenda Hernandez, PhD 
Department of Pharmacology and 
Toxicology, 
Division of Clinical Pharmacology 
The Liver Center, University of Alabama 
at Birmingham 
Birmingham, AL 35294, USA 

Craig L. Hill, PhD 
Emory University 
Department of Chemistry 
Atlanta, GA 30322, USA 

Hirohito Honda, PhD 
Second Department of Internal Medicine 
Tokushima University School of 
Medicine 
Tokushima 770-8503, Japan 

Zhi Hong, PhD 
Ribapharm 
3300 Hyland Avenue 
Costa Mesa, CA, 92626, USA 

Chiyo Horie, PhD 
Second Department of Internal Medicine, 
Tokushima University School of 
Medicine, Tokushima 770-8503, Japan 

Takahiro Horie, PhD 
Second Department of Internal Medicine 
Tokushima University School of 
Medicine, Tokushima 770-8503, Japan 

Shiro lino, PhD 
Division of Gastroenterology and 
Hepatology, 
Department of Internal Medicine 
St. Marianna University School of 
Medicine 
2-16-1 Sugao, Miyamae-Ku, Kawasaki, 
Kanagawa 
216-8511, Japan 

Jean-Louis Imbach, PhD 
Laboratoire de Chimie Bioorganique 
CNRS UMR 5625, Universite de 
Montpellier II, Place Eugene Bataillon, 
34095 Cedex 5 Montpellier, France 



XXlll 

Susumu Ito, PhD 
Second Department of Internal Medicine 
Tokushima University 
School of Medicine, 
Tokushima 770-8503, Japan 

Mina Itonaga, PhD 
Second Department of Internal Medicine 
Tokushima University School of 
Medicine, Tokushima 770-8503, Japan 

Gary Jacob, PhD 
Synergy Pharmaceuticals, Inc 
Edison, NJ 08837, USA 

KL Jensen, PhD 
Ribozyme Pharmaceuticals, Inc 
2950 Wilderness Place 
Boulder, CO 80301, USA 

SF Jamison, PhD 
Ribozyme Pharmaceuticals, Inc 
2950 Wilderness Place 
Boulder, CO 80301, USA 

Katalin Jarmay, PhD 
First Department of Internal Medicine 
Albert Szent-Gyorgyi Medical University 
Szeged, Hungary 

C Jinca, PhD 
University of Medicine Timisoara, 
Ill-rd Pediatric Clinic Timisoara, 
1900 Romania 

Heidi M. Jolson 
Division of Antiviral Drug Products 
Center for Drug Evaluation and Research 
U.S. Food and Drug Administration 
Rockville, MD, USA 

Robert Jordan, PhD 
Department of Biochemistry and 
Molecular Pharmacology 
Thomas Jefferson University 
College of Medicine 
Philadelphia, PA, 19107, USA 

Amy Juodawlkis, PhD 
Idenix, Inc 
125 CambridgePark Dr 
Cambridge, MA 02140, USA 

T KaHnina, PhD 
Heinrich Pette Institute 
Martinistr. 52 20246 Hamburg, Germany 

Milind Kamkolkar 
Department of Pathology 
Anatomy and Cell Biology 
Thomas Jefferson University 
Philadelphia, PA 19107, USA 

Brent Korba, PhD 
Division of Molecular Virology 
and Immunology 
Georgetown University College of 
Medicine 
Rockville, MD 20852, USA 

Ilona Kovalszky, PhD 
First Institute of Pathology and 
Experimental Cancer Research 
Semmelweis University Budapest 
H-1085 Budapest, LFUoi street 26 
Hungary 

Fritz Kury, PhD 
Vienna Lab Labordiagnostika GmbH 
Vienna, Austria 

Ching-Lung Lai, PhD 
Chief of Division of Hepatology 
Department of Medicine, Queen Mary 
Hospital, The University of Hong Kong 
Hong Kong 



Charles Lesburg, PhD 
Department of Structural Chemistry, 
Schering-Plough Research Institute 
2015 Galloping Hill Road 
Kenilworth, NJ 07033-0539, USA 

K Liittschwager, PhD 
Stanford University 
Stanford, CA, USA 

Thomas Jefferson University College 
of Medicine 
Philadelphia, PA 19107, USA 

Andre Castro Lyra, PhD 
Department of Internal Medicine 
Saint Louis University School of 
Medicine, 1402 South Grand Boulevard 
St Louis, MO 63124, USA 

Dennis Liotta, PhD 
Emory University School of Medicine 
Decatur, GA, 30033, USA 

Xuefeng Liu, PhD 
Lab of Biochemical Pharmacology 
Medical Research 151 
Veterans Affairs Medical Center/ 
Department of Pediatrics 
Emory University School of Medicine 
Decatur, GA 30033, USA 

Stephen Locamini, PhD 
Victorian Infectious Diseases Reference 
Laboratory, 10 Wreckyn Street, 
North Melbourne, Victoria, 3051, 
Australia 

D G Macejak, PhD 
Ribozyme Pharmaceuticals, Inc 
2950 Wilderness Place 
Boulder, CO 80301, USA 

Patricia L Marion, PhD 
Divisions of Gastroenterology and 
Infectious Disesease 
Stanford University School of Medicine 
Stanford, CA 94305-5107, USA 

Michael Manns, PhD 
Department of Gastroenterology and 
Hepatology 
Medizinische Hochschule Hannover 
Carl-Neuberg-StraBe 1 
D-30623 Hannover, Germany 

Anna-Giulia Loi, PhD 
Idenix, SARL 
Immeuble "La Vigie", 170 Rue Leon 
Blum, 34000, Montpellier, France 

Bruce McCreedy, PhD 
Intelligent Therapeutic Solutions Inc. 
2505 Meridian Parkway Suite 200 
Durham, NC 27713, USA 

Anna Lok, PhD 
University of Michigan Medical Center 
Ann Arbor, MI 48109, USA 

Gabor Lotz, PhD 
2nd Department of Pathology 
Semmelweis Medical University 
Budapest, Hungary, H-1091 

Xuanyong Lu, PhD 
Department of Biochemistry and 
Molecular Pharmacology 

John G McHutchison, PhD 
Scripps Clinic and Research Foundation, 
Division of Gastroenterology/Hepatology, 
10666 N Torrey Pines Road 
La JoUa, CA 92037, USA 

Anand Mehta, PhD 
Department of Biochemistry and 
Molecular Pharmacology 
Thomas Jefferson University 
College of Medicine, Philadelphia, 
PA 19107, USA 



XXV 

Yuzo Miyakawa, PhD 
Miyakawa Memorial Research Foundation 
2-19-8 Minami-Aoyama 
Minato-Ku, Tokyo 107-0062, Japan 

Darius Moradpour, PhD 
Department of Medicine II 
University of Freiburg 
D-79106 Freiburg, Germany 
David Mutimer, PhD 
Liver and Hepatobiliary Unit 
University Hospital NHS Trust 
(Queen Elizabeth Hospital) 
Birmingham, UK 

Maureen Myers, PhD 
Idenix, Inc 
125 CambridgePark Dr 
Cambridge, MA 02140, USA 

Florence Myrick, PhD 
Triangle Pharmaceuticals, Inc 
4611 University Drive 
P.O. Box 50530 
Durham, NC 27717-0530, USA 

Yoshihiro Okamura, PhD 
General Laboratory for Medical Research 
Tokushima University School of 
Medicine 
Tokushima 770-8503, Japan 

Chong Jin Oon, PhD 
Hepatitis and Liver Cancer 
Research Unit, 
Department of Clinical Research 
Singapore General Hospital 
Singapore 169608, Republic of Singapore 

Victor Ovsiannikov, PhD 
D V Efremov Scientific Research 
Institute of Electrophysical Apparatus 
Saint Petersburg, Russia 
George R Painter, PhD 
Triangle Pharmaceuticals 
4611 University Dr 
Durham, NC 27717, USA 

PAPavco, PhD 
Ribozyme Pharmaceuticals, Inc 
2950 Wilderness Place 
Boulder, CO 80301, USA 

Borislava G Pavlova, PhD 
Ludwig Boltzmann Institute for 
Leukemia Research and Hematology 
Hanusch Hospital 
Pav. 4/4, H. CoUinstr. 30 
Vienna, Austria 

Donald Picker, PhD 
Synergy Pharmaceuticals, Inc. 
Edison, NJ 08837, USA 

Masao Omata, MD 
Department of Gastroenterology 
University of Tokyo, 7-3-1 Hongo, 
Bunkyo-ku, Tokyo 113, Japan 

Claire Pierra, PhD 
Idenix, SARL 
Immeuble "La Vigie", 170 Rue Leon 
Blum, 34000, Montpellier, France 

Toshihiro Omoya, PhD 
Second Department of Internal Medicine 
Tokushima University 
School of Medicine, 
Tokushima 770-8503, Japan 

Deenan Pillay, PhD 
PHLS Antiviral Susceptibility Reference 
Unit, Division of Immunity and Infection 
University of Birmingham Medical 
School 
Edgbaston, Birmingham B15 2TT, UK 



XXVI 

Laurent Placidi, PhD 
Department of Pharmacology and 
Toxicology, Division of Clinical 
Pharmacology 
The Liver Center, 
University of Alabama at Birmingham 
Birmingham, AL 35294, USA 

Maria Pop, PhD 
University of Medicine Timisoara, 
Ill-rd Pediatric Clinic Timisoara, 
1900 Romania 

Thierry Poynard, PhD 
Service d'Hepato-Gastroenterologie 
Groupe Hospitaller Pitie-Salpetriere 
47 Boulevard de I'Hopital 
75651 Paris Cedex 13, France 

Joseph B Quinn 
Triangle Pharmaceuticals 
4611 University Dr 
Durham, NC 27717, USA 

Birgit Reipert, PhD 
Baxter Hyland Immuno AG 
Vienna, Austria 

Laurence T Rimsky 
Triangle Pharmaceuticals 
4611 University Dr 
Durham, NC 27717, USA 

FH Salazar, PhD 
Hepadnavirus Testing, Inc 
Mountain View, CA, USA 

Zsuzsa Schaff, PhD 
2nd Department of Pathology 
Semmelweis Medical University 
Budapest, Hungary, H-1091 

Raymond F Schinazi, PhD 
Emory UniversityA^eterans Affairs 
Medical Center/Department of Pediatrics 
1670 Clairmont Road, Room 5A197 
Medical Research 151-H 
Decatur, GA 30033, USA 

Richard A Schreiber, MD 
Associate Professor of Pediatrics 
University of British Columbia 
Division of Pediatric Gastroenterology 
BC Children's Hospital 
Vancouver BC Canada, V6H 3V4 

Charles M Rice, PhD 
Scientific & Executive Director, 
Center for the Study of Hepatitis C 
The Rockefeller University 
New York-Presbyterian Hospital 
Weill Medical College of Cornell 
University, 1230 York Avenue 
New York, NY 10021, USA 

C Seeger, PhD 
Fox Chase Cancer Center 
Philadelphia, PA, USA 

M Serban, PhD 
University of Medicine Timisoara, 
Ill-rd Pediatric Clinic Timisoara, 
1900 Romania 

Douglas D Richman, PhD 
San Diego Veterans Affairs 
Medical Center and University of 
California San Diego 
La JoUa, CA 92093-00679, USA 

Ichiro Shimizu, MD 
Second Department of Internal Medicine 
Tokushima University 
School of Medicine 
Tokushima 770-8503, Japan 



XXVll 

Yasushi Shiratori, MD 
Department of Gastroenterology 
Faculty of Medicine 
University of Tokyo 
7-3-1 Hongo, Bunkyo-ku 
Tokyo 113, Japan 

Daniel Shouval, MD 
Liver Unit, Division of Medicine 
Hadassah University Hospital 
P.O. Box 12000 
Jerusalem, Israel 

Susan Simon, PhD 
2nd Department of Pathology 
Senmielweis Medical University 
Budapest, Hungary, H-1091 

Angela Skelton, PhD 
Department of Structural Chemistry, 
Schering-Plough Research Institute 2015 
Galloping Hill Road 
Kenilworth, NJ 07033-0539, USA 

Jean-Pierre Sommadossi, PhD 
Idenix Pharmaceuticals, Inc 
125 CambridgePark Drive, 3rd Floor 
Cambridge, MA 02140, USA 

Lieven Stuyver, PhD 
Pharmasset, Inc. 
1860 Montreal Rd, 
Tucker, GA 30084, USA 

Barbara Styrt 
Division of Antiviral Drug Products, 
Center for Drug Evaluation and Research 
U.S. Food and Drug Administration 
Rockville, Maryland, USA 

Andrea Snow, PhD 
Triangle Pharmaceuticals, Inc. 
4611 University Drive 
P.O. Box 50530 
Durham, NC 27717-0530, USA 

George M. Szczech, PhD 
Triangle Pharmaceuticals 
4611 University Drive 
4 University Place 
Durham, NC 27717-0530, USA 

Bud Tennant, PhD 
Department of Clinical Sciences 
College of Veterinary Medicine, 
Cornell University 
Ithaca, NY 14853, USA 

H.C. Spangenberg, PhD 
Liver Research Center 
Rhode Island Hospital and 
Brown University School of Medicine 
55 Claverick Street, 4^ floor 
Providence, RI 02903 

Alexander Steinkasserer, PhD 
Immunology Outpatient Clinic 
Vienna, Austria 

Martina Stemeck, PhD 
Department of Liver Transplant Surgery 
University Hospital Hamburg Eppendorf 
Hamburg D-20246, Germany 

Phillip M Thamish, PhD 
Emory University School of Medicine 
VA Medical Center 
Atlanta, GA 30033, USA 

Lawrence C Trost, PhD 
Triangle Pharmaceuticals 
4611 University Drive 
Durham, NC 27717-0530, USA 

David H Van Thiel, MD 
Division of Gastroenterology and 
Hepatology 
Loyola University at Chicago 
Maywood, IL 60153, USA 



XXVlll 

Charles Wakeford, PhD 
Triangle Pharmaceuticals, Inc 
4611 University Drive 
P.O. Box 50530 
Durham, NC 27717-0530, USA 

Christopher M Walker, PhD 
Department of Pediatrics, Division of 
Molecular Medicine 
The Children's Research Institute and 
Ohio State University 
Columbus, OH, 43205, USA 

Jack Wands, PhD 
Liver Research Center 
Rhode Island Hospital and Brown 
University School of Medicine 
55 Claverick Street, 4* floor 
Providence, RI 02903 

George JM Webster, PhD 
Centre for Hepatology, 
Royal Free Campus 
Royal Free and University College 
Medical School, Rowland Hill Street, 
London, UK, NW3 2PF 

M A Winters, PhD 
Hepadnavirus Testing, Inc. 
Mountain View, CA, USA 

Jacquelyn Wright-Minogue, PhD 
Department of Structural Chemistry, 
Schering-Plough Research Institute 
2015 Galloping Hill Road, 
Kenilworth, NJ 07033-0539, USA 

Teresa Wu 
Division of Antiviral Drug Products, 
Center for Drug Evaluation and Research 
U.S. Food and Drug Administration 
Rockville, Maryland, USA 

Deng-Fu Yao, PhD 
Nantong Medical College, Nantong, 
Jiangsu Province, China 

Haruhiko Yoshida, MD 
Department of Gastroenterology 
University of Tokyo 
7-3-1 Hongo, Bunkyo-ku 
Tokyo 113, Japan 

Hiroshi Yotsuyanagi, PhD 
Division of Gastroenterology and 
Hepatology, Department of Internal 
Medicine 
St. Marianna University School of 
Medicine 
2-16-1 Sugao, 
Miyamae-Ku, Kawasaki 
Kanagawa 216-8511, Japan 

Man-Fung Yuen, PhD 
Division of Hepatology, 
Department of Medicine, 
Queen Mary Hospital 
The University of Hong Kong 
Hong Kong 

Shu Min Zhang 
Department of Pathology 
Anatomy and Cell Biology 
Thomas Jefferson University 
Philadelphia, PA 19107, USA 

Weidong Zhong, PhD 
Department of Structural Chemistry, 
Schering-Plough Research Institute 
2015 Galloping Hill Road, 
Kenilworth, NJ 07033-0539, USA 



Current issues in the regulation and approval of antiviral drugs for 
hepatitis ̂  

BARBARA A. STYRT^ RUSSELL FLEISCHER ^ 
TERESA WU^ and HEIDI M. JOLSON ̂  

Division of Antiviral Drug Products, Center for Drug Evaluation 
and Research, U.S. Food and Drug Administration, 
Rockville, Maryland, USA 

Introduction 

This brief overview describes general features of drug development in the United 
States, emphasizing regulatory issues applicable to hepatitis. Examples from published 
literature will be cited to illustrate complexities in this field, but are not intended as 
exhaustive and do not imply endorsement of any product or experimental approach. 
Current status of U.S. drug approvals for hepatitis will be summarized, and ongoing 
issues will be outlined. 

General considerations in drug development 

Allocation of review 

This overview is written from the perspective of the FDA Center for Drug Evaluation 
and Research (CDER), responsible for review and approval of drugs for treatment of 
human disease. The Center for Biologies Evaluation and Research licenses biologic 

^ The views expressed are those of the authors and do not necessarily represent those of nor imply 
endorsement from the US Food and Drug Administration (FDA) or the US government. This paper is 
an August 2000 expanded and updated version of a talk delivered at the Third International Conference 
on Therapies for Viral Hepatitis, December 1999. FDA scheduled an August 2002 advisory committee 
meeting for further discussion of additional drug studies and study design issues (Federal Register 
2002; 67(143):48664-5). 
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produced by US government employees are excepted from requirements of the Copyright Revision Act 
of 1976 if they constitute works of the US government. Under copyright law, a work of authorship 
prepared by an officer or employee of the US government as part of that person's official duties is in 
the public domain and is not subject to copyright protection. The submitted writing is work of authorship 
prepared as part of the authors' official duties as officers or employees of the US government, and 
therefore is in the public domain. 
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therapies. Diagnostic tests may be reviewed in the Center for Biologies Evaluation 
and Research or the Center for Devices and Radiologic Health. Internal consultations 
between Centers are frequent in areas of common interest, but specific procedures 
may differ. 

Stages of development 

Development of drugs for human use begins with identification of a compound with 
therapeutic promise by a research sponsor. When an Investigational New Drug (IND) 
application is submitted proposing pilot studies in humans, prominent preclinical data 
components include Chemistry, Manufacturing, and Controls information to characterize 
the drug, and Pharmacology/Toxicology information from animal studies [1, 2]. IND 
applications should include a "rationale for the drug or the research study" [3]; for drugs 
to treat infectious diseases, this might arise in part from data indicating activity of the 
drug against the microbe. If there are not appropriate animal models or in vitro assay 
systems, or the postulated mechanism of action is not direct antiviral activity, additional 
information regarding rationale for studies should contribute to their assessment. FDA 
reviews the documentation of safety for initiation of proposed human studies; if this is 
inadequate, and if acceptable modifications cannot be agreed upon [4], administration of 
the drug to humans under the IND may be prohibited from proceeding. 

Human studies have several sequential phases [5]. Phase 1 trials generally are small 
safety, tolerability, and pharmacokinetic studies. Phase 2 studies typically constitute the 
first small therapeutic trials in patients with the target disease, and may provide dose-
finding information in addition to preliminary short-term safety and initial effectiveness 
data. The principal basis for marketing approval is the conduct of statistically powered 
controlled Phase 3 trials confirming safety and efficacy. Phase 4 studies, after marketing, 
may provide increased information on safety, or on efficacy for additional populations 
or indications. 

A New Drug Application (NDA) for marketing approval should contain "substantial 
evidence" for effectiveness [6, 7], including adequate and well-controlled trials 
conducted by qualified experts. Evaluation of submitted evidence includes judgment of 
whether claimed effects have been adequately shown, and whether there is sufficient 
information to develop directions for use; thus, the nature and amount of evidence 
required for marketing approval may be broader than for some individual treatment 
decisions. FDA does not regulate individual practice of medicine (as in off-label 
use of drugs). 

Viral hepatitis and the drug approval process 

Development of drugs for chronic viral hepatitis has posed challenges arising from 
attributes of the viruses and the diseases. Preclinical information that will reasonably 
predict activity in human disease is far more limited for hepatitis viruses at present 
than for many other infectious diseases, and there is no fully standardized approach to 
preclinical assessment of activity. Submissions should make a maximal effort to present 
clearly the rationale and supporting evidence for initiation of human studies. 



Current issues in the regulation and approval of antiviral drugs for hepatitis 

So far, treatment studies and indications for drugs for viral hepatitis have focused 
on chronic hepatitis B or C infection associated with manifestations of chronic hepatic 
disease. Outcomes of greatest concern (for example, hepatoma or decompensated 
cirrhosis) may not occur for years or decades, so that selection and reassessment of 
markers of clinical benefit continue to pose challenges. Variations in disease course over 
time and variations among individuals in disease progression (as illustrated, for example, 
by references 8-12] reinforce the importance of controlled studies of substantial size 
and duration in relevant populations. 

Prior experience with treatment alternatives for hepatitis is limited, especially for 
antiviral drug products (as distinct from biologic products, which may have different 
mechanisms of action and different procedural approaches to evaluation). The drugs 
approved recently for chronic viral hepatitis represent a stage in the refinement of the 
information base, but do not necessarily provide a comprehensive system of precedents. 

Regulatory means for facilitating development 

General issues 

The FDA has a number of provisions for cooperative efforts to facilitate development. 
Pre-IND consultations can identify problems in preclinical data and initial human 
protocols prior to submission of an IND. In addition, several types of formal expedited 
processes can be applied when appropriate. 

Fast track designation 

The "fast track" program [13] provides for facilitating development of new drugs for 
serious life-threatening conditions through frequent FDA-industry interactions, and for 
submitting certain portions of an NDA before the complete application. "Fast track" 
designation requires that a new drug meet criteria, such as offering advantages over 
already available therapy [14], and can be rescinded if this promise is not borne out. 
"Fast track" drugs are not held to any lesser standard of evidence than any other 
drug. In many ways, "fast track" designation could be considered as formalization of 
the interactive process of review that is normally applied to new options in treatment 
of serious and life-threatening diseases (and might result in timelines similar to "fast 
track" even without this designation). "Fast track" drugs may receive accelerated 
approval or may receive priority review, if submitted materials meet qualifications 
for those processes. 

Accelerated approval 

Traditional approval involves demonstration of an effect on clinically meaningful 
endpoints, whereas accelerated approval [15] may be granted based on surrogate 
endpoints reasonably likely to predict clinical benefit, in serious and life-threatening 
conditions where a new drug offers benefit over existing treatments. Continued studies 
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post-approval are required to verify clinical benefit and maintain approval: these are 
generally designed during development and are in progress when accelerated approval 
takes place. If a sponsor were to propose an application for accelerated approval for a 
chronic hepatitis indication, initial discussion would likely include selection of endpoints 
and identification of subsequent studies to verify clinical benefit. 

Priority review 

Priority review may be given to fast track drugs, and may be given to drugs considered 
for accelerated approval, but does not depend on these other designations. Review 
priority is based on criteria such as meaningful advantages in efficacy and safety, and 
extension of efficacy and safety to new populations. Public health considerations can 
enter into this determination in addition to results applicable to decisions for individual 
patients. Drugs currently approved for hepatitis have received priority review. 

Pre-approval individual use of drugs under development 

In discussions of facilitating drug development, the FDA sometimes receives questions 
regarding pre-approval use of a drug by individuals. For example, under certain 
circumstances on a case-by-case basis, emergency IND applications may be made for 
individual use of a drug not yet approved for marketing [16]. Open-label research protocols 
proposed by IND sponsors may also allow such use. These provisions have been employed 
at times in the hepatitis field, but had little or no effect on overall development. 

Current status of drug approvals for viral hepatitis 

Lessons from history 

The history of drug development for hepatitis contains some reminders of the complexity 
of safety and efficacy evaluation in this area. In 1993 development was halted for 
safety reasons for fialuridine (FIAU), which initially appeared promising in its effects 
on certain markers of hepatitis B, but proved to have catastrophic toxicity not apparent 
in preclinical animal studies or the first few short-term human exposures [17]. Efficacy 
issues arose in ribavirin monotherapy for hepatitis C: prior to the approval of ribavirin 
for use in combination with interferon alfa, there were several pubHcations suggesting 
that ribavirin was associated with decreases in transaminases during treatment, without 
a consistently beneficial effect on circulating viral RNA, on histology, or on post-
treatment sustained response [see, for example, references 18-19]. Upon approval of 
ribavirin for use in combination with interferon, the package insert [20] carried a 
warning regarding lack of efficacy of the ribavirin component alone. Given these 
experiences and the limited overall history of drug therapy for hepatitis, safety and 
efficacy assumptions must be approached carefully and reevaluated frequently. 
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Currently approved drugs 

Thus far, two drugs have U.S. FDA approval for treatment of chronic viral hepatitis. 
Ribavirin for use with interferon is approved for treatment of chronic hepatitis C -
the proprietary name for the ribavirin capsules being Rebetol®, studied in combination 
with the interferon preparation Intron® A (which like other interferons is a biologic 
product licensed through the Center for Biologies Evaluation and Research); combina
tion therapy having the proprietary name Rebetron®. This product was approved in June 
1998 for treatment of patients with chronic hepatitis C who relapse after responding to 
an initial course of interferon, and in December 1998 for previously untreated patients. 
Approval was based on improvement in histology and suppression of circulating HCV 
RNA, sustained for six months after stopping treatment. Lamivudine was approved 
in December 1998 at 100 mg daily, under the proprietary name Epivir®-HBV^'^, for 
treatment of chronic hepatitis B. This approval was based on placebo-controlled studies 
in which the primary endpoint was histologic improvement, and the principal secondary 
endpoint was e antigen seroconversion, defined as the combination of e antigen loss, 
appearance of antibody to e antigen, and suppression of circulating HBV DNA below 
the Hmits of the research assay. 

Common characteristics of approved drugs 

For each of these two approvals, the new drug had previously been marketed for a 
non-hepatitis indication. Ribavirin is used in an aerosol formulation for respiratory 
syncytial virus infection, and the oral formulation was studied in combination with a 
previously marketed interferon preparation, while lamivudine had been on the market 
in a higher-dose form for HIV infection. Therefore, safety profiles had been partly 
worked out through usage more extensive than the hepatitis studies. For both drugs, 
principal studies were performed in adults with documented, chronic active liver disease 
without decompensation. Active drug was compared to placebo and showed superiority: 
Rebetron studies compared ribavirin plus interferon to placebo plus interferon, while 
lamivudine was compared to placebo in the Epivir-HBV studies on which efficacy 
determination was based. Histologic improvement was important in both approvals: 
other outcome measures generally showed effects compatible with histologic measures 
for overall ranking of treatment groups, but were not shown fully predictive of either 
histologic endpoints or longer-term clinical outcomes, and did not necessarily provide 
the same strength of evidence for efficacy. 

Evolving issues 

Study design 

There are numerous active issues in the design of hepatitis studies. For example: when 
is it appropriate to use placebo controls, when active controls, and what is the impact 
on interpretation? When combination therapies are proposed, how will the contribution 
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of each therapeutic component be evaluated, and how will optimal dose and timing be 
determined? How can optimal treatment duration be defined, when is it appropriate to 
have primary endpoints measured on treatment or after a period of time off treatment, 
and how will durability of treatment effect be ascertained? It is useful to discuss the 
laboratory values and assays intended for use well in advance of study initiation, if 
possible, to minimize questions arising later. Studies in special populations may be 
important to initial development and to study of new indications following approval. 

Outcome measures 

As part of evolution of study design, accumulation of information to refine outcome 
measures is desirable. Histology has been used as a principal marker of events in the 
liver, contributing to long-term sequelae with major morbidity and mortality; while 
histology has not been shown to be a perfect predictor, there also has not been solid 
evidence that other markers are better, or as good. For drugs approved thus far, multiple 
markers have been examined along with histology, including virologic, serologic, and 
biochemical outcomes. In both the ribavirin/interferon review and Advisory Conmiittee 
discussion [21] and the lamivudine review and Advisory Committee discussion [22], 
virologic or serologic markers were only partially predictive of histologic outcome. 
In the lamivudine studies in chronic hepatitis B, seroconversion markers were not as 
convincing for efficacy as the histologic endpoint, and some subjects had reversion of 
serologic markers; some Advisory Committee panelists expressed disappointment that 
study results did not support use of non-histologic markers as the sole outcome. 

NDA reviews and Advisory Committee discussions for the two approved drugs for 
chronic hepatitis also highlighted uncertainties surrounding use of viral nucleic acid 
assays. In both applications, reductions of viral nucleic acid measurements below the 
limits of the study assay (HCV RNA or HBV DNA, using investigational assays) were 
used in composite endpoints, but classification of a subject as a treatment success did 
not depend on the nucleic acid assay alone. In the lamivudine studies, a substantial 
minority of lamivudine recipients had reduction in HBV DNA below the assay limit, 
followed by re-emergence of HBV DNA while continuing therapy, related both to 
detection of viral mutations associated with reduced susceptibility and to less favorable 
results on other outcome measures compared to subjects without re-emergence of HBV 
DNA. Thus, ability to achieve initial suppression did not reliably predict outcome. 

In addition to the difficulty in predicting longer-term outcome based on systemically 
circulating viral nucleic acid markers alone in these studies, interpretation is complicated 
by the lack of FDA-approved assays. Multiple different research assays have been used, 
which may not perform predictably in different settings, and may not provide equivalent 
or readily interconvertible results [see for example references 23-25]. There is little 
information regarding clinically meaningful thresholds for prognostic conclusions based 
on quantitative measurements of circulating viral nucleic acid levels or partial changes 
in these levels. 

At present, it may be that no available endpoint for studies of chronic hepatitis 
is entirely satisfactory. Outcomes such as decompensated cirrhosis and hepatocellular 
carcinoma are unlikely to show meaningful treatment effects in studies of feasible size 
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and duration. Liver biopsy as an indicator of liver damage has problems, including 
procedure complications, variability in biopsy readings, and sampling error, so it is 
important to minimize risk through appropriate subject selection and clinical care, 
to ensure adequate blinding and randomization, and to design studies with adequate 
power and standardization to avoid obscuring meaningful differences between treatment 
groups through variability in sampling and interpretation. The use of less invasive 
measurements is an important adjunct, such that serologic or virologic outcomes may, 
when appropriate, be considered as co-primary endpoints or in composite endpoints, 
and development of information to support better validated use of such measurements 
is desirable. 

Some of the issues in endpoint selection include the following: How well standardized 
is the marker, and how reproducibly can it be measured in different settings? How 
reliably and precisely has the marker been shown to reflect or predict liver damage? 
Do changes in the marker during therapy, persistent changes after therapy, and changes 
during natural history of untreated hepatitis have comparable implications? Has the 
proposed marker been shown to have a consistent relationship to other markers, 
and can evaluation of clinical benefit be improved by combining several markers? 
In the evolving history of hepatitis studies, information about relationships between 
measurements has accumulated gradually, and results have not been uniform [see, for 
example, references 26-35]. Different studies may lead to differing conclusions about 
the absolute or relative ability of circulating markers to predict histologic activity; 
studies suggesting prognostic significance of specified tests may not be generalizable 
when assay methods change; and the relative importance of different predictors may 
need to be defined separately for different viruses and different long-term outcomes. 
A treatment effect on many different markers is helpful in decisions regarding drug 
efficacy, but does not prove that any of these markers would serve equally well to 
demonstrate efficacy. 

Pediatric studies 

Labeling of drugs as safe and effective for use in children should ordinarily be based on 
results of applicable studies. There are circumstances in which drugs may be labeled for 
pediatric use based on adequate and well-controlled studies in adults, plus supporting 
pediatric information, when the Agency has made a determination that the course of 
the disease and its response to treatment are sufficiently similar in adults and children 
to justify extrapolation of adult-study results to children [36]. Marketing exclusivity 
provisions have been introduced as an incentive for performance of pediatric studies 
[37]. For situations in which this incentive is not applicable or sufficient, a 1998 Final 
Pediatric Rule [38] provides that FDA may require pediatric studies under certain 
circumstances. This establishes a presumption that all new products will be studied in 
children during usual drug development. 

In the study of drugs for hepatitis in children, there has not been a determination that 
the disease and response to treatment are sufficiently similar to permit direct extrapolation 
of adult results. For example, although specified outcomes such as clearance of viral 
markers, development of cirrhosis, and hepatocellular carcinoma can of course occur 
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both in adults and in children, some studies suggest that disease progression is rare or 
slow in children and conversion to reduced levels of viral replication relatively common, 
other studies suggest that persistence of infection and evidence of active liver disease are 
common, and there is little information to provide direct comparative estimates of the 
risks of different outcomes over time, or the effects of treatment on these risks, in pediatric 
as compared to adult patients [see, for example, references 39-49]. Proposals for studies 
to document efficacy in children are encouraged. 

Viral resistance 

Information on viral resistance can be important to development of adequate directions 
for use of drugs for hepatitis, and therefore to substantial evidence in support of 
approval. Improvements in the knowledge base are needed in many areas including 
definition of resistance, assays, in vitro/in vivo correlations, understanding of clinical 
implications, risks of resistance in different populations, and effect on optimal drug 
use. Partly because of emergence of resistance-related concerns in hepatitis and other 
chronic viral diseases, FDA has encouraged research sponsors to develop plans for 
study of combination therapies. Design of such studies for optimal interpretability 
poses special challenges. 

Conclusion 

The complex and variable natural history of chronic disease caused by hepatitis viruses, 
and the ongoing development of diagnostic and prognostic approaches, contribute to 
the distinctive challenges to research sponsors and to regulatory personnel in this area of 
drug development. Consultation and dialogue at all stages can be valuable, in expediting 
processes where feasible and in contributing to shared understanding of potential 
obstacles. Recent and ongoing advances in this area should contribute over time to 
the evolution of development plans utilizing focused and updated information to guide 
assessment of activity, effectiveness, and safety for new therapeutic agents. 
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Introduction 

Human hepatitis B virus infection is a major pubhc health problem worldwide. 
There are over 250 million people around the world carrying the virus in their blood, 
nearly 100 million persons in China alone, and just 1-1.25 million persons in the 
USA. In some Chinese provinces the HBV infection rate is as high as 50-70%. 
The persistent infection causes serious liver diseases, including liver cirrhosis and 
primary hepatocellular carcinoma (HCC). To date, there is no effective cure for this 
disease, making HBV infection one of the most important health problems in China. 

Hepatitis C virus (HCV) is the major etiology of parenteral non-A, non-B hepatitis. 
Before it was discovered, there was little awareness worldwide that HCV was a serious, 
progressive liver disease. Since diagnostic reagents became available to detect HCV 
antibody (anti-HCV) and HCV RNA, the epidemiology of HCV infection has been 
investigated around the world, and basic and clinical studies on HCV have progressed 
rapidly. As with HBV, HCV was also recognized as another major cause of liver 
cirrhosis and HCC. 

Hepatitis B virus infection 

Some of the distinct epidemiological characteristics for HBV infection in China include: 
high prevalence of HBV infection, high rate of asymptomatic carriers, high risk 
of maternal-infant transmission, high ratio of chronic to acute disease, high risk of 
developing liver cirrhosis and primary HCC, high rate of HBV genetic mutation and 
poor response to interferon treatment. 
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Prevalence of HB V infection 

The prevalence of HBV markers (HBsAg, anti-HBs, HBeAg, anti-HBe, anti-HBc) is 
estimated at 50-70% in China, and it increases with age. The lifetime risk of HBV 
infection, as judged by the peak prevalence of HBV markers in elderly people, is 
approximately 80%. The annual incidence of HBV infection varies between two percent 
and five percent according to age. Thus, Chinese people have a high level of exposure 
to HBV throughout life [1,2]. 

Asymptomatic HBV carrier rate and chronic HBV 

The asymptomatic HBsAg carrier rate in China is as high as eight to 20% (Table 1), 
and a rapid increase in asymptomatic carrier rate was observed solely in children under 
five years of age. In spite of the continuous increase of HBV infection with age, in 
both school children and adults, the asymptomatic carrier rate in these age groups 
remains stable. Only neonates and children are at a high risk of acquiring chronic HBV 
after acute infection. This chronic infection can be reactivated in adulthood, usually 
between 20-40 years of age, and can result in clinical, chronic liver diseases [1, 2]. In a 
10-year follow-up study, chronic liver diseases were observed in 28% of chronic HBV 
asymptomatic carriers [3]. 

Table 1. Prevalence of HBsAg in different sexes and regions of China 

Sex or Region Population No. of sera % Survey done in: Reference 

61,702 11.3 1992 

61,702 8.2 1992 

10.5 1992 

8.1 1992 

61,702 9.8 1992 

8.5 1992 

10.9 1992 

11.1 1992 

8.7 1992 

1,515 9.8 1984 48 

1.3 1994 48 

* under 12 years of age. 

Male 

Female 

Rural 

Urban 

Mainland 

Northern China 

Southern China 

Eastern China 

Western China 

Taiwan 

General 

General 

General 

General 

General 

General 

Children* 
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HBV transmission, maternal-infant transmission and chronic HBV 

HBV is transmitted efficiently, primarily by percutaneous and mucous membrane 
exposure to infectious body fluids. Percutaneous exposures that have resulted in HBV 
transmission include: transfusion of blood or blood products, sharing contaminated 
equipment during intravenous drug use, hemodialysis, acupuncture, and needle stick 
or other injuries from sharp instruments sustained by hospital personnel. Sexual 
(both heterosexual and homosexual) and perinatal transmission of HBV usually result 
from mucous membrane exposure to infectious blood or body fluids. In China, HBV 
transmission is associated with the use of reusable syringes and needles for injection, 
toothbrush sharing, towel and cup sharing, and personal contact, including maternal-
infant transmission and sexual activities. The incidence of HBV in some high-risk 
groups are summarized in Table 2. 

Table 2. Incidence of HBV in some high-risk groups in China 

Reference 

50 

53 

55 

58 

IVDAs: intravenous drug abusers 

A high prevalence of HBsAg (8-15%) and HBeAg (2.0-6.5%) has been observed 
in pregnant women in China. Infants bom to HBV-carrier mothers have a 20-40% 
chance of becoming chronic carriers, and this risk increases to 70-90% for those 
bom to HBeAg-positive mothers. In the absence of universal vaccination, efficient 
matemal-infant transmission may play a role in perpetuating the vims from generation 
to generation. This transmission may occur in perinatal as well as in postnatal periods. 
Matemal-infant transmission might be one of the main reasons for the high ratio of 
chronic to acute HBV infection. The rates of matemal-infant transmission and chronic 
infection in China are probably higher than those in westem countries [1, 2, 4]. 

Severe liver disease 

Chronic HBV infection has been known as a major cause of liver cirrhosis and primary 
HCC [1, 5]. In a population and hospital-based, case-control study [6], the prevalence 
rates of HBsAg in 359 pairs of HCC cases and controls were 66.3% and 23.4%, 
respectively; the prevalence of anti-HCV in 340 pairs of HCC cases and controls 
was 17.9% and 6.5%, respectively. When both markers were positive, the odds ratio 
(OR) was higher than their multiple effects of HBsAg and anti-HCV. In the Haimen 

Group 

IVDAs* 

Prostitutes 

Hemodialysis 

Barbers 

No. of Cases 

92 

55 

199 

316 

HBV positive, % 

68.0 

52.7 

78.4 

86.1 
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case-control study, serum HGV RNA was detected in 22% of HCC cases, compared 
with 10% of controls matched with age and sex. These data suggested that HBV might 
play a more important role than HCV and HGV in the development of HCC in China. 
Several molecular epidemiological reports on the relationship between chronic HBV 
infection and HCC would support this conclusion [5-9]. 

HBV genotypes and mutations 

HBV is the prototype member of the Hepadnaviridae and is the etiological agent of 
a widespread form of acute and chronic liver disease, which is distributed throughout 
the world. The genome of HBV consists of four open reading frames — S, C, P 
and X — encoding the envelope [pre-Sl, pre-S2 and surface antigen (HBsAg)], core 
(precore precursor protein and HBeAg and HBcAg), polymerase (HBV pol), and 
X proteins, respectively. Historically, HBV variability has been assessed by means 
of monoclonal antibodies against HBsAg and classified into serological subtypes. 
Two mutually exclusive determinant pairs, d/y, w/r and a common "a" determinant, 
define the latter. By further subdivision of the four major subtypes, a total of nine 
different subtypes have been identified: adwl, aywl, ayw2, ayw3, ayw4, adwyp-, adrq-i-, 
adrq- and ayr. It has been known that the main serological subtypes of HBV in China 
are adr (72.4%), and adw (16.2%). Based on the entire nucleotide sequence of HBV 
genomes, a genetic classification system has been established. Seven genomic groups 
were described: A, B, C, D, E, F and G, each having intergroup divergence of 8% or 
more, with reference to the complete nucleotide sequence were described [10]. 

Guo et al. [11] analyzed the whole gene sequences of HBV from seven Chinese 
asymptomatic HBV carriers. Two strains were of genotype B, and the others were of 
genotype C, with serotype adr and adw in 4 and 3 strains, respectively. To study the 
relationship between focal variation of HBV S gene and seronegative HBV, Fan et al. [12] 
conducted sequencing and comparative analysis of the 52nd to 512th nucleotide of the 
S-gene in HBV, in 43 cases of seropositive and 52 cases of seronegative HBV from 
eight cities, including Changchun, Datong, Hangzhou, Shenzhen, Qingtao, Xi'an, Kunming 
and Lahsa. It was found that sequences of HBV S gene fragment in the same genotype 
were most conserved, with mutations happening randomly, and no detectable insertion, 
deletion or null mutations. There were three and five hyper-variable nucleotide points 
in HBV isolated from two different HB groups with identical genotype and serotype 
(C genotype/adr serotype and C genotype/aywl serotype), respectively, and there were 
five hypervariable nucleotide points in HBV of D genotype/ay wl serotype (five strains 
of seropositive HBV) and D genotype/ayw3 serotype (ten strains of seronegative HBV), 
respectively. This suggests that most cases of seronegative HBV may correlate with 
a low level of HBV in their blood, and a small number of cases may be caused by 
HBV S-gene mutation. 

To investigate if the concomitant presence of HBV DNA and antibodies to hepatitis 
B surface antigen (anti-HBs) is associated with mutations in the HBV envelope gene, 
Zhang et al. [13] applied PCR and sequencing to determine selected sequences of the 
HBV genome in 54 patients with chronic liver disease, collected from the Wuhan district. 
The part of the S gene coding for the 'a' determinant of HBsAg was found to be prone to 
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diversity. A total of 19 aberrations occurring at 11 of the 69 nucleotide positions of this 
part of the genome were found in sera from 15 HBsAg-negative but anti-HBs-positive 
patients. One of 13 HBsAg/HBeAg-positive and eight of 17 HBsAg/anti-HBe-positive 
samples also showed point mutations in this gene sequence. Most prevalent was a point 
mutation from A-to-G at nucleotide 530, resulting in a change from threonine to alanine 
at amino acid position 126. This study highlighted that the long duration of chronic 
HBV infection could favor a selection of escape mutants. 

The occurrence of such HBV variants in patients with chronic liver disease is 
not detected by conventional HBV serology, and the patients may be misdiagnosed. 
If viral mutants like those described here can be transmitted to other patients, there 
will be difficulties in identifying these infections, and conventional HBV vaccination 
will presumably not be protective. In another study. He et al. [14] studied 24 infants 
who became positive for the surface antigen of HBV (HBsAg), despite a complete 
course of active post-exposure immunization with plasma-derived hepatitis B vaccine. 
The PCR amplified products of the common neutralizing epitope 'a' determinant 
of HBsAg (nucleotide 419-598) from serum samples were sequenced and analyzed 
for nucleotide mutations. Four cases (16.7%) had mutations that led to amino acid 
substitutions between codons 124 and 147. Only one case (Nl) showed a substitution 
at codon 145 (from glycine to arginine, 145R), the other three were at codons 126-129. 
The mother of Nl was co-infected with the wild type and mutant vims. Five years later, 
serum of Nl showed only the wild type virus. There was no significant relationship 
between the mutation rate and the anti-HBs response to hepatitis B vaccination. Results 
suggest that without immune selective pressure, 145R variant was not frequently 
observed, and was not stable. Furthermore, mutation in the 'a' determinant was not 
an important cause of failure to prevent maternal-infant transmission of HBV despite 
active post-exposure HBV immunization in Chinese children. 

Seroconversion from HBeAg to anti-HBe is frequently seen in the course of chronic 
HBV infection. This phenomenon is closely related to mutation of the precore region; 
a G-to-A substitution of nucleotide position 1896 replaces tryptophan with a transla-
tional stop codon. Several papers support the finding that this mutant is responsible for 
the fulminant hepatitis or acute exacerbation of chronic HB. Tu et al. [15] collected 
446 serum samples from HBsAg-positive, chronic HB patients from five areas in 
China (eastern coastal city, Shanghai; southwestern inland city, Chengdu; mid-inland 
city, Wuhan; southern island city, Haikou; and northeastern city, Changchun). Precore 
stop-codon variants (e-minus mutants) were screened using a rapid PCR amplification of 
a precore and partial core gene fragment (nucleotides 1785-2172), followed by dot-blot 
hybridization with specific oligonucleotide probes (MO, and Ml -H M 2 ) . The sequence 
of the MO probe covered the distal precore region of wild-type virus (nucleotides 
1887-1908), and the sequences of the Ml and M2 probes were from sequences mutated 
at nt.l898 (TGG to TAG), with or without additional change at nt.l901. A significantly 
lower incidence of the precore stop codon was found in anti-HBe-positive serum 
samples from Haikou (17.6%), whereas in other areas the percentages of this mutation 
in anti-HBe-positive sera ranged from 47.4% to 78.9%. In HBeAg-positive samples, the 
rate of e-minus mutant in coexistence with wild-type virus was low in specimens from 
Haikou (9.5%) and Changchun (2.9%) compared to other areas in China. In contrast. 
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coexistence of mutant and wild-type virus was frequently detected in half the samples 
from Wuhan. These mutations might be related to the poor response of chronic HB 
patients to interferon treatment. 

The effect of interferon and lamivudine treatment in chronic HB 

Chinese patients with CHB differ from Caucasian patients because they are immunologi
cally tolerant to HBV, having acquired HBV infection perinatally or in early childhood. 
In the treatment of CHB, the short-term aims of loss of HBV early antigen (HBeAg) 
and HBV DNA need to be reassessed. In 1,296 Chinese CHB patients, 67.7% of those 
who developed complications of cirrhosis or hepatocellular carcinoma were anti-HBe 
positive. Therefore, longer follow-up of patients is required to assess the efficacy of 
a treatment regimen. After long-term follow up (median 90 months) of 206 Chinese 
CHB patients treated with interferon alpha (IFN-alpha) compared with 203 untreated 
subjects, IFN-alpha conferred no benefit in cumulative HBeAg seroconversion or 
in HBV DNA negativity, as determined by PCR assays or in decreasing long-term 
complications of cirrhosis and HCC [16]. 

Lamivudine is a nucleoside analogue with potent and selective anti-HBV activity. 
In a recent one-year study of 358 Chinese CHB patients in Hong Kong and Taiwan, 
Lai et al. [17] conducted a one-year, double-blind trial of lamivudine in 358 Chinese 
patients with CHB. The patients were randomly assigned to receive 25 mg of lamivudine 
(142 patients), 100 mg of lamivudine (143), or placebo (73) orally once daily. The patients 
underwent liver biopsies before entering the study and after completing the assigned 
treatment regimen. The primary endpoint was a reduction of at least two points in the 
Knodell necro-inflammatory score. Hepatic necro-inflammatory activity improved by two 
points or more in 56 percent of the patients receiving 100 mg of lamivudine, 49 percent of 
those receiving 25 mg of lamivudine, and 25 percent of those receiving placebo (p < 0.001 
and p = 0.001, respectively, for the comparisons of lamivudine treatment with placebo). 
Necro-inflammatory activity worsened in seven percent of the patients receiving 100 mg of 
lamivudine, eight percent of those receiving 25 mg, and 26 percent of those receiving pla
cebo. The 100 mg dose of lamivudine was associated with a reduced progression of fibrosis 
(p = 0.01 for the comparison with placebo) and with the highest rate of HBeAg 
seroconversion (loss of HBeAg, development of antibody to HBeAg, and undetectable 
HBV DNA) (16 percent), the greatest suppression of HBV DNA (98 percent reduction 
at week 52 as compared with the baseline value), and the highest rate of sustained 
normalization of alanine aminotransferase (ALT) levels (72 percent). Ninety-six percent of 
the patients completed the study. The incidence of adverse events was similar in all groups, 
and there were few serious events. These results indicate that lamivudine was associated 
with substantial histological improvement in many patients with chronic hepatitis B 
(including a reduction in fibrosis), with HBV DNA suppression and normalization of 
ALT levels, and that a daily dose of 100 mg was more effective than a daily dose of 
25 mg. However, lamivudine may have to be given on a long-term basis, as withdrawal 
of lamivudine results in rebound of HBV DNA to pretreatment levels. 

In another study in mainland of China, 429 patients with chronic HBV infection as 
defined by positive HBsAg, HBeAg and HBV DNA, were enrolled and randomized 
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into lamivudine and placebo groups [18]. In this study, 322 patients received 100 mg 
lamivudine daily and 107 patients received placebo treatment for 12 weeks. Then, all 
patients were offered a further 40 weeks of open label lamivudine treatment. The efficacy 
and safety were evaluated with clinical, biochemical, hematological and virological 
parameters. After 12 weeks treatment, HBV DNA response (serum HBV DNA < 1.6 ng/L) 
rate in the lamivudine group was higher than in the placebo group (92.2% versus 14.1%, 
p < 0.01); but at week 52, there was no difference between lamivudine and placebo/ 
lamivudine groups (71.0% versus 77.7%, p > 0.05). The rate of HBV DNA breakthrough 
in the lamivudine group was higher than in the placebo/lamivudine group (24.4% versus 
8.5%, p < 0.01). The proportion of HBeAg/anti-HBe seroconversion was not different 
in the two groups (7.5% versus 5.2%, p > 0.05). By week 12, the ALT normalization 
rate in the lamivudine group was higher than in the placebo group (60.3% versus 27.5%, 
p < 0.01); but after 52 weeks treatment, there was no difference between the two groups 
(70.9% versus 74.5%, p > 0.05). At week 48, HBV drug-induced mutation rate in the 
lamivudine group was higher than in the placebo/lamivudine group (14.6% versus 5.0%, 
p < 0.05). The incidence of adverse events was similar for both the lamivudine and 
placebo/lamivudine groups up to week 12 and 52. There were few severe drug-related 
adverse events. Sustained HBV replication suppression was attained with long-term 
treatment with 100 mg lamivudine daily, accompanied by good tolerance and safety, 
although resistant virus was detected in a significant number of patients. 

Lamivudine is effective in suppressing replication of HBV, however, the emergence 
of HBV variants resistant to lamivudine is a major concern [17, 18, 59-66]. Lamivudine 
resistance has been attributed mainly to a change from methionine to isoleucine or valine 
at codon 550 in the catalytic site of the virus polymerase (genotype B). The incidence 
and its evolution of lamivudine-selected HBV resistance is summarized in Table 3. 

Hepatitis C infection 

HCV infects approximately 200 million individuals worldwide. In about 20% of cases, 
chronic HCV infection leads to cirrhosis, which predisposes the patient to HCC. 

Prevalence of HCV infection 

In China, the prevalence of HCV infection in the general population is low, ranging 
from one to five percent (Table 4). There is a significant difference in the rates of 
anti-HCV in the different populations [1-2, 19-20]. In Western Europe and the USA, 
the prevalence rates range from 0.2 to two percent, and in most African countries, over 
five percent of the general population is infected with HCV [38, 74]. 

In a study of anti-HCV in the sera of different populations [21], out of the general 
population, 2.1% (9/438) were anti-HCV-positive, and of the patients that underwent 
blood transfusion, 11.1% (6/54) were anti-HCV-positive. Among patients with chronic 
liver diseases, anti-HCV was positive in 10.5% (36/342) of patients with chronic 
persistent hepatitis (CPH), 12.1% (13/107) of those with chronic active hepatitis (CAH), 
42.6% (63/148) of those with liver cirrhosis (LC) and 38.4% (20/52) of those with HCC. 
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It is noteworthy that the anti-HCV-positive rate significantly increased with disease 
progression from CPH to CAH, LC and HCC. 

Table 3. Sequence evolution of lamivudine-selected HB V resistance in humans 

Treatment 

Time 

(Weeks) 

Type Patients Number Dose Resistance Method Area Reference 

of Trial of cases (mg/d) (%) 

26 DB, PC, R CHB 60 100 1.9 PCR-RFLP Greece, 63 

52 27 Italy, 

UK, 

Spain, 

Canada 

36 

48 

24 

36 

52 

38 

52 

77 

104 

52 

104 

456 

DB, PC, R 

DB, PC, R 

DB, PC, R 

CHB 

CHB 

CHB 

CHB 

107 

429 

267 

267 

133 

134 

37 

58 

100 

25 or 100 

25 

100 

100 

100 

5.0 

14.6 

0 

4 

14 

14 

11 

32 

56 

66 

17 

40 

55 

PCR-

sequencing 

RFLP 

PCR-RFLP 

PCR-RFLP 

Mainland 18 

China 

Hong 17,72 

Kong, 

Taiwan 

60 

Hong 73 

Kong, 

Taiwan 

Singapore 

Note: CHB, chronic hepatitis B; DB, double blind; PC, placebo control; R, randomized; PCR, polymerase 

chain reaction; RFLP, restricted fragment length polymorphism. 

Table 4. Prevalence of anti-HCV in the general population of China 

Region 

Mainland 

Northern China 

Southern China 

Taiwan 

No. of sera 

67,185 

275 

HCV positive. 

3.2 

3.6 

2.9 

2.9 

% Survey done in: 

1992 

1992 

1992 

1993 

Reference 

1 

1 

1 

49 
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HCV transmission 

Like HBV, the most efficient transmission of HCV is through direct percutaneous 
exposure to infectious blood, such as through transfusion of blood or blood products or 
transplantation of organs or tissues from infectious donors, and sharing of contaminated 
equipment among intravenous drug users [1-2]. The incidence rates of post-transfusion 
HC in several cities of China were in excess of 10% before 1997. The high risk 
associated with blood transfusion for surgical patients was a result of the lack of 
sensitive and reliable reagents for blood screening and the spread of HCV infection 
among blood donors. In several areas of China, plasma donation was performed with 
reusable and contaminated equipment before 1996. HCV infection was found in 10.8% 
of the professional donors who gave one donation, and 56.5% and 94.8% in those 
who gave 10-19 and 20-29 donations, respectively. HCV may also be transmitted by 
vertical, sexual and intrafamilial parenteral or non-parenteral routes. As the economy of 
China improves and Chinese lifestyles change, the patients infected by HCV through 
sexual route and illicit intravenous drug abuse is likely to increase (Table 5) [22-23]. 
Therefore, HCV infection, as with HBV, is not only a public health problem, but 
also a social problem. 

Table 5. Incidence of anti-HCV in some high-risk groups in China 

Group Cases Anti-HCV, Reference 

IVDAs 

Prostitutes 

Haemodialysis 

HIV infected 

Tattooed 

92 

158 

703 

223 

55 

431 

63 

144 

63 

87 

92 

86 

82.2 

10.3 

3.64 

9.51 

36.5 

24.3 

25.4 

12.6 

50 

51 

52 

52 

53 

54 

52 

57 

52 

56 

IVDAs: intravenous drug abusers 

HCV genotypes and subtypes 

HCV comprise a group of highly variable isolates or strains. Currently, HCV has been 
classified into at least 11 major genotypes and over 70 subtypes, based on analysis of 
complete or partial HCV genomic sequences. It has been found that the genotypes and 
subtypes differ in their geographical distribution, the resulting severity of disease and 
in the responsiveness to interferon treatment. For instance, interferon-alpha (IFN-alpha) 
treatment of genotypes la, 2, 3, and 5 appears to be more effective than when used 
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for genotype lb and 4 infections. Therefore, there is a need for routine diagnosis of 
HCV types and subtypes prior to treatment. There are many reports concerning HCV 
genotype in China [24-36]. Genotype lb (50-80%) and 2a (10-40%) predominate in 
mainland China and Taiwan, whilst approximately 10-30% of patients from Hong Kong 
are infected with genotype 6a [28, 29, 70, 71]. Genotype la and lb infections accounted 
for 37% and 31% in the USA, respectively [38, 75]. The genotypes found in different 
regions of China are summarized in Table 6. 

HCV genotypes in Northeastern China 

Huang et al. [24] evaluated 3,902 serum samples in the Shenyang area of Northeastern 
China for anti-HCV by ELISA, and 100 samples were genotyped. HCV genotypes 
were detected by PCR with type-specific primers. The results indicated that anti-HCV-
positive rates in general populations were 0.42% to 1.66%. Anti-HCV-positive rates in 
the group of post-transfusion hepatitis and sporadic hepatitis (excluding HAV, HBV, 
EBV, CMV infection), hepatitis B post-hepatitis cirrhosis (excluding HBV infection) 
and HCC were significantly higher than the group of patients without liver diseases 
or the group of patients without transfusion (p < 0.01). The incidence of HCV-lb, 
HCV-2a, and lb/2a mixed type were 58%, 27%, 14%, respectively. The rate of infection 
with HCV-2a was 80% in the normal population, but 91.7% with type lb HCV in the 
group of patients with cirrhosis. These results suggested that patients with different liver 
diseases were at high risk of HCV infection, and that HCV 2a type was predominant, 
followed by HCV lb as well as lb/2a mixed in HCV genotype distribution in the 
Shenyang area. 

HCV genotypes in Southwestern China 

Ding et al. [25] studied 206 serum samples in the Guizhou area of Southwestern China. 
Thirty-five serum samples were anti-HCV-positive, and only 30 samples were positive 
for HCV RNA by nested PCR at 5'-noncoding region. The 30 patients consisted of 
18 patients with chronic hepatitis and 12 blood recipients with hemopathy. Subtype lb 
and 2a infections were found in 90% and 10% of the samples, respectively. 

HCV genotypes in Eastern China 

There are two interesting reports from Eastern China, specifically Shanghai. The first 
conducted by Jiang et al. [26] investigated the distribution and frequency of various 
genotypes in different populations in Shanghai using second generation HCV line probe 
assay. Among 81 HCV isolates from patients with HC, there were 71 (87.6%) genotype 
lb, 4 (4.9%) 2a, 2 (2.5%) 3b, 1 (1.2%) 6a, 2 (2.5%) mixed genotypes (1 for 2a or 
2c-i-2b-Hl, 1 for lb+6a) and 1 (1.2%) indeterminate, respectively. Among seven isolates 
from blood donors, there were 5 lb and 2 genotype 2a, and among 21 from intravenous 
drug abusers (IVDAs), there were 8 (38.1%) genotype la, 5 (23.8%)lb, 2 (9.5%) 2a 
or 2c, 2 (9.5%) 3a, 1 (4.8%) 3b and 3 (14.3%) mixed genotypes (1 for la+2a or 2c, 
1 for lb+2a or 2c+6a, and 1 for la+lb+3b), respectively. The results showed that 
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seven HCV subtypes (la, lb, 2a, 2b, 3a, 3b and 6a) belonging to four HCV genotypes 
(1, 2, 3, 6) were present in different populations in Shanghai. Of these, 2b, 3a, 3b and 6a 
were first found in China, and HCV genotype lb was most commonly found in patients 
with HC and blood donors. Genotype la and 3a were only found in IVDAs. The second 
report by Zhong et al. [27] focused on genotyping of HCV in the HCV and HIV-1 
co-infected samples, using second-generation HCV LiPA kits. A reverse-hybridization 
technique was used for genotyping HCV from seventeen HCV and HIV-1 co-infected 
samples derived from six different high-risk geographic areas in China. The results 
indicated that seven (41.2%) of the samples were found to be of lb genotype, five 
(29.4%) were 2a/2c genotype and five (29.4%) were mixed-genotype with lb and 2a/2c. 
Notably, HCV lb genotype, which usually fails to respond to IFN-alpha and is apt to 
proceed much faster to severe chronic hepatitis, cirrhosis and HCC, had a significantly 
higher prevalence of 12/17 (70.6%) than other subtypes in this study. 

HCV genotypes in Hong Kong and Taiwan 

A greater diversity of HCV genotypes was found in Hong Kong than in mainland 
China [28]. Although the Hong Kong Chinese patients had predominantly genotype 
lb (70%), it was noteworthy that 6a was the second most common genotype (14%). 
Three other HCV genotypes, la, 2a and 2b, were also present. In contrast, HCV 
infection in mainland China was confined to genotypes lb and 2a. Chan et al. [29] 
conducted HCV genotypes in renal transplant patients, and found that the most prevalent 
HCV genotype among these patients was lb (78%), followed by la (10%) and 6a (8%). 
This result implied that in addition to viral characteristics, host factors such as the 
immunosuppressed state play an important role in the pathogenesis of liver disease in 
these patients. Chan et al. [30] detected 60% HCV lb, 16.5% HCV 2a, 8.2% 2b and 
15.2% mixed or underdetermined types in Taiwan. 

HCV genotypes and interferon treatment 

To study the genotypes of HCV infection in Shanxi Province and the response of HCV 
genotypes to interferon therapy, Zhao et al. [31] analyzed the genotypes of HCV by 
restriction fragment length polymorphism in 94 chronic HC patients who were positive 
for HCV RNA by RT-PCR. They reported that 80 patients (85.1%) were genotype lb 
infection, 12 (12.8%) were genotype 2a infection and 2 (2.1%) were lb/2a co-infection. 
The 45 chronic HC patients with different genotypes (35 with HCV lb, 10 with 
HCV 2a) received rIFN a-lb 3 million units (MU) three times a week for six months and 
were followed up after 12-34 months. As expected, the response rate was significantly 
higher in patients with HCV 2a infection (80%) than that in patients infected with 
genotype lb (37.1%) (p < 0.05). Sustained response was observed in 60% for 2a 
and in 17.1% for lb (p < 0.025). The data indicated that HCV lb is the major type 
of HCV infection in Shanxi Province, and HCV genotype seems to be an important 
factor in determining the response rate to interferon treatment in patients with chronic 
HCV infection. 
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Chronic HCV infection and interferon treatment 

IFN-a is the only drug approved for the treatment of HCV infection in many countries. 
Its effectiveness appears to be related to dose and duration of therapy. Yao et al. [37] 
reported that IFN-a 2a is effective in the treatment of Chinese patients with chronic 
HCV infection, and the sustained response rates and adverse drug reactions between two 
schedules (a dose of 3 MU of IFN-a 2a three time times per week for six months, and 
a starting dose of 6 MU for three months and subsequent reduction to 3 MU three times 
per week for a further 3 months) are similar. However, the degrees of response to IFN 
treatment [interferon responses were defined as: (1) prolonged response during the period 
of treatment is referred to as sustained response, SR; (2) a future response of at least 
six months after cessation of therapy is regarded as long-term response, LTR; (3) if 
there are only minor or no changes in some parameters, such as serum levels of ALT 
and clearance of HCV RNA, in some treated cases, it should be defined as nonresponse 
or poor response, NR or PR] seem to be associated with HCV genotypes or subtypes 
and genomic diversity. Among patients treated with 3 MU of IFN-a three times per 
week for six months, overall LTRs are only 15-25%, only 4-8% of cases infected with 
HCV subtype lb are LTR, while genotype la (15-20% LTR), 2a/2b (30-40% LTR) 
and 3a (35-50% LTR) respond more favorably [38]. In patients with HCV genotype 
lb infection, a substantial correlation between the ALT response and genomic diversity 
was suggested [31, 39-42], but this correlation was not shown in other studies [37, 43]. 
Since HCV genotype lb is the most common genotype in China, there are many patients 
with HCV lb infection who cannot respond to IFN-a treatment, although the efficacy 
of IFN-alpha in the treatment of Chinese patients with chronic HCV infection has 
been reported [37]. The combination of ribavirin with interferon is being evaluated 
in Chinese patients. 

Coinfection of hepatotropic viruses 

Since HBV and HCV share similar routes of transmission, coinfection by hepatotropic 
viruses and/or HIV or HGV can occur. This situation is of special clinical significance. 

Superinfection of HBV and HCV 

In a recent study of 712 patients with HBV infection, anti-HCV-positive rates were 
3.3%, 14.3%, 49.0% and 15.4% in patients with acute, chronic, and severe hepatitis and 
liver cirrhosis, respectively [44]. There were markedly different anti-HCV-positive rates 
(p < 0.0001) in patients of different clinical stages. Of 103 patients with superinfection 
of HBV and HCV, serum HBsAg, HBeAg and anti-HBcIgM-positive rates were 
statistically significantly lower than those in patients with hepatitis B, but the anti-HBe 
positive rates were higher. 
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HIV and hepatitis virus infection in Chinese drug addicts [45] 

The prevalence of antibody against HCV (anti-HCV) and five HBV markers were 
measured in 176 Chinese drug addicts, of whom 23 were AIDS patients. Of 176 drug 
addicts, 147 were members of ethnic minorities, while 29 were Han, the majority 
ethnic group. The total prevalence rates of anti-HCV and HBV markers were 35.8% 
and 50.6%, respectively (p < 0.01). Both anti-HCV and HBV markers were found in 
22.7% of the samples. Similar prevalence rates were found among the different ethnic 
groups. Among the ethnic minorities, there was a significantly higher prevalence rate 
of anti-HCV in IVDAs (51.1%) than in oral drug addicts (20.3%). Furthermore, the 
prevalence of anti-HCV was significantly higher in needle-sharing abusers (60.4%) than 
in non-needle sharing ones (37.1%, p < 0.05). The prevalence of HBV markers was 
also significantly higher in needle-sharing abusers (69.8%) than in non-needle sharing 
ones (34.3%). Prevalence of HBsAg was significantly higher in drug abusers with 
HIV (47.8%) than in IVDAs only (16.1%). The anti-HCV-positive rates among ethnic 
minority people were: for the Yi, 69.2%, the Hui, 55.6%, the Bai, 53.9%, the Dai, 
26.8% and the Wa, 23.1%. No obvious difference was identified for HBV markers. 
The prevalence rates of HCV, HBV and HCV -H HBV in IVDAs showed no significant 
difference between the two regions. HIV, HCV and HBV infections may be related to 
needle-sharing behavior in drug abuse and to different subcultures and living habits. 

Multiple infection with hepatitis B, C and G viruses 

To study the possibility of superinfection and multiple infection in patients with 
hepatitis G virus (HGV) infection, Du et al. [46] applied an RT-PCR technique in the 
non-structural gene 3 (NS3) region of HGV to detect HGV RNA in serially-diluted, 
quality-control sera and an HGV-C reference panel of samples. These samples included 
90 that were positive for HCV RNA, and 12 samples were from blood donors with 
superinfection of HBV and HCV. Serially-diluted, quahty-control sera were positive for 
HGV RNA at dilutions of 10"̂  to 10^ but were negative at dilutions of 10"̂  to lO l 
HGV RNA was positive in two samples of control HGV-C serum. HGV RNA was 
positive in eight of the 90 HCV samples and in four of the 12 cases with superinfection 
with HCV and HBV. These are not only superinfections of HBV and HCV, but also 
multiple infections. 

Precore stop codon mutation and coinfection of HBV and HCV [47] 

In order to study the mutation of HBV precore gene in patients with dual infections of 
HBV and HCV, and its possible clinical significance, the precore stop codon mutation 
(stop 28) was analyzed by PCR and restriction fragment length polymorphism (RFLP) 
in patients with chronic liver disease. These included 25 cases with HBV DNA and 
HCV RNA positive (group A) and 31 cases with HBsAg and HBV DNA positive, but 
anti-HCV and HCV RNA negative (group B). The results demonstrated that the serum 
HBV DNA-positive rate by the first PCR in patients with dual infections (group A, 16%) 
was significantly lower than that in patients with HBV infection alone (group B, 65%). 
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The stop codon-positive rate was also significantly lower (28% versus 68%). The results 
suggest that the low frequency of precore stop codon mutants in patients with HBV and 
HCV dual infections was possibly due to low replication of HBV. 

Conclusion 

Viral hepatitis A, B, C, D, and E are important public health problems in China. 
However, HBV and HCV overshadow the other viruses because of their severe and 
frequent sequelae, such as chronic hepatitis, cirrhosis and primary hepatocellular 
carcinoma, which can seriously imperil the health and life of infected individuals. 
Epidemiological patterns for HBV and HCV infection in China are different from those 
in other advanced countries in several ways, such as high prevalence of infection, 
high ratio of chronic to acute infection, high risk of maternal-infant transmission, high 
rate of mutation of viral genes and poor response to IFN treatment. In the absence 
of combination treatment with powerful anti-HBV drugs, resistant HBV is likely to 
occur. Thus, it may be preferable to use monotherapy approaches such as lamivudine 
sparingly. There is a critical need for effective and safe therapies for HCV. Clearly, 
Interferon is usually ineffective in Chinese patients, because genotype lb predominates 
in this population. Orally bioavailable, powerful HCV drugs are desperately needed. The 
need to continue prevention programs and childhood yaccination for HBV are essential. 
Education and improved social services will decrease the rate of infection for both HBV 
and HCV in China. Further studies on sera and the molecular epidemiology of HBV and 
HCV infections should contribute to improved vaccination control and provide the basis 
for the development of specific therapies for these infections. 
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Abstract 

Ten to 20% of community-acquired and transfusion-associated hepatitis cases, 20%-30% 
of chronic hepatitis cases and perhaps 50% of fulminant hepatitis cases have no 
defined etiology. Because these cases have similar characteristics to hepatitis cases of 
established viral origin, there has been an intensive effort to discover new viral agents 
utilizing molecular technology. This has led to the discovery of the GB virus and its 
variant, the hepatitis G virus (HGV), and more recently to discovery of the TT virus 
family that includes the SEN virus. The GB agent and the hepatitis G virus (HGV) are 
RNA viruses in the flaviviridae family. Extensive investigations have failed to show that 
these agents play a causal role in cases of acute or chronic liver disease. 

The TT Virus (TTV) has been shown to be a small, non-enveloped, single-stranded, 
circular DNA virus in the family of circoviridae. Circoviruses are classically animal 
viruses, and they have not previously been known to cause human disease. It is now 
clear that TTV is a heterogeneous group of agents that can be transmitted to humans 
by both parenteral and non-parenteral routes. The agent is found throughout the world, 
but in particularly high prevalence in Japan, where TTV has been detected in from 
12% to 93% of healthy persons. Although initially implicated in fulminant hepatitis 
and cryptogenic chronic liver disease, these associations have not been confirmed, and 
presently there are no proven disease associations for this agent. 

Continued molecular studies on TTV revealed increasing diversity, and new 
members of the family have been identified that differ from the prototype strain by 
as much as 50% in nucleotide sequence and as much as 70% in amino acid content. 
The SEN virus (SEN-V), which like TTV was named after the initials of the patient 
in whom it was found, was discovered independently using amplification strategies 
with highly degenerate TTV primers. Two SEN-V variants (SEN-D and SEN-C/H) 
have been studied extensively and have been found as acute infections in 11 of 
12 (93%) of transfusion-transmitted, non-A to E hepatitis cases. This proportion is 
significantly different from the 24% prevalence in patients without hepatitis (p < 0.001), 
but extrapolation shows that no more than 6% of SEN-V infections are associated with 
hepatitis. Whether this strong statistical association indicates a causal role for this agent 
in the development of transfusion-associated hepatitis is uncertain at this time. There is 
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no current evidence that SEN-V is a cause of fulminant hepatitis, hepatitis-associated 
aplastic anemia or cryptogenic chronic liver disease. 

Thus there appears to be a new complex super-family of non-enveloped single-
stranded, circular DNA viruses whose clinical relevance is uncertain. There is a need to 
confirm intrahepatic localization and replication, to define optimal primer sets and to do 
large, systematic, controlled investigations to determine if any of these agents play an 
etiologic role in liver disease or disease of other organ systems. 

Introduction 

Cloning of the hepatitis C virus (HCV) [8] dramatically changed the paradigm for 
viral discovery. HCV was discovered in the absence of a tissue culture system, 
an observed particle, a serologic assay or a means to measure in vitro or in-vivo 
replication. Substituting for these classic virologic methods was blind cloning, immuno-
screening of expressed proteins and the detection of novel nucleic acid sequences. 
A novel sequence and/or a gene product observed in the majority of patients with 
non-A, non-B hepatitis, and rarely in controls without hepatitis, proved sufficient 
to establish causality and to develop sensitive diagnostic assays that have virtually 
eliminated transmission by blood transfusion. The new paradigm of viral discovery 
bypasses tissue culture, electron microscopy and small animal models and advances 
directly to molecular virology. Hence, in search of non-A-E agents, the hepatitis G 
virus was discovered by sequence independent single primer amplification (SISPA) [9], 
the GB group of viruses (GBV-A, GBV-B, GBV-C) [18] by representational difference 
analysis (RDA), a form of subtractive cloning, the TTV family, including TT virus [13], 
Sanban [6], and Yonban, by RDA, and the SEN virus by using highly degenerate 
TTV primers followed by amplification and sequencing. None of these more recent 
molecular discoveries have been proven to have clinical relevance, but most are 
still under investigation. It is probable that these advanced techniques will lead to a 
continuing series of "new agents", each of which will be extensively investigated for 
clinical associations and causal linkage. The commercial success of the hepatitis C 
virus discovery will continue to drive these investigations, and the critical issue will 
remain, when does a novel sequence become a relevant infectious agent? In this chapter, 
I will address the evidence that there might be a hepatitis agent beyond hepatitis 
virus E (HEV) and describe the candidate agents thus far reported, particularly TTV, 
Sanban, Yonban and SEN. 

Evidence for additional hepatitis agents 

One of the remarkable features of the HCV discovery (Kuo G, et al., 1989) was that 
this agent accounted for the vast majority of previously unexplained hepatitis cases. 
Nonetheless, a retrospective analysis of prospectively-followed transfusion recipients 
in the NIH series [1] revealed that 12% of non-A, non-B hepatitis cases were 
unrelated to HCV infection. The majority of non-A, non-B, non-C (non-ABC) cases 
had asymptomatic infection and mild biochemical abnormalities, but more marked ALT 
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elevations were noted in some, and approximately 20% appeared to develop chronic 
hepatitis. More severe non-ABC hepatitis cases were observed in the CDC Sentinel 
Counties studies [3] that focused on overt, community-acquired hepatitis. In the 
CDC studies, 18% of cases were serologically and molecularly unrelated to hepatitis 
viruses A, B, or C. Hence, although the established hepatitis viruses, HAV, HBV 
and HCV accounted for the majority of both transfusion-related and community-
acquired hepatitis, approximately 10%-20% of such cases might be due to additional, 
unrecognized hepatitis agents. In addition, as sensitive tests for HCV were applied 
to patients with non-A, non-B fulminant hepatitis, it became apparent that HCV was 
rarely implicated in these cases. It was thus speculated that novel hepatitis agents might 
be responsible for fulminant hepatitis cases that did not have an established viral or 
toxic etiology. Additional clinical evidence for a non-ABC hepatitis agent derived from 
studies of hepatitis-associated aplastic anemia [5]. In these cases, often occurring in 
children, a classic case of clinical hepatitis was followed in one to two months by 
severe aplastic anemia that was otherwise indistinguishable from idiopathic aplastic 
anemia. Lastly, up to 30% of cases of chronic hepatitis and cirrhosis have no 
identified etiology and are designated cryptogenic [2]. Thus, in five different settings 
(transfusion-associated hepatitis, community-acquired hepatitis, fulminant hepatitis, 
hepatitis-associated aplastic anemia and cryptogenic chronic hepatitis), an argument 
could be made for the existence of at least one additional human hepatitis agent. 
Conversely, the possibility exists that these cases represent cryptic manifestations of 
known hepatitis agents, particularly HBV and HCV, or represent noninfectious causes 
of hepatitis, such as unrecognized drug-toxicity. Indeed, in some of these cases, HBV 
and HCV have been found in liver tissue in the absence of serologic or molecular 
markers in the blood. 

Paradoxically, as efforts to discover the agent of non-A to E hepatitis intensified, the 
incidence of such infections declined. Testing donors for antibody to HCV has not only 
reduced the incidence of transfusion-associated hepatitis C to near zero, but has also 
resulted in a marked decline in non-A to E hepatitis. Similarly, in recent analyses of the 
CDC Sentinel Counties studies, there has been an absolute decline in non-A to E cases, 
as well as those due to HCV. It thus appears that measures, such as needle exchange 
programs, that result in a decline of hepatitis C also diminish cases of non-A to E 
hepatitis. It is probable that HCV and the postulated non A to E virus traverse the same 
epidemiologic routes and reside in the same individuals, such that exclusion/prevention 
of the known agent simultaneously impacts on the unknown agent. Whatever, the 
relationship between the known and the unknown, the possibility that a clinically 
significant non-A to E agent(s) exists incited interest in both the academic and com
mercial scientific community and spurred the establishment of several viral discovery 
programs. These programs sequentially led to the discoveries of GB virus (types A, B 
and C) [18], the hepatitis G virus (HGV) [9], the TT virus (TTV) [13], the TTV-related 
viruses Sanban [6] and Yonban, the TTV-Like Mini Virus (TLMV) [19] and the SEN 
virus (SEN-V) [20]. These viruses and their interrelationships are discussed below. 
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GB agents and hepatitis G virus 

In the 1950s, a surgeon whose initials were G.B. developed acute icteric hepatitis. 
In that decade, prior to the discovery of any hepatitis agent, the GB serum was 
extensively investigated for the presence of a transmissible hepatitis virus. There was 
initial success when the GB serum was inoculated into marmosets and reproducibly 
caused hepatitis in that animal model. Serial passage in marmosets was achieved and the 
GB agent seemingly fulfilled criteria for a transmissible hepatitis virus. However, after 
initial enthusiasm, debate ensued as to whether this represented a human hepatitis agent 
or the reactivation of a marmoset hepatitis agent. The debate was never fully resolved, 
and no additional data came forth to prove that the GB agent was a human hepatitis 
virus. Interest in this agent then waned, especially after the discovery of hepatitis viruses 
A, B and C. However, in the 1990s, following the recognition that there might be 
a non-ABC human hepatitis agent, investigators at Abbott Laboratories resurrected 
the GB story. Using frozen samples from serial passages in the marmoset, Abbott 
investigators used representational difference analysis (RDA) to compare pre- and 
post-inoculation marmoset sera [18]. Following selective amplification and subtractive 
cloning, a unique nucleic acid sequence was found in the post-inoculation specimen 
and shown to be absent in serum obtained from the marmoset prior to receipt of 
the GB inoculum. The sequence was expanded until the full genome was identified. 
Subsequently, it became apparent that there was more than one GB agent, and these 
were designated GBV-A, GBV-B and GBV-C. The genomic structure identified these 
agents as flaviviridae, but they showed little homology to HCV or other members of that 
family. Extensive population studies, studies of patients with and without liver disease 
and studies of marmosets established that GBV-A was a primary marmoset agent, that 
GBV-C was a human virus, and that GBV-B might be able to infect both species. 

In independent investigations conducted at Gene Labs, Inc. in collaboration with 
investigators at NIH and the CDC, an agent was identified using an amplification 
strategy that did not require foreknowledge of the viral sequence [9]. This method, 
sequence independent single primer amplification (SISPA), amplified a nucleic acid 
sequence that was novel to the Gene Bank, coded for a gene product that induced 
antibodies in humans, occurred in some patients with non-A, non-B hepatitis, and was 
recovered from the original patient serum as well as the amplified clonal derivative. 
This agent was originally thought to be a novel hepatitis virus and was designated the 
hepatitis G virus (HGV). By "walking the genome" the investigators identified HGV 
as a flavivirus distinct from HCV [9]. Subsequent sequence comparisons revealed 
that GBV-C and HGV were essentially the same agent, representing strain variants 
of a new member of the flaviviridae family. Disappointingly, clinical studies showed 
that although GBV-C/HGV was transmitted by blood transfusion and found in cases 
of community-acquired non-ABC hepatitis, there was no apparent causal relationship 
between the presence of the virus and the development of hepatitis. In studies of 
transfusion-associated hepatitis [la], it was shown that the agent was found in two 
to four percent of blood donors, that it was readily transmitted by blood transfusion, 
and that it could lead to persistent infection in recipients. Nonetheless, the virus was 
found with equal frequency in patients who did and did not develop hepatitis, and 
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no consistent relationship was shown between the level of viremia and the degree of 
liver damage. Further, the agent has not been proved to replicate in the liver. Rather, 
PCR identification of the agent in liver tissue appears to reflect contamination from 
serum and/or circulating blood cells [16]. Despite extensive worldwide investigations 
over the past decade, GBV-C/HGV has not been shown to cause hepatitis or other 
known liver or non-liver disease. 

TT virus 

In 1997, Nishizawa and coworkers (1997) in Japan employed RDA to compare pre-
and post-hepatitis sera from five patients with transfusion-associated hepatitis (TAH). 
A viral clone, designated N22, yielded a 500-nucleotide sequence that showed little 
homology to published sequences and that was of nonhuman origin. This sequence was 
absent prior to the onset of hepatitis and was subsequently found in three of the five 
TAH cases studied. In addition, there was a correlation between the titer of the vims 
and the level of ALT. The novel sequence was originally isolated from the serum of 
a patient whose initials were TT, and the presumed virus was then designated the TT 
virus (TTV). Biophysical characterization by investigators in Dr. Makoto Mayumi's lab 
[15] revealed several important features of the agent: 1) the agent banded in sucrose 
gradients at 1.26 glow? and in cesium chloride at 1.31-1.32 g/cm^, suggesting that it 
was particle associated; 2) the band density did not change after treatment with Tween 
80, suggesting that it was non-enveloped; 3) the genome was shown to be sensitive 
to DNase I and Mung Bean Nuclease, suggesting that it represented single-stranded 
DNA; 4) the full sequence consisted of 3,739 bases, and it appeared to contain at least 
two open reading frames. These data, in composite, suggested that TTV was a novel, 
non-enveloped, single-stranded human DNA vims. The agent showed no significant 
homology to established human hepatitis vimses and initially was thought to be a new 
member of the parvovims family. Further studies, however, showed that the DNA in 
TTV was circular and that the agent was most closely related to circoviridae, a family of 
animal and plant vimses, not previously associated with human disease (Mushahwar IK, 
1999). A representative circovims is the chicken anemia vims. Continued investigations 
into TTV showed considerable diversity among isolates. It was initially classified into 
two genetic groups that differed by 30% and were designated Gl and G2, and then into 
subgroups that differed in sequences by 11%-15%, resulting in the classifications of 
Gla and Gib as well as G2a and G2b. The genetic diversity has continued to expand 
as more and more isolates have been studied and in 1999, Okamoto [15] reported 
that TTV could be classified into at least 16 genotypes separated by an evolutionary 
distance of >0.30. Sequence divergence among the most separated members of the 
family exceeds 50%. 

TTV has been claimed to replicate in the liver based on PCR detection of the genome 
in the liver at titers equal to or greater than that in the semm. While such data are 
suggestive of hepatotropism, more definitive evidence has recently been reported by 
in-situ hybridization. Rodriguez-Inigo, et al. (2000) in Spain analyzed the presence of 
TTV DNA by PCR and in-situ hybridization in liver biopsies from 30 patients with 
liver disease, among whom 15 were TTV-DNA positive and 15 TTV-DNA negative 
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in serum. They also tested the livers from eight patients without liver disease. TTV 
DNA was detected in the liver of each of the 15 patients with liver disease in whom 
it was detected in serum, and the TTV DNA titers in the liver were generally 10 times 
higher than in serum. TTV DNA was also detected in two of eight normal livers from 
TTV-positive patients. In-situ hybridization showed a positive signal in the 17 patients 
infected with TTV, but in none of the TTV-negative patients. The percentage of positive 
hepatocytes ranged from 2% to 30% and correlated with TTV DNA titers in the liver. 
There were no morphologic changes in the liver cells that showed hybridization signals, 
and there was no correlation between the percentage of TTV-infected hepatocytes and 
the histologic activity index or its composite scores. Thus, although this study indicates 
that TTV can infect liver cells, it does not establish this agent's role in the causation 
of hepatitis. Proof that TTV replicates in the liver is still lacking and will require the 
demonstration of replicative intermediates within hepatocytes. 

Epidemiologic studies have confirmed that TTV is a parenterally transmitted agent, as 
demonstrated by donor-recipient linkage in transfused patients and by a high prevalence 
among hemophiliacs and intravenous drug abusers. In addition, TTV has been shown 
to be enterically transmitted and has been recovered from both bile and stool. Although 
other agents, such as hepatitis A virus, can be transmitted by both enteral and parenteral 
routes, usually there is a marked preference for one mode of transmission over the 
other; uniquely, TTV appears to be very efficiently spread by both these major routes 
of transmission. In the original studies of TTV in Japan [14], the agent was found in 
34/290 (12%) healthy donors compared to 9/19 (47%) patients with fulminant non-A 
to G hepatitis, 41/90 (46%) with non-A-G chronic fiver disease and 19/28 (68%) 
hemophiliacs. While these data suggested a relationship to acute and chronic liver 
disease, this has not been borne out in subsequent studies. Further, as investigators 
utilized more inclusive primers that targeted conserved sequences and encompassed 
a broader spectrum of the heterogeneous TTV family, the background prevalence 
increased dramatically, and in one study using conserved primers in the non-coding 
region, 93% of the Japanese population studied was infected [15]. With background 
rates this high, establishing disease causality becomes extremely difficult. 

In follow-up to the initial report from Japan showing high TTV prevalence in non-A 
to G fulminant and chronic liver disease, Naoumov [12] studied 126 adults in 
England, among whom 72 had a range of liver diseases, predominantly hepatitis C 
(33 patients), hepatitis B (10 cases) and non A-G liver disease with and without 
transplant (29 cases). Also included were 24 who had recovered from hepatitis C 
and 30 healthy controls. TTV DNA was found in 25% of the 72 patients with 
chronic liver disease compared to 10% of controls. This difference was not significant 
(p = 0.15). The rate of TTV infection was similar among patients with various liver 
diseases and did not define the group with non-A to G hepatitis. The majority of 
TTV-infected patients had no biochemical or histologic evidence of liver damage. In 
Taiwan, Kao et al. [7] found TTV DNA in five of 12 (42%) patients with acute non-A to 
E hepatitis, and in five of 11 (45%) with fulminant non-A to E hepatitis compared to 10 
of 100 (10%) healthy adults. While these differences were significant (p < 0.01), it was 
found that viremia was present substantially before the onset of hepatitis, and that TTV 
levels remained constant throughout the course of hepatitis and were not associated with 
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fluctuations in ALT; this suggested that these patients were chronic TTV carriers, who 
had an unrelated, superimposed acute hepatitis. Further, the authors point out that the 
higher rates observed in those with acute or fulminant hepatitis may not imply causality, 
but rather that these patients had a higher rate of past parenteral exposures. Among 
patients in this study with Thalassemia, who had TTV infection in the absence of other 
hepatitis viruses, most had normal ALT and the others only minimal elevations. 

Matsumoto [10] studied TTV infection in the transfusion setting using the more 
restrictive primers utilized in the original publications on TTV. The background 
prevalence in the volunteer donor population was 7.5%, statistically similar to the 
prevalence in patients prior to transfusion (11.0%). Prospective follow-up of transfusion 
recipients revealed that 26% developed new TTV infections following transfusion 
compared to 4.7% of those who were not transfused (p < 0.0001). There was a 
strong correlation between the rate of infection and the number of units transfused. 
Although infection was clearly transfusion transmitted, near 5% of non-transfused 
patients developed nosocomial infections. The key to the NIH study was that the 
frequency of new TTV infections was identical in patients with non-A to G hepatitis 
(23%) and control patients who did not develop hepatitis (22%). Since the vast majority 
of patients in the study did not develop hepatitis, and since the rate of TTV infection 
was equal in those with and without hepatitis, less than 4% of TTV infections were 
associated with hepatitis. Even in the cases where an association was found, there was 
poor correlation between TTV DNA levels and ALT levels. Hence, as had occurred in 
investigations with HGV, the NIH prospective series did not support a causal association 
between TTV infection and post-transfusion hepatitis. However, there are caveats to 
the interpretation that TTV lacks pathogenicity in that the agent may cause disease in 
only a minority of infected individuals who have particular host susceptibiHty factors, 
or there may be particular TTV variants that are pathogenic, while the wild type virus 
is not. In addition, the NIH study focused only on the original TTV agent and not the 
wide array of variants that subsequently emerged. 

SANBAN, YONBAN and TLMV 

The laboratory of Dr. Shunji Mishiro has worked extensively on TTV variants and has 
reported a new isolate designated SANBAN that was TTV-negative by the prototype 
PCR assay, but positive by a new PCR assay using more conserved primers that detect 
a broader range of TTV variants [6]. SANBAN is quite distant from the prototype 
TTV agent, showing only 57% sequence homology and 34% amino acid homology. 
Within ORF-1 sequences, SANBAN was only very distantly related to the six major 
TTV genotypes. It was concluded that SANBAN might represent a new TTV-like viral 
species and not merely a genotype of TTV. Little is known at this writing regarding the 
clinical significance of the SANBAN agent. 

In performing further phylogentic analyses, Mishiro's laboratory has uncovered still 
another distant variant of the TTV family that they have designated YONBAN. Little is 
known of YONBAN at this writing, but its discovery further emphasizes the diversity 
of this family. As opposed to HCV, where variants primarily represent strain differences 
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of one to two percent (quasispecies), or genotypes diverging by about 15%, in the TTV 
family, sequence differences between variants frequently exceed 30% and sometimes 
exceed 50%. These differences are so great that the agents, though linked by common 
biophysical characteristics, may have totally different clinical spectrums and disease 
associations. 

In additional studies from this laboratory, Takahashi [19] reported a new human 
virus resembling TTV and the chicken anemia virus (CAV) that has been designated the 
TTV-like mini virus (TLMV). Like TTV, this agent is non-enveloped and has single-
stranded, circular DNA, placing it in the circoviridae family. This agent, however, 
is smaller than TTV, having a genome of 2860 nucleotides compared to the 3852 
nucleotides in the prototype TTV isolate (TA278). Despite its smaller genome, TLMV 
has a similar density in cesium chloride and, like TTV, appears to be negative-stranded. 
In contrast, TLMV is larger than CAV (2319 nucleotides). Since CAV differs consider
ably from other animal circoviruses, it has been proposed that it might be classified with 
TTV and TLMV under a new family designated Paracircoviridae. 

SEN virus 

A viral discovery program conducted by Diasorin Corp. uncovered what was at the time 
a novel agent, designated SEN for the initials of the patient in whom it was found. 
The investigators reasoned that any new parenterally transmitted agent was most likely 
to be found in the serum of an HIV-infected intravenous drug abuser. This approach 
enhanced the possibility of exposure and the likelihood that viral titers would be 
high due to the immunosuppression. Daniele Primi, who headed these investigations, 
then performed PCR on this patient's serum using highly degenerate primers from 
the prototype TTV agent. A viral sequence was discovered that was sufficiently 
distinct from TTV and other sequences deposited in the Gene Bank that the agent was 
considered novel. Sequence homology with the prototype TTV strain was only 50% 
and amino acid homology only 30%. Hence, investigations proceeded to determine the 
nature of SEN-V and its clinical relevance. Like TTV, SEN-V proved to be a small, 
non-enveloped, single-stranded DNA virus, but initially it appeared to be linear rather 
than circular. SEN-V was not only widely divergent from TTV, but represented a 
subfamily of very heterogeneous agents wherein variants were designated sequentially 
from SENV-A to SENV-1. These variants, grouped within the SEN-V family, differed 
by 15%-50% from each other in nucleotide sequences and differed from TTV by 
40%-60%. However, these comparisons were made with the prototype TTV agent 
(TA278), and as the TTV family expanded to include SANBAN, YONBAN and TLMV, 
it has become apparent that SEN-V is most closely related to SANBAN. In particular 
the SEN-V variant designated "I" shows 90% homology with SANBAN, whereas other 
SEN-V variants diverge widely from SANBAN (50% sequence homology). Despite its 
independent discovery, it is best to consider SEN-V another member of the enlarging 
TTV family of circoviridae. 

Whatever name is ultimately applied to the SEN agent, the key question is whether 
any of the SEN variants or other members of the TTV family have clinical relevance. 
At NIH, we studied two SEN virus agents designated SENV-D and SENV-C/H. It was 
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originally thought that SENV-C and H were distinct agents, but it was subsequently 
shown that they were minor variants of each other, and primers were developed that 
would detect both variants simultaneously. We concentrated on SENV-D and SENV-
C/H out of the eight SENV variants, because screening assays suggested that they 
occurred in relatively low frequency in the normal control population and because, 
on initial screening, they appeared to have the strongest association with transfusion-
associated non-A to E hepatitis. We thus screened our prospectively-foUowed population 
of transfusion recipients and controls for new SEN-V infections. SENV-D and/or C/H 
were found in 1.8% of 436 current donors and 1.1% of 175 donors, prior to the 
implementation of HCV donor screening (1990). SEN-V was unequivocally transfusion-
transmitted occurring in 40% of 155 transfused subjects compared to 3% of 97 non-
transfused controls (p < 0.0001) [21]. In addition, there was a significant relationship 
to transfusion volume, and donor-recipient linkage was established by sequencing. It 
is noteworthy that new SENV infections occurred in 3% of patients who were not 
transfused, suggesting nosocomial transmission or reactivation of latent vims. 

In the NIH prospective study of transfusion-associated hepatitis [21], 13 cases of 
non- A to E hepatitis were observed. Of these, one was infected with SEN-V prior 
to transfusion. Remarkably, among the remaining 12 susceptible recipients, 11 (92%) 
became SENV-D and or C/H positive following transfusion, and there was a good, 
though imperfect, temporal association between the level of virus and the level of 
ALT elevation. In contrast, acute SEN-V infection was observed in 24% of transfused 
patients who did not develop hepatitis (p < 0.0001). Despite the strong statistical link 
to cases of transfusion-associated non-A to E hepatitis, it was projected that no more 
than 6% of SEN-V infections were accompanied by biochemical evidence of hepatitis. 
Thus, if SEN-V is a hepatitis agent, it causes disease in only a small minority of infected 
individuals, the difference perhaps depending upon host susceptibility, viral load or 
immune responsiveness. A parallel might be drawn to viruses such as CMV or EBV that 
also cause disease in only a minority of infected individuals. 

Long-term follow-up of a subset of 31 patients with either SEN-V infection alone 
or SEN-V/HCV coinfection demonstrated that the virus was cleared within one year in 
61% and within five years in 87%; the infection persisted greater than 10 years in 6%. 
Two of the 11 patients (18%) with acute SEN-V-associated hepatitis had persistent 
infection with biochemical evidence of chronic hepatitis. However, liver biopsies were 
not obtained to histologically confirm the chronic hepatitis. There was no apparent clinical 
effect of SEN-V infection on coexistent hepatitis C, either in the severity of the acute 
disease or the probability of developing chronic hepatitis C. In separate studies involving 
patients in the U.S., Japan and Germany, we were unable to show an association between 
SEN-V infection and acute liver failure or cryptogenic cases of chronic hepatitis, cirrhosis 
or HCC. Thus, the only chnical correlation that we have thus far observed is the strong 
statistical association with acute, transfusion-associated hepatitis. 

Summary and conclusions 

Despite confusing nomenclature and uncertain clinical relevance, it now seems firmly 
established that there is a newly discovered complex family of viruses capable of 
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infecting humans. Indeed, this appears to be a "super-family" of relatively small 
(3500-4000 nt), non-enveloped, single-stranded, circular DNA viruses akin to previously 
described animal viruses designated circoviridae. These agents have been found in high 
prevalence in healthy populations, particularly in Japan, and the prevalence is highly 
dependent on the inclusivity of the primer sets utilized. Each member of this family 
exhibits considerable heterogeneity within its local cluster, and the "super-family" 
encompasses viruses that are widely divergent, sometimes exhibiting less than 50% 
sequence homology and only 30% amino acid homology. The major components of 
this family are the originally described TT virus, SANBAN, SEN vims, YONBAN and 
perhaps TLMV. These viruses are readily transmitted by blood transfusion and other 
parenteral routes, but also appear to be transmitted by enteric routes, and TTV has been 
found in bile and feces. The agents have not been proved to replicate in the liver, but 
several studies using PCR suggest that the virus is concentrated in the liver, and one 
study has shown the virus within hepatocytes by in-situ hybridization. An additional 
study suggests that replicative intermediates can be found in the liver. However, the 
association of these agents with liver disease is uncertain. The vast majority of infected 
patients have no evidence of liver disease, and hepatocytes harboring the agent by in-
situ hybridization did not show morphologic evidence of hepatitis. Although early data 
on TTV showed an association with fulminant liver disease and cryptogenic hepatitis, 
this has not been confirmed. In the NIH prospective transfusion study [21], there is a 
very strong association between two strains of SEN-V and the development of acute, 
transfusion-associated non-A to E hepatitis. However, because the majority of SEN-V 
infected patients do not develop hepatitis, causality is difficult to establish. 

Because the circoviruses are so diverse, the agents within this family may have 
very different disease manifestations. This will make clinical investigations difficult, 
because each agent will have to be assessed independently for its pathogenic potential. 
That potential may not be restricted to liver disease. In terms of proving causation 
in liver disease, it will be necessary to confirm intrahepatic localization by in-situ 
hybridization and to prove intrahepatic replication through the demonstration of 
replicative intermediates within hepatocytes. Once the optimal primers are defined, 
there is need for large-scale testing of liver disease populations and appropriate controls. 
There is also a need to develop antibody assays to define total exposure and to reassess 
transmission rates in relationship to immune susceptibility status. Finally, there is a 
need to reclassify and rename the agents based on careful phylogenetic analysis and 
established taxonomic principles. 

The power and sophistication of molecular technology virtually insures that novel 
genetic sequences and new viral agents will continue to be discovered. Some of these 
agents may be pathogenic, some benign and others perhaps beneficial as commensal 
organisms. Finding a new virus in a patient with liver disease does not establish 
causality, and the more prevalent the agent, the more difficult the proof. How, then, does 
one prove causality in this age of molecular discovery? Since most such discoveries 
involve agents that have not been visualized and cannot be grown in tissue culture 
or reliably transmitted to small animals, the classic tenets of causality epitomized in 
Koch's postulates rarely apply. There is a need to develop a new paradigm of causation, 
and this issue is nicely addressed in a treatise by Fredericks and Relman (Fredericks 
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DN and Relman DA, 1996). In a simplistic adaptation of their proposed guidelines for 
causality, it would seem that establishing a causal relationship between a new agent and 
a given disease would require the following set of rules: 1) the sequence of the putative 
pathogen should be present in most cases of the disease; 2) the sequences should be 
found preferentially in the target (pathologic) organ; 3) fewer or no copies of the 
putative agent should be found in hosts or tissues without the disease; 4) the sequences 
should be found in areas of pathology by in-situ hybridization and/or visualized in these 
tissues by EM; 5) sequenced-based evidence should be reproducible both within the 
lab and among independent laboratories; 6) with resolution of the disease, the copy 
number should decrease or become undetectable; 7) temporality should be demonstrated, 
wherein sequence detection should predate the disease, and/or the copy number should 
correlate with disease severity. 

Using these guidelines, the TTV-related circoviridae have not yet been established 
to have a causal role in liver disease. Nonetheless, some of these elements have been 
fulfilled for individual members of the family, and it is worthwhile to continue to pursue 
causal associations, once the interrelationships of the agents are established and the 
most relevant primers are defined. 
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Abstract 

Hepatitis B virus-specific cytotoxic T lymphocytes (CTL) have previously been thought 
to be the principle mediators of control of viral replication following HBV infection, 
through the direct lysis of infected hepatocytes. Models of HBV infection have led to the 
importance of non-cytolytic mechanisms being recognized. Recent longitudinal studies 
performed from the incubation phase of acute infection, in animal models and man, have 
led to a better definition of the interaction between viral replication and liver injury. 
The development of tetramer technology, which enables the direct quantification of 
antigen-specific CTL, has also improved our understanding of the role of HBV-specific 
CTL in the immunopathogenesis of acute and chronic hepatitis B. 

Introduction 

The interaction between host and virus following hepatitis B virus (HBV) infection 
may result in a range of clinical outcomes, and the balance of this interaction may 
have significant health implications. In more than 90% of immunocompetent adults, 
HBsAg is cleared from the circulation following acute infection, often in association 
with a clinical hepatitis, and there are no long-term sequelae. In 5% of adults, and more 
than 90% of infected infants, the virus is not adequately controlled, as demonstrated 
by detectable HBsAg, and subsequent chronic infection may lead to cirrhosis and 
hepatocellular carcinoma [1]. Control of HBV appears to depend on coordinated innate 
and adaptive, humoral and cellular immune responses [2], and as the virus is usually 
non-cytopathic, the host immune response is thought to mediate not only viral control, 
but also liver injury. The cellular immune response has been thought to be particularly 
important in these processes, with cytotoxic T lymphocytes (CTL) being final effectors 
of both viral control and liver injury. The application of new techniques for defining 
HBV-specific CTL responses are leading to improvements in our understanding of the 
interaction between virus, specific and nonspecific immune responses, and liver injury 
in acute and chronic hepatitis B, and will be the focus of this brief review. There 
is consensus that HBV-specific CD8+ T lymphocytes recognize infected hepatocytes 
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through the presentation of viral epitopes by MHC class 1 molecules on the hepatocyte 
membrane [2]. Bound epitopes are derived from the processing of HBV genome 
within the cell into nine to 10 amino acid peptide sequences. CD8+ cells bearing 
a T-cell receptor corresponding to this peptide then bind the peptide-HLA class 1 
molecule complex. For a range of infections, binding of virus-specific CD8+ cytotoxic 
T lymphocytes (CTL) has been shown to be associated with viral control. The relative 
importance of virus-specific CTL, and their mechanisms of action, in the immunopatho-
genesis of acute and chronic hepatitis B has been a focus of research over the last 
few years. 

Studying the CD8+ cell response in hepatitis B 

Our understanding of the role of host immune responses, and CTL mechanisms in 
particular, in HBV control and liver injury has advanced remarkably over the last few 
years, despite a range of factors which complicate their study: 
1. HBV infects and replicates only in man, chimpanzees, and possibly gorillas, 

therefore limiting the availability of models of infection. Although duck hepatitis 
B virus, and woodchuck hepatitis virus are hepadnaviral homologues of HBV the 
immune systems within these hosts are less well defined, and extrapolation to 
human infection is difficult. 

2. The virus cannot be easily grown in tissue culture. 
3. Study of immune response at the major site of viral replication (i.e., the liver), 

particularly sequentially over time, may pose technical and ethical difficulties 
in man. 

4. Patients with acute infection are usually identified only after the onset of jaundice, 
therefore precluding studies of immune and viral dynamics during the early period 
of infection. 

5. Previous methods to define the HBV-specific CD8-I- cell response, including 
limiting dilution assays, have depended upon repeated rounds of in vitro peptide 
stimulation, which precludes analysis of the true frequency of virus-specific cells 
within a cell population, and may bias the identification of cells with particular 
functional capacity. 

The development, by Chisari and colleagues, of a transgenic mouse model of HBV 
infection [3, 4], which expresses HBV gene products and replicates the viral genome 
within the hepatocytes, led to significant advances in the understanding of the sequential 
recruitment of components of the cellular immune response, and the importance of 
cytolytic and non-cytolytic mechanisms. A limitation of this model, however, is that the 
mice are not infected by the virus, precluding the study of the dynamics of viral replication 
and propagation. The study of chimpanzees [5] and woodchucks [6] after inoculation with 
HBV, and humans during the incubation phase of clinical disease [7], has shed new light 
on the dynamics of viral control and liver injury, and is discussed below. 

Until recently, the ex vivo demonstration of virus-specific CD8+ cells has depended 
upon their in vitro expansion, following specific peptide stimulation [8, 9, 10]. Limiting 
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dilution precluded an accurate assessment of the true frequency of these cells within 
the blood or liver. The development of tetrameric HLA-peptide complexes [11] has 
therefore been an important advance [12], allowing the direct quantification of virus-
specific CD8+ cells within the blood and tissue lymphocyte populations of a range of 
infections [13, 14], including hepatitis B [15]. Each tetramer consists of four biotinylated 
HLA class 1 molecules, each folded with a specific peptide, and multimerized by the 
addition of flurochrome-labelled streptavidin (Figure 1). Tetramers have been made 
to incorporate nine to 10 amino acid peptides corresponding with previously defined 
HLA-A2-associated HBV CTL epitopes (including core 18-27, polymerase 335-343, 
envelope 575-583). The multimeric HLA class 1-peptide complex has a high avidity 
for CD8-I- cells displaying the T cell receptor (TCR) corresponding to the specific 
epitope used. Fluoresence labelling of the tetramer allows these specific cells to be 
identified using flow cytometry. It has been observed that the frequency of circulating 
virus-specific CD8-I- cells in acute infection with HBV [15] or EBV, as shown using 
tetramer complexes, may be up to 40-fold higher than was demonstrated by limiting 
dilution techniques. It has been recognized that the potential of these cells to expand 
is significantly influenced by their activation status, in that highly activated, antigen-
specific cells appear to have a lower expansion potential than those of a resting 
phenotype, and this phenomenon may explain the lower cell frequencies found 
using limiting dilution techniques. Previous work has defined a number of CTL 
epitopes in HBV-infected individuals with the HLA-A2 haplotype [16], and the most 
immunodominant of these epitopes have been incorporated into the tetramers presently 
used in the study of hepatitis B [15]. It may be that other, as yet unidentified, HBV 
epitopes also play a role in the CTL response to hepatitis B, and it needs to be 

9-10 amino acid HBV epitope 

eg: core 18-27 (FLPSDFFPSV) 
polymerase 575-83 (FLLSLGIHL) 
envelope 335-343 (WLSLLVPFV) 

Phycoerythrin 

Figure 1. Schematic representation of HLA class 1 tetramer. The incorporation of the four HLA-A2-HBV 

peptide complexes into a tetrameric form, by multimerization with fluorochrome-labelled streptavidin, 

increases the stability of binding to the specific T-cell receptor of CD8+ cells, and allows these cells to 

be identified by flow cytometry. 
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borne in mind that CD8+ cells which are not found to be HBV-specific using present 
techniques are not necessarily 'antigen non-specific' Notwithstanding these cautions, 
the development of tetramer technology, allowing direct quantification of HBV-specific 
CTL in man, in conjunction with data from transgenic mice and animal models of 
HBV infection, has led to recent improvements in our understanding of the immuno-
pathogenesis of acute and chronic hepatitis B. 

Acute hepatitis B 

Acute icteric hepatitis is almost always associated with clearance of HBsAg. Following 
neonatal infection, however, icteric hepatitis and clearance of HBsAg are rare, and 
chronic hepatitis B occurs in 90% of neonates. Immunosuppression is associated with an 
absence of acute hepatitis after infection, and predisposes to chronicity. These clinical 
observations, and laboratory evidence accrued over the last 15 years, provided support 
for the argument that control of HBV replication and acute liver injury occur as a direct 
result of lysis of infected hepatocytes by HBV-specific CD8+ cells. 

The presence of an inextricable link between the control of viral replication and 
liver injury has more recently been questioned. The finding that virtually 100% of 
hepatocytes are infected after woodchuck hepatitis virus infection [17] suggests that 
processes other than just cytolysis must be important, as massive hepatic necrosis 
leading to fulminant liver failure is a relatively rare clinical outcome. Studying HBV 
transgenic mice, Guidotti and colleagues have shown that HBV replication within 
hepatocytes may be abolished by cytokine-mediated mechanisms (involving IFNy, 
TNFa), which do not require cell death [18]. Non-cytolytic control of infection has also 
been shown for other viruses that infect the liver, including murine cytomegalovirus 
(CMV) [19] and lymphochoriomeningitis virus (LCMV) [20]. Despite these findings in 
support of non-cytolytic control of viral replication, hepatocytes lysis, as inferred by 
the development of jaundice and other clinical parameters of hepatocytes injury, is a 
characteristic feature of acute HBV infection. Hepatocyte lysis has also been clearly 
demonstrated to occur in animal models of viral hepatitis [6], and to be mediated by 
CTL [21]. In transgenic mice, transfer of HBV-specific MHC class 1 restricted CD8-I-
cells has been shown to subsequently lead to an acute hepatitis and destruction of 
infected hepatocytes [3], and in patients with acute hepatitis B, studied at various time 
points after the development of jaundice, peak circulating frequencies of HBV-specific 
CD8-I- cells have been shown at around the time of maximal liver injury [15]. 

Transgenic models have been invaluable in enabling mechanisms of viral clearance 
and liver injury to be defined, but the lack of viral replication in these models has not 
allowed the dynamic interactions between viral replication, liver injury, and immune 
responses during natural acute infection to be clearly determined. Recent data have shed 
light on this issue. By longitudinally studying chimpanzees soon after inoculation with 
HBV, Guidotti et al. [5] demonstrated that serum and intrahepatic levels of HBV DNA 
reduced markedly prior to liver injury, and that this reduction in viral replication also 
occurred before any significant influx of CD8-I- cells into the liver could be detected. 
Reduction in viral replication has also been shown to occur prior to significant liver 
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injury following woodchuck hepatitis vims infection, subsequent to the influx of CD4+ 
and CD8+ cells into the liver, and the production of IFNy and TNFa [6]. 

We have recently had the opportunity to compare these findings with events during 
the early phase of human HBV infection, through the study of patients infected during 
a large, common-source outbreak of hepatitis B, arising from an acupuncture clinic in 
London [22]. As part of a lookback study involving 356 patients, 57 were shown to 
have been infected with HBV, and 30 of 33 HBsAg-positive individuals were actively 
infected with an identical variant of HBV, confirming the common source of infection. 
A number of these patients were identified in the preclinical phase of infection, thus 
offering a unique opportunity to study in man the interactions between viral control, 
liver injury, and HBV-specific cellular immune responses during both the incubation 
period and clinical phase of primary HBV infection. In four patients who subsequently 
developed acute icteric hepatitis, whilst semm ALT had begun to increase at the time 
of the initial fall in serum HBV DNA, maximal reduction in circulating vims occurred 
prior to peak liver injury, and more than 90% of circulating HBV DNA was cleared by 
the time of symptomatic hepatitis. Using tetramer complexes and proliferation assays to 
analyse the frequency of circulating HBV-specific CD8-H and CD4-H cells, respectively, 
we showed that core and polymerase-specific CD8+ cells (Figure 2), and core-specific 
CD4+ cells, are present in the circulation of patients in the incubation phase of disease, 
during the period of maximal reduction in HBV DNA. Natural killer (NK) cells, which 
are thought to play an early role in the response to acute viral infection, through 
cytolytic and cytokine-mediated mechanisms [23], were also seen to be at their highest 
circulating frequency during the earliest point of the incubation phase. In the single 
patient identified soon after infection who failed to clear HBsAg, no evidence of clinical 
hepatitis or HBV-specific cellular immune responses was seen. 

Taken together, our data on acute hepatitis B suggest that the incubation phase 
of HBV infection is not simply the period when the vims establishes a reservoir of 
infected cells, and the presence of HBV-specific CD8-I- and CD4-H cells during this phase 
suggests that these cells may play an important early role in the control of infection and 
in the initiation of events that lead to liver damage. The data do not allow a conclusion 
to be drawn as to whether the HBV-specific CD8-I- cells present during the incubation 
phase are acting primarily through cytolytic or non-cytolytic mechanisms (during acute 
hepatitis B these cells have been shown to both lyse cells and produce IFNy [15]), and 
both processes may be important. 

What are the main cellular mediators of liver injury in acute hepatitis B? In animal 
models of acute hepatitis B, intrahepatic levels of unspecified CD8-H cells peak at the 
time of maximal liver injury [5]. Although peak levels of HBV-specific CD8+ cells 
were seen at the time of maximal liver injury in patients with acute hepatitis B (up to 
1.4% of circulating CD8-I- cells) (Figure 2), the marked increase in total activated 
CD8-I- cells suggests that many cells may be nonspecifically activated. In transgenic 
mice, although transfer of HBV-specific MHC class 1 restricted CD8+ cells has been 
shown to subsequently lead to an acute hepatitis and destmction of infected hepatocytes 
[3], this lysis does not occur immediately following adoptive transfer of HBV-specific 
cells, but up to 12 hours later, in association with a large influx of non-antigen-specific 
inflammatory cells into the liver [24]. Recmitment of non-antigen-specific CD8-I- cells 
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Figure 2. Longitudinal analysis of circulating HB V-specific CD8+ cells, serum HB V-DNA, and serum ALT 

concentrations, during incubation and clinical phase of acute hepatitis B. Data are shown for two patients 

who were identified during the incubation phase of acute hepatitis B. Circulating HB V-specific CD8 cells 

visualised by three HLA-A2/HBV tetramers (Tel8-27, Tp575-83 and Te335-43) were quantified at each 

time point. Numbers of core 18-27, pol 575-83, and env 335-43 specific CD8 cells per ml of blood 

(calculated as explained in methods) are represented in relation to time after infection (horizontal axis) and 

HB V-DNA level (expressed as a percentage of maximal HBV DNA concentration, upper panels), or serum 

ALT concentrations (lower panels). 

is thought to mediate lung injury following high viral exposure in the mouse model 
of influenza [25]. The finding that HBV has been virtually cleared prior to significant 
liver injury also lends weight to the argument that liver injury is not only directly due 
to HB V-specific CD8+ cells, and implicates the importance of 'bystander' activation of 
non-antigen-specific cells in the pathognesis of liver injury in viral hepatitis [26]. 

Chronic hepatitis B 

Acute and chronic hepatitis B are discussed separately here, but it is increasingly 
recognised that, clinically and pathogenetically, they represent a continuum of control 
of viral repHcation. The demonstration of HB V-specific CD8-I- cell responses months 
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or years after complete clinical resolution of acute hepatitis B, and the potential for 
reactivation of disease in HBsAg-negative individuals following immunosuppression, 
emphasizes that a persistent, lifelong interaction between virus and HBV-specific CD8-1-
cells may occur in most, if not all, patients who have been infected with HBV. 
Persistence of HBV in the liver [27] and blood [28, 29] of many patients who apparently 
previously 'cleared' the virus, and are HBsAg negative, with no evidence of liver injury, 
demonstrates that immunological control of virus, rather than eradication, is responsible. 
The clinical distinctions in chronic hepatitis B between 'replicating' (HBeAg+, high 
levels of HBV DNA) and 'non-replicating' (HBeAg-, low levels of HBV DNA) disease 
may also represent relative differences in the efficacy and specificity of the host cellular 
immune mechanisms. 

It has previously been shown that, in contrast to the vigorous, multispecific HBV-
specific CD8 response seen in acute disease, a response is barely detectable in the 
periphery of patients with chronic hepatitis B [30]. For the technical reasons outlined 
above, the role of HBV-specific CD8+ cells in mediating viral control and injury within 
the livers of patients with chronic hepatitis has been difficult to study, and hence has not 
been well defined. Using HBV-peptide tetramer complexes, circulating and intrahepatic 
HBV-specific CD8+ cells have recently been studied in two groups of chronically 
infected patients: one group with significant liver inflammation and high levels of HBV 
DNA (HBeAg-H, HBV DNA >800pg/ml, raised ALT), the other with low levels of virus 
and minimal inflammation (anti-HBe-i-, HBV DNA <2pg/ml, normal ALT) [31]. In both 
groups, lower frequencies of HBV-specific CD8-1- cells (approximately 0.1% of total 
circulating CD8-1- cells) were found in the periphery than were seen in acute disease 
[15]. Within the liver, a similar absolute number of HBV-specific CD8+ cells were seen 
in both groups, but those in the group with liver inflammation were diluted within a 
large non-antigen-specific CD8+ cell infiltrate. These data suggest that in patients with 
inactive chronic hepatitis, HBV-specific CD8-1- cells (which represent up to 9% of 
CD8-1- cells within the liver) may adequately control virus in the absence of liver 
injury, and that intrahepatic HBV-specific CD8+ cells in chronic HBV infection may 
be associated with either protection or liver injury. Where virus is not controlled by 
virus-specific cells, recruitment of a large non-HBV-specific cellular infiltrate, including 
activated cells of the innate immune response [32], may contribute to the liver injury 
seen in chronic hepatitis. 

In the transgenic model of influenza, the non-antigen-specific cellular infiltration that 
follows the adoptive transfer of virus-specific CD8+ cells, and which is associated with 
lung injury, appears to be IFNy dependent, as it may be prevented with anti-IFNy 
antibodies [25]. This finding also reiterates the fact that this cytokine may have both 
beneficial effects (non-cytolytic control of viral replication), and deleterious effects 
(initiation of T cell recruitment, TNF-mediated tissue injury) in the immune response 
to viral infection. The different clinical and pathological responses in the two groups of 
chronic hepatitis B patients discussed above, despite similar absolute numbers of virus-
specific CD8+ ceUs within the liver, also suggests that these ceUs are behaving functionally 
different. The finding that HBV-specific CD8-1- cells in the periphery of patients who are 
controlling the virus (but not those with high levels of virus) have a resting phenotype, 
and can be expanded on further stimulation [31], suggests that this is the case. 
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Future questions 

The development of models of HBV infection, and new techniques to study virus-
specific T cells, has enhanced our understanding of the pathogenesis of hepatitis B, 
and may offer the potential of improved therapies. Despite the advantages of tetrameric 
complexes in allowing the direct quantification of virus-specific CD8-f- cells, detailed 
functional analysis of these cells, particularly of those within the liver, is awaited. 
Does the cytokine profile of these cells differ between chronically infected patients with 
high or low levels of viral replication, and minimal or significant liver injury? What 
influence do chemo-attractant factors, such as cellular chemokine receptor expression, 
have on the ability of virus-specific CD8+ cells to migrate to the site of viral replication 
within the liver? At present, tetramer staining of intrahepatic lymphocytes can only be 
performed after isolating the cells from the liver. The very recent description of in-situ 
staining of antigen-specific cells, using tetramer complexes and confocal microscopy 
[33], might allow the location of HBV-specific cells within the chronically infected 
liver to be more clearly defined. The role of non-HBV-specific inflammatory cells 
in the liver injury associated with acute and chronic hepatitis merits further study. 
Are these cells truly 'bystander' cells, as seems likely, or do they represent a large 
population of virus-specific cells, targeted against undefined epitopes, as suggested in 
acute EBV infection? [34]. If they are nonspecific bystander cells, why do they become 
activated during hepatitis B? 

Recent data have shown that the peripheral HBV-specific CDS-i- cell hyporesponsive-
ness characteristic of replicating chronic hepatitis B may be reversed following the 
lowering of viral replication with lamivudine, an antiviral nucleoside analogue [35]. 
In view of the fact that these cells are functionally active, and that, as discussed above, 
HBV-specific CD8-f- cells may control virus without inducing significant liver injury, the 
potential for new immunotherapies in chronic hepatitis B exists. Considerable interest 
is now focused on the development of peptide vaccines, incorporating known CTL 
epitopes (such as core 18-27 [36]), which may act by augmenting host virus-specific 
CD8-I- cell responses. Antiviral agents to directly lower viral replication, in conjunction 
with immunotherapeutic techniques to augment the host virus-specific CD8-I- cell 
responses [37], may represent an important approach to achieving, and maintaining, 
HBeAg seroconversion in the future. 
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Abstract 

The common chimpanzee Pan troglodytes is the only animal model for human HCV 
infection, and emerging data suggest that mechanisms of protective immunity and viral 
persistence are identical in both species. The few individuals who spontaneously resolve 
infection have robust cell-mediated immune responses. CD4-I- and CD8+ T helper cells 
targeting multiple class II and class I restricted epitopes, respectively, are found in the 
peripheral blood and liver of chimpanzees and humans coincident with termination of 
plasma viremia. In contrast persistent, lifelong infection in the majority of chimpanzees 
and humans is characterized by low-frequency T lymphocyte responses that appear to be 
largely compartmentalized to the liver. These data suggest that the same lesion in host 
immunity facilitates persistence of the virus in both species. Thus the chimpanzee model 
is likely to be important for the development of vaccines and other immunotherapies 
designed to terminate ongoing HCV replication. 

Introduction 

Chronic infection with the hepatitis C virus (HCV) is a global pubhc health problem. 
Persistent virus replication over a period of years to decades causes deterioration of hver 
function through a process of inflammation and cirrhosis. Permanent termination of HCV 
replication is the ultimate goal of therapy, so replicase, helicase, or protease enzymes 
required for production of new virions are obvious targets for drug development. Vaccines 
that trigger or enhance host immune responses may be an important alternative or adjunct 
if drug therapies are limited by toxicity, emergence of resistant HCV strains, or high 
cost. An animal model of human HCV infection is important for defining protective 
immune mechanisms that might be elicited by vaccination. The only animal with known 
susceptibihty to HCV infection is the common chimpanzee. Pan troglodytes. Their very 
close genetic relationship to humans could provide significant advantages for the study of 
HCV immunity and persistence. The value of the model depends entirely, however, on 
how closely key features of infection resemble those in humans. For instance, chimpanzees 
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are the natural host for HIV-1, but they are not commonly used for studies of AIDS 
pathogenesis or vaccine development. HIV-1 replication is low or only sporadically 
detectable in many animals, and its interaction with the immune system of these two 
species is fundamentally different for reasons that aren't yet clear. 

Chimpanzees were vital to the discovery of HCV [1]. Passage of infection from 
humans to animals proved that non-A, non-B hepatitis was an infectious disease 
probably caused by a small enveloped virus. Moreover, plasma from infected animals 
provided a pedigreed starting material for molecular cloning of the HCV genome. 
This article summarizes the key features of HCV infection and immunity in chimpanzees 
and why these rare, endangered animals continue to be an invaluable model for human 
infection and development of effective vaccines. 

Advantages of an animal model for HCV infection 

Understanding why some individuals spontaneously resolve acute hepatitis C would 
provide an important starting point for rational design of immunotherapies. Correlates 
of protective immunity are difficult to study in human subjects. Individuals with acute 
hepatitis C aren't easily identified because symptoms are often mild or indistinguishable 
from other acute viral syndromes. Experimental infection of chimpanzees therefore 
provides a unique opportunity to define the earliest events in the host-virus interaction. 
In addition, animals can be infected with genetically defined virus stocks, including 
infectious molecular clones that facilitate studies of HCV evolution and immune 
selection pressure [2, 3]. Reagents for detecting cellular immune responses, including 
recombinant viral proteins and vaccinia viruses that contain HCV sequences, are 
genetically matched with HCV-1 and HCV-H strains commonly used for experimental 
infections. Most antibodies directed against human lymphocyte surface antigens and 
cytokines also cross-react with chimpanzee homologues, so it is possible to dissect the 
immune responses with great precision. Indeed, newer approaches for quantification of 
virus-specific T cells in humans, including soluble tetrameric class I MHC molecules, 
intracellular cytokine staining and enzyme-linked immunospot (EHspot) assays [4], 
are readily adapted to chimpanzees. 

Immunogenetics of the chimpanzee 

Class I and II MHC loci govern the repertoire of viral peptides presented on the 
surface of infected cells to CD8-I- and CD4-I- T lymphocytes, respectively. The immuno-
genetic complex of humans (HLA) and chimpanzees (Patr) are remarkably conserved. 
Three orthologous class I loci designated A, B and C are present in both species [5]. 
Each encodes a 44 Kd heavy chain that forms a trimeric complex with (3-2 microglobulin 
and a short antigenic peptide of about eight to 10 amino acids generated by proteasome-
mediated digestion of viral proteins in the cytoplasm of infected cells. Both species also 
express heterodimeric DR, DP, and DQ class II molecules formed from a and (3 chains 
that bind antigenic peptides generated in endosomes [6]. 

Class I and II loci in humans and chimpanzees encompass several dozen polymorphic 
alleles. Discovery of new alleles has accelerated with the use of the common chimpanzee 
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for studies of HCV inmiunity and pathogenesis. The number of known Patr class I alleles 
now exceeds 18 for the A locus, 33 for the B locus, and 13 for the C locus, and nucleotide 
sequence homology of human and chimpanzee class I molecules exceeds 95% and there 
are no species-defining polymorphisms. Nonetheless, identical class I A, B or C alleles 
have not been found in humans and chimpanzees, reflecting five million years of evolution 
since the two species diverged from a common ancestor [5]. Chimpanzees appear to 
lack an equivalent of the human HLA-A2/A11 family of alleles [5, 7, 8], and HLA-B 
lineage alleles are not conserved in chimpanzees. Moreover, the class I B and C loci 
have evolved at a faster rate in chimpanzees than humans [9]. A key question is whether 
some human and chimpanzee alleles are functionally equivalent, presenting the same 
repertoire of antigenic peptides to T lymphocytes. Some alleles from both species have 
highly conserved peptide binding grooves that might be predicted to present an identical 
or largely overlapping set of antigenic peptides. Consistent with this hypothesis, epitopes 
derived from HIV, HBV, and HCV that are presented by human class I molecules such 
as HLA-A2 and -B7 also bind to chimpanzee B cell lines [10]. Cross-binding of these 
peptides has been confirmed using recombinant class I MHC proteins derived from the 
chimpanzee B cell lines [11]. The most striking functional homology was between the 
human HLA-B*0702 and chimpanzee Patr-B*1301 class I molecules. Overlap in the 
peptide binding repertoire of these class I molecules was a remarkable 92%. Both bound 
peptides were nine amino acids in length with a strict requirement for proline at position 2 
and either an aromatic or aliphatic residue at the C terminus. 

In summary, the immunogenetic complex of the common chimpanzee closely 
resembles that of humans in overall organization and extent of allelic diversity. Thus 
the T cell response against HCV is unlikely to be restricted or fundamentally different 
in chimpanzees when compared with that of humans. Functional homology between 
some HLA and Patr class I allotypes might also facilitate the development and testing 
of human HCV vaccines in chimpanzees. 

HCV infection in the chimpanzee 

Key features of HCV replication are similar in both species. HCV RNA levels range 
from 10"̂  to 10^ genome equivalents per milliliter of plasma in most chronically infected 
humans and chimpanzees [12]. The kinetic of acute phase virus replication is not as 
well defined. Within a few days of experimental infection, HCV proteins and RNA can 
be visualized in chimpanzee hepatocytes using in situ techniques, and plasma viremia is 
detectable by PCR [12]. Whether this reaches a peak that then subsides to a "setpoint" as 
described for HIV remains unknown. The frequency of persistent infection and mutation 
rate of the quasispecies is also probably similar in both species [13, 14]. At least 70% 
of humans transfused with contaminated blood products become persistently viremic. 
While the number of chimpanzees infected to date is relatively small, at least half of 
them developed a lifelong viremia. Thus this animal model is important for comparing 
host inmiune responses in chronic and resolved hepatitis C as well as mechanisms of 
HCV persistence. The animal model may be of limited utility for the study of HCV 
pathogenesis. Chimpanzees infected at least 10 years ago have not yet developed the 
progressive liver disease observed in many humans. Inflammation and cirrhosis usually 
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take their toll on the human liver over a period of decades, so it is conceivable that 
disease will eventually develop in chimpanzees. Many were infected as juveniles so age 
is a potentially important variable that cannot be excluded. Finally, the rate of disease 
progression in humans is probably regulated at least in part by genetic or environmental 
factors that may not be replicated in the chimpanzee model. 

Cellular immune responses 
T lymphocytes may have a dual function in HCV infection, controlling virus replication 
while at the same time causing hepatocellular injury. Although a detailed understanding 
of these mechanisms is not yet in hand, a consensus on involvement of virus-specific T 
cell responses in human and chimpanzee HCV infections is beginning to emerge. Key 
features of HCV persistence and cellular immune responses are probably the same in 
both species, thus the animal model may be very useful for exploring immunotherapies 
that will eventually be applicable to humans. 

CD4-i- T helper cell responses 
Chimpanzees and humans who spontaneously resolve HCV infection have robust T 
helper cell activity in their peripheral blood. HCV-specific CD4-I- T cells are detectable 
in blood coincident with termination of plasma viremia in human subjects [15-17]. 
Multiple class II MHC-restricted epitopes in structural and nonstructural HCV proteins 
are targeted. Some epitopes may be more dominant than others, including one located 
in nonstructural protein 3 (NS3) that is presented by multiple human class II allotypes. 
The kinetic and antigen specificity of acute phase CD4-I- T helper cell responses has not 
been adequately described in chimpanzees that successfully resolve infection. However, 
strong HCV-specific T helper cells targeting multiple epitopes persist in both species 
for very long periods of time after clearance of plasma viremia. Most of these studies 
utilized y-IFN elispot assays that allow for quantification of antigen-specific T cells. 
Briefly, peripheral blood mononuclear cells are stimulated with recombinant HCV 
antigens in microtiter wells; y-IFN produced locally by responding cells is captured and 
detected using anti-y-IFN antibodies. T cell frequencies are then calculated from the 
number of spots in each well. CD4+ T cells recognizing HCV proteins were detected in 
the peripheral blood of women approximately 20 years after they resolved an accidental 
HCV infection [18]. This finding is consistent with other studies, including one that 
demonstrated high frequencies of CD4+ T cells in peripheral blood several months after 
resolution of infection using the y-IFN elispot assay [19]. Strong priming of T helper 
cell activity was also observed in four chimpanzees who resolved infection three to 
four months after experimental infection and were virus-free during several years of 
follow-up [20]. Blood collected at the four-year time point had high frequencies of 
HCV-specific T helper cells against the core and most nonstructural proteins as assessed 
in the y-IFN elispot assay. Remarkably, CD4-I- T cells responding to HCV antigens were 
also isolated from the liver of these animals. Intrahepatic CD4-I- T cells were expanded 
by in vitro stimulation with anti-CD3 monoclonal antibodies rather than HCV antigens, 
suggesting that they are in that tissue at high frequency. One interpretation of this 
data is that HCV-specific T helper cells remain compartmentalized in the liver years 
after plasma viremia became undetectable. It is possible that the liver is a unique 
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repository of memory T cells or that HCV continues to replicate in the liver at levels 
too low to detect by PCR. 

In contrast, a deficiency of functional class II restricted T cells targeting structural 
and nonstructural proteins has been documented in the blood of individuals with 
persistent viremia. Preliminary studies in chimpanzees failed to detect HCV-specific 
CD4+ T helper cell activity in peripheral blood, mirroring the situation in humans where 
proliferation of PBMC induced by recombinant HCV antigens is low in comparison 
with standard recall antigens. Moreover, most subjects recognized only a subset of the 
HCV proteins, suggesting a restriction in the number of epitopes that are targeted [12]. 
It is likely that CD4+ T cells are not routinely detected in blood because they are 
compartmentalized to the liver in at least some subjects. One recent survey demonstrated 
that HCV antigen-responsive CD4+ T cells are present in at least some chronically 
infected subjects, and multispecific CD4+ T cells are more frequently detected in liver 
than blood [19]. T helper cells from these two tissue compartments may also differ 
in function. Comparison of liver and blood-derived CD4+ T cell lines from a limited 
number of chronically infected subjects were compared and found to be distinct in T 
cell receptor usage, patterns of cytokine production, and their ability to provide help 
for immunoglobulin class switching [21]. Whether this reflects an influence of the 
liver microenvironment on T cell function or selective trafficking of some clonotypes 
to that organ is uncertain. 

In summary, from a limited set of data it appears that key features of the HCV-
specific CD4+ T cell response are similar in chimpanzees and humans. These include 
a strong association between resolution of infection and robust, durable CD4+ T cell 
responses, and a more limited response in chronically infected individuals. These 
similarities help establish the validity of the chimpanzee model for studies of human 
HCV infection and development of therapies to augment immunity. 

CD8+ T cell responses 
Chimpanzees are an ideal model for studying the evolution of HCV-specific CD8+ 
T cell responses during the acute and chronic phases of infection. Responses in two 
animals with self-limited hepatitis C merit special mention [22]. Intrahepatic CD8+ T 
cells were isolated from biopsy specimens collected at various times after experimental 
HCV infection and then expanded in vitro with anti-CD3 monoclonal antibodies and 
interleukin 2. These antibodies deliver a mitogenic signal through the T cell receptor that 
should allow for expansion of all T lymphocytes regardless of antigen specificity. After 
about two weeks of culture, the CD8+ T cells were then tested for lysis of autologous 
target cells that expressed individual HCV antigens. Strong cytolysis was observed 
against almost all structural and nonstructural antigens within three to five weeks of 
infection. Remarkably, plasma viremia was terminated shortly after HCV-specific CD8+ 
T cells were detected in the liver [22]. Cloning of these effector cells at limiting dilution 
revealed that at least eight to nine different epitopes in HCV structural and nonstructural 
proteins were targeted, and these were presented by Patr class I A, B, and C molecules. 
Similar findings were reported in two studies of human subjects with acute hepatitis 
C [23, 24]. Multispecific CTL were detected in the peripheral blood of individuals 
using an Elispot assay for y-IFN production [23, 24]. The acute phase of infection in 
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chimpanzees and humans who develop persistent viremia is characterized by weaker 
or more narrowly focused CD8+ T cell responses during the acute phase of infection 
[22-24]. This temporal relationship between a multispecific CD8+ T lymphocyte 
response and spontaneous resolution of infection strongly suggests a key role for cellular 
immune responses. We cannot rule out the possibility that this CD8+ T cell activity is a 
surrogate marker for other effector mechanisms, including CD4+ T helper activity, that 
could play a direct role in termination of virus replication. 

Involvement of virus-specific T cells in the pathogenesis of chronic liver disease 
and perhaps partial containment of virus replication is uncertain. Treatment of humans 
with immune suppressive drugs clearly increases HCV replication, sometimes with 
a lessening of liver inflammation, and thus provides support for this concept [25]. 
HCV-specific CD8+ T cells are present in the peripheral blood and Hver of some 
individuals after years of persistent HCV replication. Virus-specific CD8-I- T cells can 
be expanded from the blood of some human subjects using synthetic HCV peptides that 
bind class I MHC molecules such as HLA-A*0201 [26-28]. Peptide stimulation must 
be repeated at least three to four times for detection of cytolytic cells, suggesting that 
they are present at a low frequency. Soluble tetrameric HLA-A*0201 complexed to 
HCV peptides have been used to visualize HCV-specific T cell populations by flow 
cytometry [29]. They have revealed that at least some T cell populations are indeed 
present in blood at low frequencies, and preliminary data suggest that they might be 
compartmentalized to the liver. 

CD8+ T cell lines targeting HCV structural and nonstructural proteins have been 
established from the liver of chronically infected humans [30-34] and chimpanzees [35, 
36]. The true scope of the intrahepatic CD8+ CTL response has been difficult to gauge, 
because access to tissue is restricted, and small numbers of lymphocytes are recovered 
from biopsy specimens. We have recently completed an analysis of four chimpanzees 
that were experimentally infected with the HCV-1/910 virus stock. Remarkably, afl four 
animals had very robust intrahepatic CTL activity, even after five to seven years of 
chronic infection [20]. CD8+ T cells were cloned by limiting dilution in the presence 
of anti-CD3 antibodies immediately after isolation from the liver. Approximately 
300 independently derived CD84- T cell lines were then screened for lysis of target 
cells expressing HCV proteins. The frequency of virus-specific clones in this panel 
ranged from two to 10% for these four persistently viremic animals. Mapping of 
peptide epitopes and class I restriction elements revealed that the response was also 
multispecific; T cell lines targeted four to six different epitopes located in structural 
and nonstructural HCV proteins. This is probably a minimum estimate of the number 
of CTL populations in the liver of these animals given the relatively small number of 
CD84- T cell lines (=300) that were screened for antiviral activity. Data from humans 
with chronic hepatitis C suggest that these findings are not unique to chimpanzees. 
Virus-specific T cell lines were established from about 40% of persistently infected 
humans [33]. These were usually directed against only one or two viral proteins, with 
the exception of one individual who had multispecific CTL targeting at least five 
different HCV proteins. Unlike chimpanzees, most individuals are infected with highly 
variable (and largely uncharacterized) HCV quasispecies. Therefore it is difficult to 
rule out the possibility that dominant T cell populations in humans are missed, because 



Cell-mediated immunity and the outcome ofHCV infection in chimpanzees 65 

screening is limited to available recombinant vimses or proteins based on the HCV-1 
or HCV-H sequences. 

In summary, the data indicate that HCV repHcates efficiently for years in an organ 
infiltrated with vims-specific CD8+ T lymphocytes. The longevity or tumover rate of 
HCV-specific CD8+ T cells in the liver could influence their ability to control the 
rapidly replicating HCV quasispecies. Long-term follow-up of intrahepatic CD8+ T cell 
populations in one chronically infected chimpanzee provided a means to address this 
issue [20]. Panels of CTL lines generated from liver biopsies collected at seven and 
84 months postinfection were compared for recognition of HCV epitopes presented 
by Patr-A and -B class I molecules. T cell populations established from the liver at 
84 months postinfection targeted six epitopes located in C, El, E2, NS3, NS4, and 
NS5. Remarkably, the identical El, E2 and NS3 epitopes were recognized by T cell 
populations recovered from the liver at month 7 postinfection, almost seven years 
earlier. Results are summarized schematically in Figure 1. It is very likely that the NS4-
and NS5-specific populations were also present at the earliest time point; recombinant 
vaccinia vimses expressing those nonstmctural proteins had not been constmcted when 
the first biopsy specimen was collected. These data suggest that the most dominant 
T cell populations are not deleted from the repertoire and indeed appear to be remarkably 
stable over time despite high levels of vims replication. 

c El E2 NS2 NS3 NS4a NS4b NS5a NS5b 

84 m o . ^ \yy] 

7 mo. 

Figure 1. Stable repertoire of HCV-specific CD8+ T cells during seven years of chronic infection in a 

chimpanzee. CD8+ T cell lines generated from the liver of a chronically infected chimpanzee at seven 

and 84 months after experimental infection. The class I MHC restriction and HCV protein of origin are 

shown for each epitope. Epitopes presented by Patr-A*0401 ( ^ ), B*1601 ( ^ ), and B*1701 ( 

[Him ) are indicated. 

It is important to emphasize that these studies involved very few humans and 
chimpanzees with acute hepatitis C. Common findings in both species do, however, 
provide a model or framework for successful containment of virus replication where 
robust cell mediated immune responses directed against multiple class I (or class II) 
restricted epitopes facilitate complete control of vims replication. One critical area for 
future exploration is the relative contribution of CD4+ versus CD8+ T cells in this 
process. The outcome of these studies will undoubtedly influence the design of vaccines 
that prevent establishment of a persistent HCV infection. 
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Mechanisms of HCV persistence 
One key unanswered question is why HCV-specific T cells with cytotoxic potential fail 
to terminate infection. Three general mechanisms can be envisioned, including deletion 
or anergy of these effector cells in the liver, interference with antigen processing or 
presentation pathways in infected hepatocytes, or mutation of the virus to evade 
immune recognition. The latter mechanism deserves special consideration because 
HCV is a rapidly replicating RNA virus with an error prone, RNA-dependent RNA 
replicase. Mutation in a class I MHC-restricted HCV epitope that facilitated escape from 
CTL activity was first demonstrated in a persistently infected chimpanzee [37], and 
changes in epitopes targeted by human CD8-1- T cells have also been described [38-40]. 
A significant role for immune selection pressure in establishment or maintenance of 
persistence is complicated by the observation that at least some chimpanzees and 
humans have intrahepatic CTL directed against multiple class I epitopes. Mutations that 
break T cell recognition would have to occur in all or most of these epitopes. One model 
that accommodates mutation in several class I MHC epitopes is illustrated in Figure 2. 

1 Viremia -— • 
1 wt 1 

nT7..-..TTS«-* 

J 
•^ Polyclonal 

CTL 

Viremia • 
I Wt I Mti |[Mt2 JiJVlt3_ J 
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z' 

I I I 
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Figure 2. A model for generation of mutations in multiple class I MHC epitopes. Panel A shows termination 

of wild-type (Wt) HCV replication in the face of multispecific CTL that simultaneously infiltrate the 

liver. CTL populations targeting different epitopes are indicated by dashed lines. Panel B shows sequential 

selection of escape mutations in individual epitopes (Mtl, Mt2, and Mt3) when CTL populations develop 

in a staggered pattern over time. 

Panel A summarizes observations in the two chimpanzees (ch-497 and ch-482) with 
self-limited infections [22]. Simultaneous appearance of several class I MHC-restricted 
T cell populations in the liver is disadvantageous for virus replication and leads to early 
termination of infection. Preliminary data indicate that chronically infected chimpanzees 
(and probably humans) target fewer epitopes during the earliest stages of infection. It is 
proposed that T cell populations targeting HCV epitopes develop in a staggered pattern 
over the first few weeks or months of infection (Panel B). In its simplest form this 
model predicts that immune selection pressure is focused on one epitope at a time. 
Thus, it is not necessary to postulate simultaneous mutation of all HCV epitopes. 
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even though multiple intrahepatic CTL populations are sometimes found in chronically 
infected individuals. Evolution of virus and T lymphocyte populations is clearly 
a dynamic process, and the balance between persistence or resolution of infection 
is probably delicate. Some temporal overlap between developing T cell populations 
is likely, but they may not be uniformly distributed in a large solid organ like the 
liver, especially if frequencies are low. Viruses replicating in individual hepatocytes 
or lobules would be subject to selection pressure only by T cell clonotypes present in 
that microenvironment. Mutations in class II MHC restricted epitopes of HCV could 
facilitate persistence of HCV, and accumulating evidence supports this mechanism 
[41,42]. 

Summary 

HCV and HIV readily acquire resistance to host immune responses and drugs that 
inhibit rapid replication of their RNA genomes. This is probably the most significant 
scientific hurdle to development of effective therapies for these viruses. For instance, 
it is very likely that a combination of drugs targeting different HCV enzymes will 
be required for effective therapy. Complicated dosing regimens and hepatotoxicity 
could be significant barriers to successful treatment of patients who otherwise have 
few symptoms of chronic hepatitis C. Moreover, approximately 100 million infected 
individuals live in developing countries where combination drug therapies for HCV will 
not be widely available. An inexpensive and effective vaccine to treat chronic hepatitis 
C would be highly desirable. 

Understanding how HCV is successfully controlled in individuals who spontaneously 
resolve infection will provide an important starting point for this effort. There is an 
emerging consensus that resolution of acute hepatitis C in humans and chimpanzees is 
associated with a vigorous cell-mediated immune response. In contrast, CD4+ T helper 
cell activity as measured by lymphoproliferation or y-IFN production is lacking in 
chronically infected individuals. Moreover, the CD8+ T cell response may be locked on 
class I MHC-restricted epitopes that have mutated to avoid recognition. It is tempting 
to speculate that interventions to augment Th activity, broaden the CTL response 
to additional epitopes, or both, could lead to resolution of infection. Candidate HIV 
vaccines designed to ehcit long-lasting CD4-I- and CD8+ T cell responses are about 
to enter human clinical trials. Some of these will involve vaccination of chronically 
infected subjects taking antiviral drugs to lower HIV viral burden. Results of these trials 
could hold important clues for selection of HCV vaccine strategies. 

Data reviewed here support the notion that the same lesion in cellular immunity 
facilitates persistence of HCV in humans and chimpanzees. Moreover, through the study 
of HCV infection, we have learned that the immunogenetic complex of chimpanzees 
and humans is remarkably similar. These observations establish the importance of 
the chimpanzee model for more detailed studies of the host response against HCV and 
for testing the safety and efficacy of candidate vaccines. 
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hepatitis B virus infection 
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Complete resolution of persistent hepatitis B virus (HBV) infection using available 
licensed or experimental antiviral agents is still an unaccomplished goal in over 50% of 
treated patients. We have explored new means for improving the efficacy of antiviral 
therapy for hepatitis B. One avenue of research has examined the use of adoptive 
transfer of immunity to HBV as a means of overcoming immune tolerance to the virus 
in hepatitis B surface antigen (HBsAg) carriers. For this purpose we have recruited 
a population of bone marrow donors (BMDs) and bone marrow transplant recipients 
(BMTs). In these patients seroconversion, as manifested by detection of antibodies 
to HBsAg (anti-HBs), may be induced in BMT recipients who receive their BMT 
from HLA-matched BMDs immunized against HBV. Transfer of peripheral blood 
lymphocytes (PBL) from such BMDs to HBV-naiVe BMT recipients has also induced 
anti-HBs seroconversion in the majority of patients tested. Adoptive transfer of HBV 
immune cells from HB V-immune BMDs has also been utilized for induction of hepatitis 
B clearance in BMT recipients persistently infected with HBV. These results have 
provided the justification for further evaluation of the role of vaccination in patients 
already infected with hepatitis B. 

Introduction 

Persistent hepatitis B virus (HBV) infection may develop in 10-90% of patients, 
depending on age at infection and adequacy of immune response. Resolution of HBV 
infection requires an intact cytolytic T cell response against nucleocapsid viral epitopes 
for clearance of intra-hepatocyte infection [1]. Acquired humoral response against 
the envelope protein(s) is essential for neutralizing circulating viruses and for future 
protection against HBV infection. Immune memory against HBV, whether acquired 
through resolution of infection or through vaccination, will usually remain for life. 
In contrast, a significant proportion of newborns and adults infected with HBV are 
unable to clear the infection and become HBsAg carriers. Currently, available antiviral 
therapy is only partially effective, and at best only one third of a-Interferon-treated 
patients may clear the virus from their circulation. New nucleoside analogues such as 
lamivudine may be effective in suppressing viral replication. However, with lamivudine 
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there is evidence that treatment must be given indefinitely, since discontinuation may 
lead to re-emergence of HBV markers in the blood. On the other hand, prolonged 
administration of lamivudine will be associated with emergence of YMDD mutants. 
Thus, additional means are necessary to restore immune non- or hyporesponsiveness 
against HBV. In recent years several attempts have been made to induce cessation 
of HBV replication through active immunization against HBsAg using Pre-S/S HBV 
vaccines [2, 3]. Results of these preliminary clinical trials are not conclusive. We 
have chosen to study other means for inducing clearance of HBV infection through 
adoptive transfer of immunity. The hypothesis that the immune response against HBV 
can be transferred from immunocompetent donors to immune suppressed recipients was 
tested in mice and humans. Bone marrow obtained from human BMDs who recovered 
from HBV or were immunized against HBsAg was transplanted to HBV-naive BMT 
recipients who required a marrow transplantation for their hematologic disease. The data 
obtained suggest that HBV-naive individuals can acquire immunity against hepatitis 
B through adoptive transfer of immunity using the immunologic maneuver described 
above [4-8]. 

Transplantation of bone marrow or peripheral blood lymphocytes for human donors 
immunized against hepatitis B 

In the early 1990s we made the first observation that 12/178 HBV-naive recipients in 
our institution received their BM from healthy anti-HBcVanti-HBs+ BMDs. All 12 BMT 
patients seroconverted to anti-HBcVanti-HBs"^ following transplantation [5]. Out of six 
patients followed for a mean of four years (range 1-6.2 years), three had evidence of 
humoral anti-HBs response, with serum anti-HBs levels ranging from 63-189 mlU/ml. 
Later, seroconversion to anti-HBs^ was also documented in 22/35 (63%) BMT recipients 
whose BMDs were immunized at least once against HBV, using a second generation 
yeast-derived HBV vaccine (10-20 |Lig/dose) [5]. Seroconversion occurred between days 
9-52 post-BMT. Although anti-HBs levels were low, some patients responded with a 
secondary rise in anti-HBs titers following one to several booster vaccinations given 
up to one year post-BMT. In seven out of nine patients followed for a longer period 
with a mean follow-up of 2.5 ± 4.3 months, anti-HBs levels remained above the lower 
threshold of protective levels (mean 102 ± 13 mlU/ml, range 22-183). Adoptive transfer 
of immunity to HBsAg was also accomplished in six out of eight BMT recipients 
following transplantation of PBLs from human donors immunized against HBsAg 
[7]. In four out of six patients in whom seroconversion was documented 27-45 days 
post-transplantation of PBL, a secondary rise in anti-HBs titer could be documented 
following immunization with a conventional HBV vaccine. 

Resolution of persistent HBV infection following BMT from an HBV-immune donor 

Clearance of HBV DNA and of HBsAg with seroconversion to anti-HBs^ was 
documented for the first time in a child with chronic lymphocytic leukemia who received 
a BMT from his HLA-matched brother [9]. This brother, who was initially anti-
HBcVanti-HBs" ,̂ received a recombinant HBsAg vaccine booster injection prior to the 
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harvesting of his bone marrow. Clearance of HBsAg and anti-HBs seroconversion in 
the BMT recipient was accompanied by a rise in aminotransferase levels, but with no 
adverse clinical symptoms. This first documentation of resolution of persistent HBV 
infection was later confirmed in a number of Chinese, HBsAg"̂  patients in Hong Kong 
who received a BMT from HBV-immune donors [10, 11]. 

Evidence for long-term maintenance of immune memory in BMT recipients following 
adoptive transfer of immunity to HBV 

Patients post-BMT have been contacted within one to two years of BMT for evaluation 
of residual PBL activity against rHBsAg in vitro. Briefly, PBLs obtained from healthy 
adults either non-immunized or immunized against HBV, or from BMT recipients 
receiving bone marrow from anti-HBs or anti-HBcVanti-HBs"^ donors, were stimulated 
in vitro with rHBsAg for seven days. After a pulse with ^H-thymidin the specific 
stimulation index rose from 2.2 to 63 in BMT recipients from immunized donors 
following a booster injection one year or more post-BMT. This cell proliferation was 
also documented in healthy vaccinees; in BMT recipients from anti-HBcVanti-HBs"^ 
donors, but not in healthy controls [12]. 

Comment 

Persistent HBV infection is one of the most common infections worldwide. The 
consequences of acute hepatitis B are serious not only in East Asia or Africa but also 
in the U.S. and Europe, where 32,000-90,000 new patients with chronic hepatitis B 
are added to the pool of patients with chronic liver disease each year. Such patients who 
are at risk for developing cirrhosis and hepatocellular carcinoma must be provided with 
an efficient means for suppressing or resolving active viral replication and slowing down 
the hepatic inflammatory and fibrotic processes. Unfortunately, so far currently available 
antiviral agents such as a-Interferon, lamivudine and other newer nucleoside analogues 
have not been shown to induce permanent resolution of the viral infection. 

In recent years much attention has been given to a first attempt to augment the natural 
immune response against HBV in HBsAg carriers through active immunization with 
a Pre-S^/s mammalian-derived hepatitis B vaccine. Coullin, Pol and coworkers have 
shown that repeated immunization of such carriers may reduce the viral load in about 
one third or more of patients [2]. Although the statistical significance of this treatment 
is not yet proven, this observation should lead to further attempts to test the effects 
of "vaccinotherapy in patients with chronic hepatitis B. Recently Yap and coworkers 
conducted a placebo-controlled chnical trial in Indonesia where 108 patients were 
randomized to receive four doses of a mouse-cell-derived HBV vaccine containing 
Pre-Sj/Pre-S2/S antigens, followed by a nine month interval and again several courses 
of immunization [3]. Although this study lacked power, a trend toward reducing viral 
replication and even seroconversion to anti-HBs was observed in those patients with 
elevated aminotransferase levels. Several similar clinical trials using preconditioning 
with antiviral agents followed by vaccination against HBV are now in progress. 
Two of these studies introduced new formulations of hepatitis B vaccines containing 
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novel adjuvants intended to shift part of the cellular immune response toward T cell 
THl response. 

Meanwhile, we are continuing our own efforts using adoptive transfer of immunity 
against HBV. In the clinical experiments described above, we take advantage of the 
intact immune response of healthy BMDs. Obviously, adoptive transfer of immunity 
through bone marrow transplantation is not a realistic option for the hundreds of millions 
of HBsAg carriers worldwide. Nevertheless, the concept of replacing or resuscitating 
a hyporesponsive immune system against HBV has been tested and shown effective 
under the conditions described above. Further confirmation of the initial observations 
was provided by the BMT group from Hong Kong who have been able to induce 
resolution of HBV infection in several BMT recipients with persistent HBV infection 
using the method of adoptive transfer of immunity [10, 11]. These investigators have 
elegantly documented the recovery of the anti-HBV immune response in HBsAg"̂  
BMT recipients transplanted with bone marrow from anti-HBcVanti-HBs"^ donors. 
Thus, recovery and seroconversion was accompanied by a fortunately mild hepatitis 
manifested by ALT elevation. It is evident that such a maneuver may be associated with 
a risk for induction of an immune attack against the infected hepatocytes, once immune 
response against HBV has been recovered [13]. The extent of such a response can 
only partially be controlled when BMT is used. However, we have shown that similar 
effects can be controlled through transplantation of HBV immune lymphocytes or stem 
cells instead of bone marrow [7]. Thus, better control of flare-ups may be possible, 
especially at a point where stem cell transplantation has replaced the conventional 
bone marrow transfer. 

In summary, adoptive transfer of immunity to HBV was evaluated as a possible tool 
for inducing resolution of HBV infection in individuals who were unable to develop 
an adequate immune response against HBV. Further clinical trials should be designed 
to test the protective role of such an immunological maneuver as adjuvant therapy to 
conventional antiviral agents. 
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Introduction 

The discovery of HCV in 1989 was followed by a decade of growing awareness 
about the full impact of this slowly progressing disease. The recent and dramatic 
increases in end-stage liver diseases, including hepatocellular carcinoma as reported 
for the US [1] and Japan [2], have been attributed to the boom of HCV infections 
during the 70s and 80s. For several years, HCV has become the leading cause of 
liver transplantation, and recent figures show that the hospitalization and indirect 
costs caused by HCV in the US increased to 1.5 billion US$ already in 1995 [3]. 
Moreover, there still remains a huge number of people who are unaware of their 
infections but will present to their physicians within the next decades with signs 
of progressive liver disease. 

The only therapy approved today is (pegylated) interferon-a monotherapy or a 
combination of interferon with ribavirin. Although effective in achieving sustained 
response in up to 80% of some patient groups (e.g., genotype 2- or 3-infected), efficacy 
is only about 40% for the predominant genotype 1 infections [4, 5]. Moreover, many 
patients need to stop therapy because of adverse events, or they are excluded because 
of markers predicting side effects. Consequently, the demand for alternative therapies 
remains high. So is the need for prophylaxis due to the intrinsicly high cost of this 
disease and its therapy. Vaccines are currently being developed, and some have entered 
the phase of clinical testing, for prophylaxis and therapy. 

Preclinical studies in chimpanzees have shown that infection can be prevented by 
active vaccination with E1E2 complexes [6], but this protection seems to be limited 
to low dose and homologous challenges. Therapeutic vaccination of chimpanzees with 
El resulted in strong and not previously noted immune responses which were capable 
of altering disease status by reducing signs of liver damage. However, this type of 
vaccination was not able to clear the infection [7]. 

The development of HCV vaccines is hampered by 1) the lack of knowledge 
concerning correlates of immune protection, 2) the technical difficulties encountered 
in the production of good quality envelope antigens, and 3) the lack of information 
on the structural restraints for these envelope proteins, which need to be taken into 
account for optimal antigen presentation within a vaccine context. In turn, many of 
these problems relate to the lack of an efficient in vitro cultivation system for this virus. 
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In addition, the existence of genotypes and subtypes with a high genetic diversity is not 
favorable for vaccine development. 

On the other hand, some recent studies (discussed below) provide new insights on 
how viral infections that may lead to persistence can be controlled by the host immune 
surveillance, or how the virus is able to avoid this control. Growing experience with 
therapy in HCV and other persistent viral infections is opening new possibilities that 
also apply to the field of vaccination. Finally, the ongoing clinical trials involving 
both prophylactic and therapeutic vaccines for HCV, as well as other viral infections 
including HIV and HBV, will in the near future shed even more light on the desired 
immune responses to combat HCV, even if such trials are only partially successful. 

Persistent viral infection and the host immune system 

As reviewed by Biron [8], the initial responses to viral infection lead to activation 
of NK cells either by potentiating their cytolytic function or by increasing their 
interferon-y-mediated antiviral activity. The type of cytokines released during the 
early stages of infection may determine the activity of the NK cells. Induction of 
the type I interferon-a and-(3 promotes the cytolytic pathway, while induction of 
tumor necrosis factor-a, interleukin-6, and interleukin-12 activates the non-cytolytic 
but antiviral interferon-y pathway. 

The importance of this non-cytolytic clearance of an hepatocytic infection was 
recently demonstrated in two studies. HBV infection may lead to persistent infection, 
but the majority of individuals clear the infection spontaneously. A recent study [9] 
of HBV infection in chimpanzees gave some insight into the mechanisms involved in 
this viral resolution. Within eight to 12 weeks after infection, almost every hepatocyte 
was infected by HBV. However, this massive infection could be cleared mainly by a 
non-cytolytic pathway in which the cytokines interferon-y and tumor necrosis factor-a 
were the major players. These cytokines are not released by CD8 cells, as they appear 
only later in the liver, probably to clear the remaining infectious sites, thereby resulting 
in an ALT peak. Finally, anti-HBsAg antibodies appear, and the animals recover 
completely from infection. In a second study, the same authors demonstrated that 
lymphocytic choriomeningitis virus infection is also cleared from mouse livers based 
on the same principle, but clearance of this virus from other tissues probably requires 
efficient killing [10]. 

The role of CD8 responses in clearing viral infections is well accepted, while that 
for neutralizing antibody is somewhat debated and may depend both on the infecting 
agent and the host. Nevertheless, several studies show that both CTL and humoral 
responses are required to achieve sustained elimination of viral infections that may lead 
to persistence. One of the best studied models is probably lymphocytic choriomeningitis 
virus, which infects mice and thus provides an easy and well-known animal model. 
This virus can initially be well controlled by neutralizing antibody, but in the absence 
of CD8 cells, escape mutants will appear [11]. Inversely, adoptive transfer experiments 
[12] and infection in B-cell-deficient mice [13] revealed that in the absence of B cells, 
the initial control of the virus by CD8 cells appears to be in vain. Studies with SIV in 
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CD8-depleted animals have shown that the CDS response may even be a prerequisite to 
allow for the emergence of the neutralizing antibodies [14]. Although the neutralizing 
antibodies do not clear disease in the case of SIV, they are thought to slow down disease 
progression, as also shown for HIV [15]. 

Whether or not the immune response is successful may depend on many factors 
influencing a critical balance. Many viruses have developed mechanisms which result 
in a shift of the balance to persistence. Viral interference with cytokine function and 
antigen presentation are common, and include infection of antigen-presenting cells and 
alteration of MHC class I expression [for review see 16-18]. In addition, hiding or 
mutation of neutralizing epitopes (both humoral and cellular) is frequently observed 
[19, 20] in combination with the aforementioned escape strategies. 

Persistence or resolution in HCV 

Whether similar mechanisms lead to resolution of HCV remains to be evaluated. 
The lack of correlates of immune protection is remarkable, since spontaneous resolution 
of HCV is not such a unique event [around 20% of infections; 21]. One of the 
problems related to the acute phase of HCV is, however, the lack of clear-cut and 
severe symptoms. Consequently, not many people with acute HCV report to the clinic, 
and this important period goes by unattended. Most studies trying to unravel the 
mechanism of resolution have focused on chimpanzee experiments or unique cohorts 
of patients either those treated many years after the infection itself or patients on 
interferon-based therapies. 

For HCV, there is evidence that resolution may occur without the help of antibodies. 
This resolution should then be governed by a strong and multispecific Thl response 
[22] combined with high and also multispecific CTL activation, as observed in the 
chimpanzee [23]. Also for humans, resolution in the acute phase has been seen going 
hand in hand with high CD4 reactivity against NS3 [24]. In patients resolving infection, 
specific CTL responses can still be observed many years after resolution, and this in 
the absence of detectable antibody [25]. These studies are tempting many to conclude 
that a decent Thl response combined with CTL activation and, preferably, with a high 
multispecificity, will clear HCV infection. Nevertheless, there is evidence that the virus 
can escape both CD4 [26] and CTL [27] responses by mutation. Furthermore, the studies 
of Takaki et al. [25] have not been able to provide further insight into the immune 
mechanisms involved in resolving the infection during the acute phase itself. 

Also in HCV, there is ample evidence for the existence of neutralizing antibody and 
its role in resolving infections. A study by Zibert and coworkers [28] indicates that in 
acute resolving infections, antibodies to the hypervariable region 1 (HVRl) of E2 appear 
earlier than in patients who will evolve to chronic infection. Ishii and coworkers [29] 
reported that 'NOB' (neutrahzation of binding) titers against E2 were significantly higher 
in chimpanzees clearing infection after vaccination and in patients spontaneously resolving 
HCV. These NOB titers were later related to antibodies inhibiting binding of E2 to CD81, 
a putative HCV receptor [30]. Specific reports on the use of HBIG administered in the 
liver transplant setting indicate that the incidence of HCV recurrence or newly acquired 
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infection was significantly lower prior to screening of blood donations for HCV antibodies 
and removal of anti-HCV-positive blood units prior to the preparation of HBIG [31]. 
Although sexual transmission may be an uncommon route of transmission, it can also be 
prevented by passive administration of an anti-HCV-positive immunoglobulin preparation 
[32]. Similarly, passive administration of human immunoglobulin preparations was able 
to delay the onset of the disease in chimpanzees [33]. 

Unfortunately, no epitopes within the envelope regions have been identified which 
give rise to neutralizing antibodies, except for the hypervariable region at the N-terminus 
of E2. For the latter, both in vitro [34, 35] and in vivo chimpanzee experiments [36, 37] 
showed that infection can be inhibited solely by antibodies against this region. As the 
hypervariability of this region gives the virus the possibility to escape, the options to use 
this region for prophylactic vaccine development are thereby limited. 

Remarkably, once the chronic HCV infection is established, a vigorous CD4 and 
CD8 response to many HCV proteins remains detectable both in the circulation and 
in the liver [38-41], and this combined with antibodies against the envelope regions 
and, more specifically, the hypervariable region [38, 42]. There may be a diversity of 
reasons why this immune response is not able to clear infection, including viral escape 
mechanisms, as indicated by the lack of recognition of autologous HCV sequences by 
the intrahepatic CD8 cells [43]. 

Of greater potential significance is the fact that the persistent viral infection may 
have altered the functional capacity of the immune system to respond in an effective 
way. The failure of a CTL vaccine for treatment of HBV infection was attributed to the 
fact that the T helper cells of HBV carriers have a reduced interleukin-12/interferon-Y 
secretion in response to the vaccine, as compared to healthy volunteers [44]. Also, HCV 
may be interfering with many defense mechanisms, as suggested by the interactions of 
NS5A [45, 46] and E2 [47] with the interferon pathways and the interaction of core with 
cytokine receptors [48, 49]. In addition, HCV is infecting dendritic cells which may lead 
to reduced antigen presentation [50]. A recent study revealed that a lowered immune 
response to an HBV vaccine occurs in HCV chronic carriers, which further supports 
the concept of a weakened immune response, which is in this case not even restricted 
to HCV [51]. A failure of interleukin-2 secretion upon specific T cell stimulation 
by HCV protein further emphasizes that the interference with the immune response 
may be complex [52]. 

Nevertheless, once HCV viral titers can be reduced by interferon therapy in chronic 
HCV carriers, the preexisting immunity both on the cellular [39] and humoral levels 
[53, 54] may determine the outcome of treatment. During successful treatment newly 
arising CD4 and CD8 responses are observed [55, 56]. Even without suppression of the 
viral load, the induction of neo-antibodies to the envelope region of HCV by therapeutic 
vaccination resulted in amelioration of chronic active disease. Remarkably, this was 
achieved by immunization with El, indicating that this antigen may not be devoid 
of neutralizing epitopes [7]. 
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Conclusion 

There is sufficient evidence supporting the notion that a CDS response or a humoral 
response may lead to resolution of HCV infection. However, there is also ample proof 
that both may fail to do so. Studies in other models have revealed that the combined 
action of both is the best guarantee for clearance of viral infection. Protection against 
disease solely by CTL responses, as shown for HIV [57] and also suggested for HCV by 
the presence of unique Thl responses in some apparently protected cohorts [5S], may 
be limited to a minority of the infection events. Detailed analysis of both B- and T-cell 
responses in the same cohort of preferentially acutely infected patients, is still required 
to elucidate the role of both compartments of the immune system in HCV resolution. 
Based on currently available knowledge, a prophylactic vaccine should aim at arming 
both the CDS and B-cell arm of the immune system, at least in a way sufficient to 
prevent persistent infection, which is the major clinical problem with HCV. The careful 
selection of an antigen capable of raising neutralizing antibodies is one of the major 
tasks still lying ahead. As these neutralizing epitopes will be located within the envelope 
regions, the production of qualitatively good antigens and the means to determine this 
quality need to be established as well. On the other hand, HCV seems to be gifted 
with several antigens containing conserved T-cell epitopes for both CD4 and CDS cells, 
and which are mainly located in the nonstructural genes and core. Nevertheless, it is 
still essential to determine which epitopes are involved in the generation of protective 
responses. However, the separation of antigens for humoral and cellular responses may 
allow the combination of each with an adjuvant, maximizing the desired response. 

For therapeutic vaccination, the host may be given a second chance to mount an 
adequate immune response leading to resolution, by taking over the role of the innate 
immune system through antiviral therapy using compounds directly affecting the life 
cycle of HCV. The interference of the virus with the host immune responses can be 
alleviated in this way and the massive infection reduced to a level which can again 
be controlled by a specific immune response. Inversely, antiviral therapy with small 
compounds interfering with the viral life cycle may not only provide a window for 
therapeutic vaccination, but the vaccination may be required to achieve success in 
a therapeutic approach for HCV which will most likely be plagued by resistance. 
The finding that Thl responses in HBV carriers are restored under lamivudine therapy 
[59] already gives some support for antiviral-vaccine combination therapy and, at the 
same time, confirms that the virus is indeed directly influencing the host immune system. 

Antivirals for HCV are slowly appearing on the horizon, and the insight into natural 
HCV resolution is growing. This can be combined with an increasing knowledge of how 
to produce HCV envelope proteins [60-63] or how to generate broadly cross-reacting 
mimotopes of the hypervariable region [64]. An interesting and promising decade for 
HCV vaccine development lies ahead. 
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Introduction 

On a worldwide basis most cases of viral hepatitis occur in children. Although acute 
hepatitis in the pediatric age group is often self limited and chronic hepatitis is usually 
mild, the long-term outcome may not be so benign. Indeed, the major burden of 
morbidity and mortality of childhood viral hepatitis occurs in adulthood. The following 
article will provide an update of viral hepatitis B and C as it pertains to the pediatric 
population. Issues particularly relevant to infants and children, such as vertical transmis
sion rates, natural history of disease, strategies for prevention and current treatment 
options will be discussed. Some of the important differences of viral hepatitis B and C 
infections in children compared to adults will be highlighted. 

Hepatitis B 

Hepatitis B virus (HBV) is a partially double stranded DNA vims, which causes 
acute and chronic hepatitis. It is the most common bloodbome infection in the world. 
Over two billion people have been infected with HBV, and 350 million have become 
chronic hepatitis B surface antigen (HBsAg) carriers with the attendant risk for 
developing chronic active hepatitis, cirrhosis and hepatocellular carcinoma. Worldwide, 
approximately one million people die each year from HBV infection. In the United 
States it is estimated that there are 300,000 new cases of hepatitis B annually and one 
million chronic carriers. Each year 4,000 deaths in the United States are attributed to 
hepatitis B. Children account for a small proportion of the new cases of hepatitis B 
reported in the USA. Only eight percent of newly reported cases occur in those under 
ten years old and 10% in those 11-19 years of age [1]. Although the vast majority of 
pediatric HBV infections are asymptomatic, cases of fulminant hepatitis B, hepatitis 
B-related liver cirrhosis and hepatocellular carcinoma do occur in children. 
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Epidemiology 

The highest prevalence rates (>8%) for hepatitis B are found in Asia, the African basin, 
the Amazon basin of South America, Alaska and Northern Canada. In the remainder of 
North America, the prevalence rates are low (<2%). Data collected from the US national 
surveys NHANES II and III between 1976 and 1994 show that the overall age-adjusted 
prevalence rate for hepatitis B is about 5% [2, 3]. In the US, hepatitis B prevalence 
rates are low in infants and young children up until the age of 12, and thereafter rates 
increase in all racial groups, with the highest rates (over 20%) in the non-Hispanic, 
African-American population compared to rates of 4% in non-Hispanic Caucasians. 
Thus, children have a low but appreciable risk for acquiring hepatitis B infection — 
a risk that increases significantly through adolescence, presumably at the onset of 
first sexual activity or other high risk behaviors. Similar data have been reported in 
Canada, with annual rates of acute hepatitis B increasing dramatically in the 15 to 
19-year-old age group [4]. 

The principle mode for HBV transmission in a child is by the perinatal route from 
HBsAg-carrier pregnant mothers to their newborns. In many hyperendemic areas this 
transmission route accounts for 40-50% of all HBsAg carriers. Another means of HBV 
infection is by horizontal transmission through either intrafamilial spread from infected 
family members, sexual activity, the parenteral route or in institutionalized children. 
Of these, the two most important routes of horizontal transmission are highly infectious 
family members or improperly sterilized syringes [5]. With regard to sexual activity in 
the pediatric population, young adolescents practice high risk sexual behaviour. Recent 
data from the CDC have found that 50% of males and 32% of females by the age of 16 
have had first heterosexual intercourse [6]. By the age of 19 the rates increase to 86% 
and 75%, respectively. Yet 57% of males and only 32% of females were found to have 
used condoms at their last sexual intercourse. Moreover, many teenagers have multiple 
sex partners. An understanding and appreciation of these risk factors for both perinatal 
and horizontal HBV transmission in the pediatric population has formed the basis for 
current disease prevention strategies. 

Natural history 

One of the most striking aspects of HBV infection is the age dependence of the 
chronicity rate. The outcome of HBV infection is very different for neonates and young 
infants compared to older children and adults. The risk for developing chronic HBV 
infection is inversely proportional to the age at acquisition. Whereas only 5% of adults 
go on to develop chronic hepatitis B after an acute infection, over 90% of newborns 
and infants less than one year of age who acquire HBV will have persistent infection. 
Children infected between the ages of four to six have an intermediate chance of 
becoming chronic carriers, estimated at ten to forty percent. 

Chronic hepatitis B infection is defined by the presence of HBsAg in the serum for 
more than six months. Most children who are chronic HBsAg carriers are asymptomatic. 
The presence of jaundice and hepatic dysfunction or growth failure in chronically 
HBV-infected pediatric patients is very unusual. Extrahepatic manifestations may occur. 
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Membranous nephropathy has been strongly associated with chronic carriers, particularly 
in those children who were infected horizontally. Polyarteritis nodosa and essential 
mixed cryoglobulinemia are very rare in pediatric HBV infection. 

HBeAg is a marker of active HBV replication. For reasons that are poorly understood, 
HBV replication may be reduced as the child ages, and the HBeAg can gradually clear. 
For children, HBeAg clearance is usually an insidious event. In a study of 420 Taiwanese 
HBsAg-positive children aged one month to 17 years who were followed for one to 
12 years, 331 children HAD acquired their HBV infection through vertical transmission 
and 89% of them (375 children) were initially HBeAg positive [7]. During the follow-up 
period, 90 of the 375 children (24%) became HBeAg negative. Only 10 children became 
HBsAg negative. The annual HBsAg clearance in this study was 0.6% per year. In another 
study of 185 Itahan and Spanish children aged one to 16 years, vertical transmission was 
the mode of infection in only 14% of patients, and 90% of cases were initially HBeAg 
positive [8]. During a mean follow-up of 13 years, 86% of children lost HBeAg, and 
7% had clearance of HBsAg. The spontaneous HBsAg clearance rate in this cohort was 
0.5%/yr. These differences in eAg clearance rates between Western and Asian populations 
probably reflect the age of acquisition and longer duration of infection in the Asian 
population, the effects of early eAg presentation on the development of immune tolerance 
and host genetic factors. 

In another study of 39 children who cleared HBeAg, 87% and 58% of cases 
had detectable HBV DNA by PCR within five and 10 years after seroconversion, 
respectively [9]. Acute exacerbation of hepatitis with reactivation of HBV replication 
is unusual in children once anti-HBe appears. Moreover, the progression of liver 
disease and the development of liver cirrhosis is rare in those children who are HBe 
seroconverters. A recent study by Ruiz-Moreno reported that most children who had 
seroconverted demonstrated improvement in their liver histology [10]. Yet despite the 
disappearance of HBeAg or improved histology, integration of the HBV genome may 
occur, although the development of hepatocellular carcinoma is rare during childhood. 
Only 51 cases of hepatocellular carcinoma were reported over a 13-year study period in 
Taiwanese children aged three to 16 years [11]. Approximately 80% of these children 
were anti-HBe positive, but all of them were HBsAg positive. 

Treatment 

The first step to the treatment of hepatitis B is prevention. Immunoprophylaxis against 
hepatitis B infection is key. One of the first universal infant vaccine programs was 
introduced in Taiwan in 1984, achieving an 85-94% immunization rate [12]. The HBsAg 
carrier rate decreased from 10% in 1982 to less than 1% in 1994. Moreover, the rate 
of childhood hepatocellular carcinoma in this population decHned from 0.7/100,000 in 
1981-1986 to 0.36/100,000 by 1990-1994. In the United States, screening of all pregnant 
women for hepatitis B surface antigen and universal vaccination of all newborns at 
zero, one and six months is now standard practice. Hepatitis B immune globuhn is also 
administered at birth to all neonates of HBsAg-positive mothers. Catch up vaccination 
is now recommended in the United States for older children, so that by adolescence all 
children should be vaccinated. As predicted, the introduction of this vaccination strategy 
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in the United States has led to a marked reduction in the incidence of HBV infection [13]. 
The effect of hepatitis B vaccine on disease prevalence has been one of the great 
achievements of the latter half of the 20* century. Unfortunately, only 109 of the world's 
211 countries have instituted universal infant vaccine programs, and many do not even 
achieve a 50% vaccination rate. The major obstacles for implementation of global vaccine 
programs continue to lie with difficulties in vaccine administration and vaccine cost. 

Limited treatment options exist for children akeady infected with HBV. In a large 
multinational, multicentered, randomized controlled trial of interferon therapy for hepatitis 
B that included 144 patients aged one to 17 years who were HBsAg positive (for more 
than six months), eAg and HBV DNA positive and had serum ALT greater than 1.5 times 
normal, 26% of the treatment group had eAg seroconversion and loss of HBV DNA 
compared with 11% of the controls [14]. Although this was a statistically significant 
response, an even more important finding was that 10% of the treated patients also 
lost HBsAg. Predictors of response were female sex, low HBV DNA levels (<50pg/ml) 
and younger age. 

More recently, a five-year follow-up study from Italy found that the proportion 
of interferon-treated children who eventually lost HBeAg did not differ significantly 
from that observed in the untreated controls. However, the interferon-treated group did 
have a higher rate of HBsAg loss [15]. Thus the true benefit of interferon therapy for 
children with hepatitis B may be that it simply accelerates the process of seroconversion 
and loss of HbsAg. 

There are a number of unresolved issues unique to pediatric HBV infection. The vast 
majority of children are asymptomatic carriers with normal ALT levels, yet treatment 
strategies for this patient population have not been developed. The natural history 
of disease progression in non-Asian children who are chronic carriers or who have 
spontaneously seroconverted is not well defined. For those patients who have responded 
to interferon, the long-term risks for hepatocellular carcinoma or other complications 
are unknown. Trials of lamuvidine in the treatment of HBV in children are currently 
underway, and results should be available within a year. 

In summary, pediatric HBV is often a benign condition during childhood that 
portends a significant long-term morbidity and mortality. Although interferon therapy 
is the sole treatment agent currently approved for use in children with chronic HBV, 
the role and safety of other antiviral agents alone or in combination remain unclear. 
While treatment recommendations for young patients chronically infected with HBV are 
constantly evolving, prevention remains a key strategy. Universal infant and childhood 
vaccination programs have a proven track record. We should all advocate strongly for 
efficient worldwide vaccination programs. 

Hepatitis C 

Hepatitis C virus (HCV) is a small, single stranded RNA virus roughly 9600 nucleosides 
in length, belonging to the flavivirus family. Infection with HCV causes both acute and 
chronic hepatitis. However unlike adults acutely infected with hepatitis B where the risk 
for chronicity is only 5%, the chronicity rate for adults with hepatitis C is very high. 
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upwards of 75-80%. It is estimated that 170 million people are infected with hepatitis 
C worldwide, but probably most of these cases are not the result of childhood infection. 
Indeed, hepatitis C is uncommon in children. 

Epidemiology 

Data from studies of infants and children with hepatitis C are just beginning to emerge. 
The recently published US National Health and Nutrition Epidemiologic Survey shows 
the prevalence of anti-HCV in children aged six to 11 years old is only 0.2% and rises to 
only 0.4% in those aged 12 to 19 [16]. In this report only 30% of the anti-HCV-positive 
children had HCV RNA, suggesting that the chronicity rate of HCV in the pediatric 
population is less than half that of adults. This is the opposite of what occurs in hepatitis 
B, where the chronicity rates in children are much higher than in adults. 

Historically, the major risk for acquisition of hepatitis C in children was the 
parenteral route. Thus, hepatitis C has been common in children with hemophilia or 
thalassemia, those on renal dialysis or cancer chemotherapy for leukemia, those who 
received contaminated immune globulin, or with a history of blood transfusions while in 
the neonatal intensive care, those on ECMO or who have had congenital heart or other 
surgery. These cases represent mostly children who received contaminated blood or blood 
products prior to 1992 (or contaminated IVIG 4/93-2/94), so they would be at least eight 
years of age now. With the introduction of more advanced approaches to the screening 
and processing of blood and blood products, the parenteral route for transmission of 
hepatitis C is rare, now at an estimated risk of 1 in 100,000 units transfused. At present, 
the major risk factor for acquisition of hepatitis C in the pediatric population is maternal 
infant transmission, occurring in about 5% of cases. With maternal coinfection of HCV 
and HIV, the transmission rates are much higher, upwards of 15%. The maternal viral load 
is an important determinant. The risk for having one newborn infected through maternal 
transmission does not appear to influence the risk for the second pregnancy, although there 
is one report of all three children in one family infected through maternal transmission 
[17, 18]. Other risk factors that might influence the transmission rate, such as the mode 
of delivery or type of obstetrical intervention, have not yet been clarified. However, in 
a recent study from the CDC of 323 infants bom to anti-HCV-positive mothers, among 
the 252 infants who were followed for at least one year, only 2.8% (seven patients) were 
infected based on detection of HCV RNA on at least two follow-up visits [19]. No child 
bom to an HCV RNA negative mother was infected. A multivariate analysis found that 
a matemal HCV-RNA-titre greater than 10^ genome eq/ml, fetal monitoring and early 
mpture of membranes were additional risk factors. Results of numerous studies suggest 
breast-feeding does not appear to be a risk factor for transmission, although HCV RNA 
has been detected in breast milk. There is little or no risk for the intrafamilial spread of 
hepatitis C among household members. 

Natural history 

The natural history of hepatitis C infection in children has not been well characterized, 
however the mode of transmission and age of acquisition of hepatitis C are likely to be 
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important determinants of outcome. Losasciulli et al. reported data on 114 childhood 
patients with leukemia, of whom 56 (49%) were HCV RNA positive at the end of 
chemotherapy [20]. After a 17-year follow-up of the HCV-RNA-positive group, all 
were asymptomatic, the ALT values were normal in 71%, and 16 of the 56 (29%) had 
spontaneously cleared their viremia and had become HCV RNA negative. In one of 
the most comprehensive outcome studies, Vogt et al. followed 458 children who were 
transfused at cardiac surgery, at a time before blood donor screening for hepatitis C 
existed [21]. The patients at operation had a mean age of 2.8 years and were followed 
for a mean of 19 years. None had received prior or subsequent transfusions, and none 
had mothers who were HCV RNA positive. At follow-up, anti-HCV was detected in 67 
(14.6%) patients compared with three (0.7%) in an age- and sex-matched control group. 
Of these, 55% (37/67) were HCV RNA positive and 45% seem to have spontaneously 
cleared their infection. Only one patient had an abnormal ALT. Of the seven patients 
who underwent liver biopsy, all but three had minimal inflammation and no fibrosis. 
Of the three patients with significant histological change, two with portal fibrosis 
had ongoing congestive heart failure, and the third with micronodular cirrhosis was 
coinfected with hepatitis B. The authors concluded that chronic hepatitis C in childhood 
is more benign or more slowly progressive than in adults. 

There are few studies of the natural history of hepatitis C in children who acquired 
their infection through vertical transmission. A summary of 14 reports published between 
1995 and 1999 would include only 120 infants who were identified as being HCV RNA 
positive after birth. Of these 31 patients, 25.8% appeared to have spontaneously cleared 
the infection. A small study by Garcia-Monzon compared the outcome of liver histology 
in 24 HCV-positive children with 22 HCV-infected adults [22]. After a mean follow-up 
of 11 years with both age groups having similar viral loads and genotype, the histologic 
grade and stage was 0.6 ± 0.7 and 0.5 ± 0.5, respectively, in the pediatric group compared 
with 3.2 ± 1.1 and 2.6 ± 1.2 in adults. Thus, over an 11 year period, both the intensity of 
hepatic inflammation and degree of fibrosis were markedly less in children than in adults. 
The available data from these studies, although still sparse, consistently show a milder 
outcome of hepatitis C infection in the first two decades of Hfe with a high rate of 
spontaneous recovery as evidenced by the loss of HCV RNA. 

Treatment 

There have been few published trials of treatment with interferon for children with 
chronic HCV (Table 1). Many of these are of small sample size, and few are randomized 
or controlled. Moreover, the study design and treatment doses varied widely, making it 
difficult to judiciously pool the data. The sustained response rates varied from 0-50%. 
It is still unclear whether interferon is an effective therapy for children with chronic 
hepatitis C. At the last NIH consensus conference, no firm treatment recommendations 
were made for patients under the age of 18. It was recommended that treatment 
decisions be taken individually by the patient and their physician, and that wherever 
possible, treatment should be introduced in the context of a clinical trial. To date, there 
have been no published trials of combination ribavirin and interferon for the treatment 
of hepatitis C in children. The efficacy of pegylated interferon, where weekly rather 
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than daily injections would be a welcomed advantage for children, has unfortunately 
not yet been studied. 

In summary, hepatitis C infection may differ in the pediatric population compared 
with adults. Although historically the burden of disease has been in those young patients 
who were infected by contaminated blood and blood products, with improvements in 
blood bank screening and blood product processing, vertical transmission has become 
the most important source of infection for children. We need to focus our research to 
better identify risk factors for maternal infant transmission and to more fully characterize 
the natural history of HCV disease in this cohort. Although the treatment strategies 
for HCV infection continue to evolve, novel agents need to be specifically evaluated 
in children in a timely manner to properly assess their efficacy and safety in this age 
group. The limited data garnered so far suggest important epidemiological and outcome 
differences of chronic HCV in children compared to adults. Whether in regards to the 
natural history of disease or its treatment, it is now quite clear that the adult HCV 
experience should not be applied de facto to the pediatric population. 

Table 1. Hepatitis C in children. Summary of published a interferon treatment trials. 

Study 

Author 

Clemente 

Bortolotti 

lorio 

Ruiz Moreno 

Dimarco 

Jonas 

Sawada 

Pub 

yr 

94 

95 

96 

92 

97 

98 

98 

Number of 

Treatment 

21 

14 

11 

12 

70 

23 

24 

patients 

Control 

14 

13 

10 

0 

0 

0 

0 

Mean 

Age 

(yr) 

14 

8 

7.5 

8.4 

14.1 

10.6 

10.6 

Mean Disease 

Duration 

(yr) 

?? 

3.5 

4.9 

-
8.1 

5.3 

4.1 

5 

alFN 

Dose 

(mu/m^) 

3 x 1 5 

5 x 1 2 

3 x 1 2 

3 x 6 

x 2, 3 X 10 

3 x 1 2 

0.1 mu/kg X 6 

Follow 

Up 

(mo) 

36 

24 

30 

18 

36 

12 

48 

Sustained 

Response 

(%) 

37 

43 

45 

45 

40 

33 

50 
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Introduction 

Infection with hepatitis B virus (HBV) is considered as a major health problem 
worldwide, with 5% of the global population, that is over 350,000,000 people, being 
chronic carriers of HBV [1]. However, its geographic distribution is uneven; while 
chronic carriers represent less than 1% of the population in industrialized countries, in 
underdeveloped or developing countries the percentage amounts to 5-15%. In Romania 
too, the prevalence of HBV infection is on average 7-10% [2], which entails also a high 
rate of post-transfusional hepatitis infection. 

At present the only therapy with benefits that have been confirmed in the treatment 
of chronic viral hepatitis is alpha interferon (IFN-a), lamivudine, and hepsera (adefovir 
dipivoxil). Further antiviral nucleoside analogues (famciclovir, lobucavir, ganciclovir, 
etc.) remain under evaluation. 

The purpose of this treatment is a long-term eradication of HBV/DNA viremia, 
remission of the inflammatory process, and prevention of the progression to cirrhosis 
and development of hepatocellular carcinoma. 

This study is intended to evaluate the efficiency of IFN-a alone or combined with 
lamivudine in the treatment of children with chronic hepatitis B, especially those with 
post-transfusional chronic hepatitis. 

Patients and method 

The present study is a retrospective analysis of 20 consecutive patients with chronic 
hepatitis B divided in two groups: A — post-transfusional hepatitis and B — non-
transfusional hepatitis (Table 1). There have been included all patients with infection 
and rephcation markers (HBsAg, HBeAg, ± HBV-DNA), with high levels of alanine 
aminotransferase (ALT) for at least six months and with histologic evidence of hver 
inflammation have been included. 
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Table 1. Study group distribution 

Sex distribution: 

Age range: 

13 male and 7 female 

8-17 years; mean 13.4 years 

Group A: With previous transfusions 

• Idiopathic thrombocytopenic purpura (ITP) 

• Acute lymphoblastic leukemia (ALL) 

• Gaucher disease (with splenectomy) 

• Haemophilia 

• Non-Hodgkin's lymphoma (NHL) 

4 cases 

2 cases 

1 case 

2 cases 

2 cases 

Group B: Without previous transfusions 

• Chronic hepatitis B without associated pathology - 7 cases 

• Compensated cirrhosis — Child stage A - 1 case 

• Chronic hepatitis B associated with secondary nephrotic syndrome - 1 case 

The histological diagnosis was carried out according to international criteria [3], 
and the histological activity index (HAI) [4] was used to evaluate histological activity. 
As exclusion criteria we considered HIV and HDV positivity; none of the patients 
presented biological markers of autoimmune hepatitis. Biochemical and hematological 
parameters were assessed using the standard methods (Table 2). 

Table 2. Clinical and biochemical evaluation of patients 

Clinical examination; 

Laboratory tests: 

- complete BCC; 

- serum biochemical tests- ALT, AST, LDH, bilirubin, alkaline 

phosphatase, prothrombine time, albumin; 

- immunological tests- serum immunoglobulin levels (IgM, IgG, IgA); 

- virological markers-HBsAg, anti-HBs, HBeAg, anti-HBe, anti-HBc, anti-HCV, anti-HDV. 

Histopathological examination by means of liver biopsy, evaluating the necrotic and inflammatory activity by 

the "Histological Activity Index" (HAI) developed by Knodell. 

Viral markers were determined by Elisa immunoassays of IP^ and IIF^ generation. 
All patients were clinically and biologically monitored according to parameters indicated 
in (Table 3). 

The long-term evolution has been evaluated using clinical, biochemical and virologi
cal markers (Table 4). The regimen of interferon therapy was: 3MU/day, three 
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times/week for six to 12 months (17 cases) and 5MU/day, three times/week with 
lamivudine 100 mg/day, for six months (3 cases). The follow-up observation period 
ranged from six to 12 months. 

Table 3. Follow-up parameters for evaluation of the response to treatment 

Clinical examination: 

- three times/week in the first week 

- weekly in the first month 

- monthly the next five (11) months 

Biological parameters: 

- complete BCC weekly 

- ALT, AST monthly 

- virological markers - before start of therapy 

- at three months after start of therapy 

- at six and 12 months after end of therapy 

Table 4. Types of response to IFN treatment in HBV chronic hepatitis 

Criteria Complete Incomplete Transitory Absent 

Clinical improvement + + + + 

Normalization of serum ALT + + + -

Seroconversion from HBeAg to anti-HBe -i- + +/- -

Seroconversion from HBsAg to anti-HBs + - - -

Clearance of HBV DNA + + + -

Results 

The results are presented in tables 5a and 5b. Seroconversion from HBeAg to anti-HBe 
occurred in three cases (27.27%) from group A, and in four cases (44.44%) from 
group B (Tables 5c and 5d). Complete seroconversion (HBeAg to anti-HBe, HBsAg 
to anti-HBs) occurred only in two cases from group A. HBV DNA level, determined 
because of the prohibitive costs only in three patients of group B, dropped to normal 
values in one, remaining at high values in the other two patients. In all cases serum ALT 
levels dropped to normal values at the end of treatment. In the groups studied, HAI 
scores ranged between six to 12 whereas the fibrosis scores ranged between 0 and 3. No 
liver biopsy was performed after the end of treatment. The therapy was well tolerated 
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in all children. The adverse reactions were similar to those reported in adults. During 
the first injection, most of the children suffered a flu-like syndrome with fever (>38°C), 
headache, asthenia and anorexia. These symptoms tended to ameliorate or disappear 
after two weeks of treatment. One case developed transitory depression and one case, 
vitiligo. None of them required cessation of treatment. 

Discussions 

Unlike in developed countries, where the incidence of HBV is entirely circumstantial 
(adopted children and adult immigrants from countries with high endemicity) [5] 
numerous factors of a socioeconomic and medical nature are responsible for the still 
high rate of infection in developing countries, such as ours. 

The high endemicity (AgHBs positivity among the general population is 7.3%, 
and 32% for the children living in orphanages) [6] is partly responsible for the high 
prevalence of bloodbome infection with HBV; in our cohort of haemophilic patients 
its percentage amounts to 35.4 [7]. 

The belated introduction of hepatitis B immunization in the general population 
only five years ago, lack of vaccination and revaccination in high risk population 
groups (multiple transfused patients, patients undergoing haemodialysis, transplanted 
patients, etc.) as well as the usage, on a large scale, of blood products not properly 
virus-inactivated (fresh frozen plasma, cryoprecipitate), represent additional responsible 
factors. 

Post-transfusional hepatitis stands out among other types of hepatitis due to its 
characteristic feature of secondary disease; it is a concomitant disease, being in 
fact always associated with a main disease, requiring haemotherapy: congenital 
coagulopathies, talassemia, malignant diseases, etc. The disease requiring transfusional 
therapy confers certain peculiarities on the patient: haemochromatosis, numerous viral 
co-infections and a disimmune status (autoimmunity or immunodeficiency) in order to 
interfere with viral clearance. 

Therapeutic experience with chronic HBV infection (carrier, chronic hepatitis) is 
relatively poorly reflected in literature, due to the loss of interest in developed countries 
for HBV infection, especially at this stage, when treatment with IFN and antiviral 
medication has become part of the therapeutic regimen for hepatitis infections. As for 
therapeutic efficacy, factors such as immunologic reactivity, especially multiple infection 
with hepatitis viruses (HDV, HCV) or non-hepatitis viruses (HTLV, TTV, HIV), would 
suggest resistance of post-transfusional hepatitis to IFN therapy. Surprisingly enough, 
contrary to what was expected, the transfusion has not been referred to as an unfavorable 
prediction factor for chronic hepatitis B in IFN therapy [8]. 

However, in our study the percentage of good responses (complete and incomplete) 
was only 27.27% in patients with transfusional history, as compared to 44.44% in 
patients without transfusional history. The small number of patients does not allow a 
statistical evaluation, however it suggests an unfavorable prediction factor in previously 
transfused patients with actual chronic B hepatitis. Interestingly the two cases of 
complete favorable response were those with HBV+HCV co-infection. These results 
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would run counter to the literature data, according to which the response to interferon 
is poor in the simultaneous presence of two viruses that would have an increased 
cytopathic effect. However, molecular biology studies have shown the existence of 
interconnection between the two viruses, with HCV inhibiting HBV activity. 

The interpretation must be handled cautiously, considering the reciprocal effect on 
the replication status of each virus. Therefore, even in the absence of simultaneous 
replication parameters, the frequency of severe evolution to cirrhosis is significantly 
higher in dual and triple hepatitis infection [9]. 

At present we evaluate the efficacy of lamivudine associated with IFN therapy in 
resistant forms of disease. 

The preliminary conclusions are pessimistic as far as the performed therapeutic 
regimen is concerned. These results indicate an urgent need for developing and 
promoting new therapeutic schedules, more efficient for these types of diseases, 
especially when we consider that there are over 350,000,000 people infected with HBV 
in the world, of whom a significant number are condemned to an evolution towards 
cirrhosis or even neoplasms. 
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Abstract 

Nonstructural protein 5B (NS5B) of hepatitis C virus (HCV) possesses an RNA-
dependent RNA polymerase (RdRp) activity responsible for viral genome replication. 
It presents an excellent target for antiviral development. Recent studies revealed 
that removal of the C-terminal hydrophobic domain improved the solubility of 
NS5B to a level suitable for enzymatic characterization and structural determination. 
This hydrophobic C-terminal tail is highly conserved among all six genotypes of HCV, 
indicating an important functional and structural role, presumably as a membrane 
anchor for the assembly of a replication complex. Similar hydrophobic domains were 
also identified in related viruses such as pesti viruses and GB viruses. Removal of 
these hydrophobic domains had a universal impact on enzyme solubility and resulted 
in production of soluble polymerases from all six HCV genotypes, as well as from 
pestiviruses and GB viruses. Biochemical characterization demonstrated that the activity 
of RdRps from different HCV genotypes/subtypes varied and lacked a clear correlation 
either to the response to combination therapy or to the plasma viremia levels. Structure-
based surface variability analysis further identified highly conserved regions in the 
active site and predicted asymmetric distribution of important functionality and critical 
structural elements essential for replication. 

Introduction 

HCV is the causative agent for most cases of non-A and non-B hepatitis [1], with an estimated 
prevalence of 170 million cases (i.e., 2-3%) globally [2]. Close to four million individuals 
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are infected in the United States alone [3]. In most instances, the virus establishes chronic 
and insidious infection that persists for decades. This usually results in recurrent and 
progressively worsening liver inflammation, which often leads to more severe disease 
states such as cirrhosis and hepatocellular carcinoma [4, 5]. Currently, there are no broadly 
effective treatments for the debilitating progression of chronic HCV infection. 

HCV, a member of the Flaviviridae family, is a positive-stranded RNA virus. Its life 
cycle consists of several interrelated processes that occur primarily in the cytoplasm 
of the host cells [6]. RNA replication is the centerpiece of the viral proliferation 
cycle. Despite many years of research, RNA-dependent RNA replication is poorly 
characterized. The virally encoded polymerase, a product of NS5B in HCV, is the 
key enzyme that dictates the entire replication process. The interplay between viral 
polymerase and its substrates (template, primer and incoming nucleotide) defines the 
basic framework for viral replication. Although the RNA-dependent RNA polymerase 
(RdRp) presents an excellent target for antiviral development, no therapeutic inhibitors 
have been brought to the market thus far. This is, in part, due to the lack of understanding 
about RdRps at the molecular level until recently. As a distinct class of polymerases, 
HCV NS5B RdRp utilizes RNA template exclusively and catalyzes RNA synthesis via 
either copy-back [7, 8] or de novo [9, 10] mechanisms. Unlike many related RdRps, 
such as that of poliovirus (3DP°'), HCV NS5B has acquired a hydrophobic domain at the 
C-terminus, believed to anchor the viral polymerase to the endoplasmic reticulum (ER) 
membrane. Many earlier studies using the full-length NS5B have been complicated by 
the poor solubiHty of this viral enzyme [11, 12]. Removal of this hydrophobic domain 
improves the solubility of NS5B [11-13] and allows the determination of the crystal 
structure of the NS5B apoenzyme [14-16]. These structural studies have revealed 
unique features of RdRps and have provided useful information for the comparative 
analysis of RdRps in relation to other classes of polymerases. This knowledge will in 
turn help to advance our understanding of viral replication at the molecular level for 
positive-stranded RNA viruses. 

Although the mechanism of HCV replication initiation remains unclear, the "copy-
back" RNA synthesis shown in vitro [7, 8] is unlikely to be the mode of replication 
in the infected cells due to the lack of repetitive terminal sequence motifs in the HCV 
genome. De novo initiation is likely to play a critical role in HCV replication in vivo 
[9, 10, 17, 18]. Further delineation of the molecular processes at the initiation step 
requires detailed mechanistic analysis of the reaction pathway of HCV NS5B-catalyzed 
nucleotide incorporation. Recent studies in our laboratories have begun to address the 
stoichiometric assembly of the polymerase with its RNA/NTP substrates, which permits 
efficient nucleotide incorporation for subsequent kinetic analyses. These studies have 
demonstrated that HCV NS5B has developed a novel structural mechanism to ensure 
strict terminal initiation from the 3' end of the viral genome. An RNA template with a 
single-stranded 3' terminus docks precisely in the polymerase active site, which allows 
the initiating nucleotide(s) to base pair with the terminal template base(s) [19, 20]. 

In this chapter, we further explore the biological importance of the functional and 
structural elements in HCV NS5B from a genetic aspect. Phylogenetic relatedness 
and divergence are analyzed, by comparing all six major genotypes of HCV NS5B. 
In addition, ribavirin 5'-triphosphate (RTF) is shown to be a weak inhibitor against HCV 
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polymerases from all six major genotypes. A map of conserved functional domains as 
well as structural surfaces accessible to protein-protein, protein-RNA and protein-NTP 
interactions will impact our understanding of HCV replication, and more importantly, 
the inhibitor development, which most likely targets these conserved regions important 
for viral replication. 

The C-terminal hydrophobic domain 

Several earlier studies revealed that the full-length HCV NS5B had poor solubility and 
required high concentrations of salts, glycerol and detergent to remain in solution [11, 12]. 
Even so, the full-length protein formed high molecular weight aggregates and was 
unstable in solution [12]. Removal of this 21-amino-acid C-terminal domain resulted in 
a truncated NS5B which displayed an excellent solubihty profile (i.e., monodisperse in 
solution and free of aggregates) [11, 12]. Furthermore, the truncated NS5B exhibited 
higher RdRp activity than the full-length protein, which might have a higher proportion 
of inactive enzyme [12]. Nevertheless, the excellent solubility observed after the 
C-terminal truncation allowed the determination of the NS5B crystal structure which we 
would be unlikely to attain from the full length NS5B [14-16]. 

Despite the lack of detrimental effect on NS5B RdRp activity by the removal of 
the C-terminal domain, this hydrophobic tail has been hypothesized to play a role in 
anchoring the NS5B protein to the ER membrane where the replication is believed to 
take place [6]. This hypothesis is consistent with the subcellular localization of NS5B 
[21, 22]. To further assess the biological function of this hydrophobic domain, the 
C-terminal 21 amino acids from 11 subtypes representing all six major genotypes of 
HCV NS5B were compared. The sequence alignments (Figure lA) show that all HCV 
NS5B polymerases contain this highly hydrophobic domain. Surprisingly, this domain 
is also highly conserved. Several hydrophobic amino acid clusters, such as "LLLL", 
"GVG" and "LLP", are strictly conserved, suggesting that the hydrophobic C-terminal 
tail plays an important structural and/or functional role during replication. 

Similar hydrophobic C-terminal tails were also present in NS5B of pestiviruses 
(bovine viral diarrhea virus, BVDV) and the newly identified GB viruses (GB virus B, 
GBV-B) as illustrated by the hydropathy profiles of these related NS5Bs (Figure IB). 
Interestingly, NS5 of flavi viruses (yellow fever virus, YFV) lacks the apparent 
hydrophobic tail at the C-terminus. There appears to be a correlation between the 
cleavage of NS5 into NS5A/NS5B and the presence of the hydrophobic C-terminal 
domain in the hepaciviruses and pestiviruses. It is conceivable that NS5B alone 
associates with the ER membrane via an instrinsic structural element at the C-terminus, 
whereas NS5 (equivalent to covalently attached NS5A and NS5B) associates with the 
ER membrane using a different mechanism. Nevertheless, the effect of the C-terminal 
hydrophobic domain on NS5B solubility was similar for BVDV and GBV-B, in that 
removal of the hydrophobic domains resulted in production of soluble and active viral 
polymerases [23, 24]. Furthermore, soluble NS5 of YFV can be over-expressed in 
bacterial cells without the requirement of any terminal truncations (data not shown), 
consistent with the hydropathy analysis of NS5. 
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Figure 1. The C-terminal hydrophobic domain is highly conserved in HCV and related viruses. 

A) Representative amino acid sequences at the C-termini of NS5Bs from 11 different subtypes representing 

all six major genotypes of HCV were compared. All of the sequences were obtained from the Genbank 

database using an advanced BLAST search. Clusters of hydrophobic amino acids which are absolutely 

conserved are in boldface type. Short dashes ("-") represent identical amino acids compared to the lead 

sequence in (H77 isolate; HCV-la). B) Hydropathy profiles of the prototype viruses from each genus in 

the Flaviviridae family were compared. 
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Activity comparison of HCV polymerases from all six major genotypes 

NS5B genes from nine different subtypes representing all six major genotypes of HCV 
were isolated from patient sera, and soluble proteins were produced from each subtype 
after the removal of the C-terminal 21 amino acids. Consensus NS5B genes were 
obtained by sequencing multiple cDNA clones from each subtype. The activities of 
these C-terminally truncated NS5B RdRps were compared. The results in Figure 2A 
demonstrate that the in vitro enzymatic activities vary within one order of magnitude. 
The difference in activity does not correlate with the viremia levels in patient sera 
(data not shown). We further isolated NS5Bs from 10 isolates in subtype lb that respond 
differentially to the interferon alpha-2b and ribavirin combination therapy (Rebetron^^, 
Schering-Plough Corporation). Five isolates were from patients who failed to respond 
to the treatment (designated as NR), and five additional isolates were from patients 
who had achieved sustained response (SR). All of the proteins were produced as 
C-terminally truncated soluble proteins, and the RdRp activities were analyzed and 
compared (Figure 2B). There was no apparent correlation between the RdRp activity 
and the response to Rebetron. Also, the viremia levels did not parallel the RdRp 
activity (data not shown). 

Inhibition by ribavirin 5'-triphosphate 

Ribavirin is a purine analogue with broad-spectrum antiviral activity against many RNA 
and DNA viruses. However, its molecular mechanism(s) of action have not been fully 
understood. The clinical efficacy of ribavirin in combination with interferon alpha-2b 
(Rebetron^^) against HCV infection has led to many hypotheses, none of which alone 
can convincingly account for all of the observed antiviral effects. One theory proposes 
that ribavirin enhances the T-helper cells' Type 1 cytokine-mediated immune response 
while suppressing the Type 2 cytokine response, thus exerting its antiviral activity as an 
immune modulator [25, 26]. Another theory is based on the inhibitory activity of ribavi
rin 5'-monophosphate on host cellular inosine monophosphate dehydrogenase, which is 
responsible for converting inosine 5'-monophosphate to guanosine 5'-monophosphate, 
an important and rate-limiting step in the biosynthesis of guanosine 5'-triphosphate 
(GTP). Since GTP is one of the nucleotide substrates for RNA synthesis, depletion 
of the cellular GTP pool could lead to reduced levels of viral RNA replication [27]. 
A third theory suggests that ribavirin 5'-triphosphate (RTP), an intracellular metabolite 
of ribavirin, has a direct antiviral effect against viral polymerases [28-33]. This direct 
effect is also supported by the estimation that ribavirin exists principally as the 
triphosphate form, with a ratio of tri- to di- to mono-phosphate close to 25:5:1 [34]. 

Using our optimized HCV RNA-dependent RNA polymerase (RdRp) assay [11], RTP 
was shown to inhibit all six genotypes of HCV RdRps (measured by [^H]-GMP incor
poration), with IĈ Q values ranging from 50-150 |iM (12-37 (ig ribavirin equivalent/mL; 
Figure 3), suggesting that RTP is a weak inhibitor of HCV polymerase. To estimate 
the intrahepatic concentration of ribavirin in patients during therapy, tissue distribution 
studies in animal species (rat, mouse and dog) were carried out, showing that the local 
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Figure 2. RdRp activity comparison among NS5Bs of various genotypes/subtypes. A) RdRp activity from 

9 different subtypes of HCV. NS5B genes were isolated either by PCR from a molecular clone (isolate H77, 

provided by Dr. Charles Rice, Washington University at St. Louis) or by RT-PCR directly from patient sera. 

Multiple cDNA clones (from 3 to 6) were sequenced and compared. Consensus sequences were derived, and 

the clones with the consensus sequences were identified and subject to further characterization. All NS5B cDNAs 

were subcloned into either pET-21a or pET-28a for expression in bacterial cells as described previously [11]. 

For production of soluble protein, the C-terminal 21 amino acids were deleted from all of the NS5Bs. The 

production and purification of each NS5B protein were similarly described [11]. A scintillation proximity 

assay (SPA) was developed to analyze the RdRp activity for each NS5B polymerase [11]. Briefly, the reaction 

components are as follow: 20 mM HEPES pH7.3, 5 mM dithiotreitol (DTT), 50 mM NaCl, 7.5 mM MnCl2, 

1 unit of RNasin, 0.25 |jg poly(C), 0.025 Mg biotinylated oligo(G),2, 0.05 \xC\J5 |JM [^Hl-GTP and 50 nM NS5B. 

The reactions were carried out at room temperature (~22°C) for 3 h and quenched by adding 50 mM EDTA in 

phosphate-buffered saline (PBS). 0.5 mg of streptavidin-coated SPA beads were added to each reaction to capture 

the RNA products (incubation at room temperature for 15 minutes). The beads were harvested onto a filter plate 

(GF/B filter, Packard, Meriden, CT) using a TOMTEC Mach 3U Harvester (Hamden, CT). The radioactivity 

was counted using a TopCount Scintillation/Luminescence Counter (Packard). B) RdRp activity from 10 isolates 

of HCV-lb with differential response to Rebetron therapy. Ten patients were identified according to their 

response to Rebetron"™ therapy. Five patients had sustained response (SR) to the therapy and the remaining five 

were nonresponders (NR). Consensus NS5Bs were isolated from each patient and produced in bacterial cells. 

The RdRp activity was analyzed as described above. 
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Figure 3. RTP is a weak inhibitor of HCV polymerase. RTP with more than 97% purity was obtained from 

Moravek Biochemicals, Inc (Brea, CA). RTP (1.5-200 |aM) was added to each reaction together with the 

nucleotide substrate (5 juM GTP). The RdRp activity in the presence of RTP was normalized to that without 

RTP (100% activity and 0% inhibition). The percentage of inhibition was calculated and plotted. Each reaction 

was repeated at least twice, and the half maximum inhibitory concentrations (IC^ )̂ are listed. 

concentrations of ribavirin in liver tissue were 10- to 25-fold higher than the plasma 
level or in other tissues (data not shown). The average steady-state plasma concentration 
of ribavirin in patients treated with 1,000-1,200 mg of ribavirin daily is about 10 JLIM 

(2.4 |Lig/mL). Based on this information, we calculate that the intrahepatic concentration 
of ribavirin in humans is expected to be approximately 100-250 [oM, which is similar to 
or higher than the IC^^ values of RTP against HCV RdRp. This proposed ribavirin action 
is further supported by the positive correlation between the steady-state plasma ribavirin 
level and the proportion of patients showing a complete and sustained virological 
response (for both HCV genotypes 1 and non-1 infection) based on a large clinical 
database (data not shown). 

Structural variability of HCV polymerases from different genotypes 

Viral polymerases are validated targets for antiviral development. Two classes of 
inhibitors have been developed against HIV reverse transcriptase (RT): nucleoside 
analog inhibitors (NRTIs) and non-nucleoside analog inhibitors (NNRTIs) [35, 36]. 
One of the major differences between these two classes of inhibitors is the viral 
specificity. While NNRTIs are highly specific and only active against HIV-1 [37], 
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NRTIs have a much broader spectrum against HIV and related viruses, such as hepatitis 
B virus [38]. It is now known that the viral specificity profile correlates with the modes 
of action of these inhibitors in that NRTIs compete with the nucleotide substrates 
(NTPs) for binding at the active site, while NNRTIs bind to a lipophilic pocket near 
the active site [39, 40]. While the NTP binding site is highly conserved among various 
related viruses, the NNRTI binding pocket is only present in HIV-1, conferring the high 
specificity of this type of inhibitor [36]. Clearly, the determination of the crystal structure 
of HIV RT has contributed tremendously towards our understanding of the mechanistic 
aspects of these potent polymerase inhibitors and enhanced our knowledge in predicting 
the viral specificity and drug resistance profiles of new inhibitors [39]. 

Traditional analysis of amino acid sequence conservation is quite useful in identifying 
motifs which are important for function and structural integrity. Such conservation 
analysis may be extended to three dimensions with the availability of the crystal 
structure of HCV NS5B polymerase [14, 15, 16 ]. The relative variation entropy (RVE), 
a measure of sequence variation [41], is plotted on the surface of the enzyme (Figure 
4) and ranges from strictly conserved (colored white) to hypervariable (colored purple). 
This surface variability analysis (S VA) allows for identification of regions on the protein 
surface which are conserved, even though the neighboring residues which contribute 
to such a surface may not be sequentially located in the primary amino acid sequence. 
The surface variability of HCV NS5B indicates strong conservation along the putative 
trajectory of the RNA template strand as well as the direction of the incoming NTP 
(Figure 4). It is clear that the NTP binding site which defines the active site, located at 
the center of the structure, is highly conserved. This conserved NTP binding surface is 
likely to define the binding pocket of a nucleoside analog inhibitor. Surface variation 
begins to increase along the direction of the extruded RNA product, away from the 
active site. 

Further examination of the overall structure showed that one side of the NS5B 
polymerase from which the nascent RNA product exits (Figure 5B, back view) is 
more variable than the other side (Figure 5A, front view). Comparison of the average 
RVE values for the two faces of the NS5B molecule revealed that the side with the 
visible p-hairpin (Figure 5B) is approximately 50% less conserved than the other face 
(Figure 5A). This difference suggests that most of the HCV polymerase activities occur 
primarily on the more conserved side of the enzyme, where the incoming NTP enters 
the polymerase. The assembly of the replication complex is also likely to occur on 
the more conserved face where protein-protein interactions with other viral/host factors 
may take place. The more variable face of the enzyme, away from the replication 
center, appears to have little pressure for conservation and may thus be the consequence 
of host immune response. 

Summary 

A highly conserved hydrophobic domain at the C-terminus of NS5B in HCV and 
related viruses predicts an important replication strategy employed by these viruses. 
This C-terminal domain is proposed to serve as an anchor for association with the ER 
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Figure 4. Active site variability of HCV NS5B polymerases from different genotypes. Representative 

sequences from each of six HCV genotypes (isolates H77, RP, TSS, 266676, SA13 and RJ) were chosen for 

calculation of surface variability or relative variation entropy (RVE) [41] calculation. The most conserved 

positions have a value of 0.0 while the most variable positions have a value of 1.0. A value of 1.0 indicates 

that each amino acid has an equal probability of existing at a particular position. Since only six sequences are 

being considered, the maximal RVE value in this analysis is 0.6. The RVE calculation does not consider 

the degree of similarity among multiple amino acids found at a particular position. A molecular surface has 

been constructed about the atoms of HCV NS5B [14] and colored according to the RVE of the underlying 

residue which contributes to that surface point. This construction gives a representation of the amino 

acid variability presented on the surface of the HCV NS5B structure. Only side-chain atoms contribute 

to the coloring as the backbone atoms are always conserved. The surface is colored smoothly from white 

(RVE = 0.0) via orange to purple (RVE = 0.6). This Figure was produced using the programs GRASP 

[42], Molscript [43] and RasterSD [44]. 

membrane at the site of viral replication [11]. Enzymatic characterization demonstrated 
that the C-terminal domain is dispensable for RdRp activity, suggesting that membrane 
association is not required for activity [8, 11, 12]. In the crystal structure of HCV NS5B 
with the C-terminal 21 amino acids deleted, the newly generated C-terminal tail packs 
against the active site via interactions with the (i-hairpin and blocks the passage of the 
nascent RNA product [14]. We believe that, in the presence of the hydrophobic domain, 
the C-terminal tail is unlikely to fold back towards the active site. Indeed, 55 or 62 
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A B 

Front View Back View 
Figure 5. Overall surface variation among polymerases from different genotypes. The surface of NS5B 

molecule was sliced down the middle (in the plane of the paper), with equal numbers of surface modules on 

each side (a total of more than 35,000 modules). On the front face of the polymerase (panel A), 60% of the 

surface (colored white) is strictly conserved, i.e., the RVE value is 0.0. On the back face where the p-hairpin 

is visible (panel B), only 40% of the surface is strictly conserved. The degree of variability on the back face 

is also higher, with more clusters of hypervariable regions (colored purple). 

amino acids can be removed from the C-terminus without any adverse effects on the 
RdRp activity. Rather, higher activity was associated with these larger truncations at the 
C-terminus [8, 11]. This is consistent with our hypothesis that the C-terminal domain 
is involved in membrane association and, during infection, is located away from the 
catalytic site of the polymerase. 

Surface variability analysis allows for the identification of pockets with high degrees 
of inter-genotypic homology and thus provides candidates of potential inhibitor binding 
sites for antiviral development. Highly conserved regions such as those shown in the 
active site of NS5B (Figure 4) are suitable local targets for inhibitor binding. Detailed 
analysis of the molecular architectures of these conserved surface pockets accessible 
by small molecules will shed light on inhibitor design and have predictive value 
in evaluating HCV NS5B inhibitors for broad-spectrum activity as well as potential 
resistance profiles. 
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Introduction 

The hepatitis C virus (HCV) has a single-stranded RNA genome approximately 
9, 000 nucleotides in length [4]. This RNA genome is subject to considerable variability. 
At least six different genotypes have been identified, each nucleotide sequence differing 
by 30 to 35% [23]. Within these genotypes are subtypes and isolates. Isolates derived 
from individual patients at specific time points are also subject to variability, and 
their nucleotide sequences may differ from each other by 1% to 2%. These minor 
variants make up the quasispecies diversity of HCV, and HCV is said to circulate as a 
quasispecies swarm [13]. Minor variants may be generated by nucleotide substitutions 
occurring due to lack of fidelity of the HCV RNA-dependent RNA polymerase or 
perhaps by selection of variants, either by immune pressure or functional efficiency. 

Identification of quasispecies 

HCV variants making up the quasispecies have been identified by variation in nucleotide 
sequence within certain specific regions of the HCV genome. Regions of the genome 
which are subject to variability and have been useful in identifying variants include the 
envelope (particularly E2) and NS5A regions of the genome [2]. 

These regions of the genome have been studied using various techniques [9, 10, 14, 
19, 26]. Of these techniques, the most thorough and complete is the direct determination 
of the nucleotide sequence of an isolate. To demonstrate variability, it is necessary to 
sequence multiple clones from a particular isolate. Thus, for HCV it is not sufficient 
to sequence simply the product of amplification by reverse transcription PCR. Multiple 
clones of PCR product must first be obtained for sequencing. Furthermore, it is 
necessary to sequence large numbers of clones to obtain sequences representative of 
the major variants present in an isolate. Because cloning and sequencing are very 
tedious and cumbersome, other methods to screen for the presence of variants have been 
evaluated. These techniques include PCR followed by single-stranded conformational 
polymorphism (PCR-SSCP) and heteroduplex mobility assays (HMA). While PCR-
SSCP has proved to be an unreliable method for studying HCV quasispecies, HMA has 
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been found to be useful as a way of identifying the number of variants present and the 
degree of variability between them [9, 19, 26]. 

HVRl 

Two hypervariable regions have been identified within the E2 glycoprotein of HCV. 
The larger of these two is found at the 5' end of the E2 region of the genome and is 
about 81 base pairs in length, coding for approximately 27 amino acids and referred to 
as HVRl [24]. This region has been the subject of considerable attention, as it has been 
thought to play an important role in the host immune response to HCV infection [25]. 
Thus it is predicted to be the site of both B cell and T cell epitopes, and because of its 
considerable variability, it is thought to play a role in escape from immune surveillance. 
Patients with acute self-limiting hepatitis have an earlier and stronger antibody reactivity 
to HVRl and also have a rapidly diminishing number of HCV variants. A recently 
published study which clearly implicated humoral immunity in persistence of HCV 
followed a plan very similar to our proposed studies. Zibert and coworkers studied 
serum samples from a group of women infected with the same strain of HCV from 
contaminated lots of anti-D serum used in management of Rh incompatibility. Using 
synthetic peptides derived from the HVRl region of the infecting HCV, they tested for 
antibodies in serum of infected patients. Interestingly, those patients who developed 
acute, self-limited HCV infection developed higher titers more rapidly to HVRl peptide 
than those who went on to chronicity [28]. These findings are compatible with the notion 
that high titers of anti-HVRl were able to neutralize and eliminate infecting HCV, 
whereas lower titers permitted development of escape mutants and thus led to chronicity. 
Developmental vaccines against HCV which make use of recombinant E2/NS1 have 
been shown to be at least partly protective in chimpanzees [3], another observation 
suggesting that envelope proteins of HCV may contain important neutralizing epitopes. 

Interestingly, other flaviviruses do not have regions analogous to HVRl, and they 
cause only acute infection. Finally, exacerbations and remission of liver injury due to 
HCV, as indicated by fluctuations in serum aminotransferase values, are associated 
with appearance and clearance, respectively, of new HVRl variants [25]. Against this 
is the recent finding that little change was found in HVRl consensus sequence over 
time in two chimpanzees inoculated with an infectious clone of HCV. Both animals 
became chronically infected and, although amino acid substitutions occurred over the 
first year of infection, these were few and were largely confined to El, E2, p7, NS3 
andNS5 [12]. 

Significance of HCV quasispecies 

Several investigators have tried to understand the biological and clinical significance 
of HCV quasispecies variants by correlating their presence with clinical manifestations 
of HCV infection, such as development of liver disease, response to interferon therapy 
and viral load in serum [8, 9, 10, 14, 15, 19, 22]. It has been suggested that increasing 
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complexity of quasispecies variants is associated with a relative lack of interferon 
responsiveness and that some quasispecies variants are more resistant to interferon than 
others, although these findings may not have been adequately corrected for viral titer 
and genotype. Recently, Farci and coworkers studied the significance of quasispecies 
variants evolution among patients with acute HCV infection. She found that patients 
with acute resolving infection had a rapidly diminishing number of quasispecies variants 
in serum, while those who went on to develop chronic HCV infection had a progressive 
increase in the number of quasispecies variants [6]. However, the clinical significance 
of quasispecies variants still remains to be elucidated, particularly with regard to liver 
disease severity. Most studies have focused on HCV quasispecies variants in serum 
rather than within the liver (the major site of HCV replication), and it is possible that 
hepatic viral genotypes, subtypes and quasispecies variants may correlate better with 
clinical disease caused by HCV than those found in serum. 

Genetic diversity and response to interferon 

Alpha interferon is commonly used in the therapy of chronic hepatitis C, but no more 
than about 40% of patients achieve a sustained virologic response with long-term 
clearance of HCV RNA from serum. Some viral factors that play an important role 
in determining response to interferon include HCV genotype and the level of HCV 
RNA in serum [11]. However, it has also been suggested that HCV genetic diversity 
may affect the outcome of therapy. Polyak and coworkers found a greater degree of 
genetic diversity and HCV complexity among nonresponders to interferon compared 
to responders [19]. Hassoba and coworkers also pointed out that interferon therapy 
may induce the formation of HCV quasispecies. Patients who were treated with 
interferon but did not respond to therapy often had new HVRl variants appear following 
therapy [9]. 

Tissue compartmentalization of HCV 

Most studies of HCV quasispecies have been based on isolates from serum of infected 
individuals. However, the liver appears to be the major site of HCV replication. 
Liver tissue contains much higher titers of HCV RNA than serum, and the negative-
strand replicative intermediate of HCV is more readily detectable within the liver [7]. 
Furthermore, HCV antigens and RNA can be observed within the liver by immunostain-
ing and in situ hybridization [17, 27]. It is reasonable to question whether there are 
differences in HCV diversity within the liver where HCV is replicating, compared 
to the circulation. In addition, there are some suggestions that HCV may replicate 
within other cells and tissues, such as lymphocytes [1]. Certainly HCV RNA can 
be identified within lymphocytes, although it is not clear that they represent a major 
site of viral replication. 

Few studies have been done of HCV quasispecies in compartments other than serum, 
probably because of the lack of suitable liver tissue. Navas and colleagues compared 
HVRl sequences from isolates within peripheral blood mononuclear cells (PBMC), 
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liver tissue and serum. They found that genetic variability appeared to be greater in 
serum than liver or PBMC. Furthermore, phylogenetic analysis showed segregation of 
sequences by tissue compartment. Finally, sequences from liver and PBMC were more 
closely related to each other than to sequences from serum [16]. Okuda and coworkers 
studied PBMC, liver and serum from 13 patients with chronic HCV infection. Figure 1 
shows that although common HVRl amino acid sequences could be identified within all 
three compartments, some sequences were found only within liver, serum or PBMC [18]. 

PBMC Liver 

Figure 1. Compartmentalization of HVRl quasispecies: Common amino acid sequences found in liver, serum 

and PBMC in 13 patients with chronic hepatitis C (adapted from reference 18, with permission). 

One of the more detailed published comparisons of HCV nucleotide diversity in serum 
and liver was recently published by Sakai et al. [20]. They studied eight patients with 
chronic HCV infection and found significantly different degrees of diversity between 
these two compartments in seven of eight cases (Table 1). Interestingly, greater diversity 
was not consistently found in either serum or liver - this appeared to vary from patient 
to patient [20]. These investigators also studied liver tissue derived from three different 
regions of the liver and found significantly greater diversity within some portions of 
the liver than others (Table 2). Only the study of Sakamoto and colleagues showed no 
differences in HCV variants by consensus sequencing of PCR products and by single 
strand conformational polymorphism [21]. 

We have conducted similar studies of HCV diversity by evaluating matched serum 
and liver samples tested by reverse transcription polymerase chain reaction amplification 
and single-stranded conformation polymorphism analysis of the hypervariable portion 
of the E2/NS1 region of the HCV genome [5]. The number of quasispecies found was 
compared to the amount of HCV RNA and HCV genotype. Sixteen of 40 patients 
studied had HCV RNA detectable in serum and liver. The HCV genotype was identical 
in ŝ erum and liver in all but one case. HCV RNA levels were approximately tenfold 
higher in liver than serum. The number of HCV quasispecies detectable in serum by 
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Table 1. Nucleotide diversity in serum and liver (adapted from reference 20 with permission) 

Nucleotide Diversity (%) 

Pt. Serum Liver p Value 

2.47 <0.01 

0.81 <0.01 

0.46 <0.01 

3.33 n.s. 

2.48 <0.05 

1.02 <0.05 

2.73 <0.01 

1.74 <0.01 

1 

2 

3 

4 

5 

6 

7 

8 

not significant 

1.87 

1.05 

1.61 

3.82 

2.91 

0.74 

4.10 

2.57 

Table 2. Nucleotide diversity within the liver (adapted from reference 20 with permission) 

Nucleotide Diversity (%) 

Pt. Sample 1 Sample 2 Sample 3 p Value 

1 . 2.60 2.66 2.14 n.s. 

2 0.99 0.63 0.81 n.s. 

3 0.47 0.54 0.37 n.s. 

4 3.62 3.63 2.75 <0.05 

5 2.40 2.54 2.52 n.s. 

6 1.02 1.48 0.57 <0.01 

7 3.08 2.38 2.74 <0.05 

8 1.80 1.99 1.43 <0.05 

n.s.: not significant 

SSCP ranged between two and six (median 3.0) and in the liver between two and 19 
(median 3.5, mean liver/serum ratio 1 to 6.3, median 1.8). The number of quasispecies 
in the liver was equal to or greater than that in serum in all cases. We concluded that 
the number of hepatic HCV quasispecies usually exceeds that in serum, independent 
of the amount of HCV RNA and HCV genotype, and we surmised that this finding 
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was compatible with clearance of some quasispecies from serum, but not the liver, by 
putative neutralizing antibodies. 

We were not able to confirm these results when we studied some of the same 
samples using the more specific method of cloning and sequencing of HCV variants. 
The hypervariable region of the genome and adjacent flanking sequences of the E2/NS1 
envelope region of the hepatitis C virus serum and liver samples of two patients was 
amplified by PCR and cloned into Ml3. Approximately 50 clones from each sample 
were sequenced, and the nucleotide sequences analyzed to determine their relationship 
to each other. Amino acid variations and antibody reactivity to these variations were 
compared between liver and serum. We found 27 quasispecies (defined as having a 
single nucleotide variation) in sample 1, with an equal number in both liver and serum, 
and 28 variants in sample 2. One sample had the same single dominant quasispecies 
with multiple minor variants in both liver and serum, while the other had one dominant 
and one subdominant variant with multiple minor variants. Based on this more refined 
methodology, we concluded that the same dominant viral quasispecies variants are 
found within liver and serum of chronically infected patients. We have also analyzed 
HCV variability within different regions of the liver by testing three separate areas of an 
HCV-infected liver obtained at the time of liver transplantation and found that, although 
minor variability occurred both in serum and liver isolates, phylogenetic analysis did 
not confirm segregation of variants by location within the liver. 

Summary and conclusions 

HCV quasispecies remain an interesting biologic phenomenon which may have 
important clinical implications. Studies of HCV variability within different compart
ments have yielded conflicting results. Some have found significant differences in 
variants within liver, serum and PBMC, while others have not. Our own studies have 
had the advantage of studying large amounts of liver tissue obtained at the time of 
transplantation. We have also sequenced large numbers of HCV clones from each 
isolate. Based on these detailed studies, we do not find significant differences in HCV 
quasispecies within liver and serum. An important implication of this finding is that it 
is acceptable for future studies of HCV quasispecies diversity to be done using serum 
from infected individuals, rather than having to rely on the more difficult to obtain 
liver tissue compartment. 
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Summary 

Erythrocytes from 43 patients chronically infected with hepatitis C virus (HCV) were 
analysed by reverse transcriptase in situ polymerase chain reaction (RT-in situ PCR). 
The positive strand of the viral RNA genome was associated with the erythrocyte cell 
membrane as demonstrated by fluorescence microscopy in 40 out of the 43 patients. 
None of the red blood cells from 10 healthy individuals and seven of the patients with 
diseases unrelated to HCV showed positive signals for HCV RNA. These data suggest 
that HCV RNA can attach to the RBC surfaces by immunoadherence and can possibly 
play an important role in the pathogenesis or transmission of hepatitis C virus. 

Introduction 

Hepatitis C virus (HCV) is the most common cause of posttransfusion hepatitis [1]. 
It is well known that hepatocytes are the main source for HCV replication, however, 
several groups have proved that HCV can also be carried by and replicated in lymphoid 
cells [2, 3, 4, 5]. 

It has been documented that whole blood contains more HCV RNA copies than 
plasma [6], however, it is unclear which compartment of the whole blood is the primary 
source for HCV [7]. The high risk of transfusion-transmitted HCV infections via fresh 
packed red blood cells from anti-HCV antibody-negative donors has been frequently 
reported [8, 9, 10]. 

Direct cellular localization of HCV RNA is best accomplished by RT in situ PCR 
analyses [11, 12]. Using this method, even the relatively low copy number of the virus 
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can be detected in a given productive infection [13]. In the present study we prepared 
erythrocyte smears from chronically infected HCV patients and analysed them for the 
presence of HCV RNA using reverse transcriptase in situ polymerase chain reaction 
(RT-insituFCR)[U, 15]. 

Patients and methods 

Patients 

Blood was taken from 43 patients with known histories of HCV infection. Thirty-five 
patients had chronic hepatitis with varying histology activity index [16]. Chronic HCV 
infection was proven six to 12 months before enrollment into the study by (i) consistent 
detection of anti-HCV antibodies using commercially available, second generation, 
enzyme-linked immunosorbent assay kits (Ortho Diagnostic System, Raritan, NJ), 
(ii) elevation of serum alanine transaminase (ALT), (iii) liver needle biopsy, and 
(iiii) detection of HCV RNA in the serum. Control blood samples were taken from 
seven patients with liver disease unrelated to HCV infection, and from 10 healthy 
individuals. The protocol was in accordance with the ethical guidelines of the 1975 
Declaration of Helsinki and was approved by the ethical committee of the Semmelweis 
University, Budapest. 

Cell preparation 

Four ml of EDTA blood (Vacutainer EDTA (K3), Becton Dickinson Vacutainer 
Venous Blood Collection System; Franklin Lakes, NJ, USA) was obtained from each 
HCV-infected patient and from control individuals. 

The coded blood samples taken from the HCV-infected patients and controls were 
analysed for solution phase and RT-m situ PCR to detect HCV RNA. Cells (1x10^) 
from whole blood were fixed at room temperature for 20 minutes in 4% (w/v) 
paraformaldehyde (pH: 7.4) in a total volume of 1 ml. The fixed cells were washed 
twice with phosphate-buffered saline (PBS) and their cell number adjusted to 1x10^ 
cells/ml. Then 200 jiil of this solution were transfered onto silane-coated slides and 
allowed to adhere at room temperature for two hours as described by Wilkinson [17]. 
Non-adherent cells were washed away with PBS. The slides were then air dried and 
sequentially treated with 0.1% Triton X-100/PBS (pH:7.4) and 0.2M HCl for 10 minutes 
each, and then with 3 |Lig/ml proteinase K (Boehringer Mannheim, Mannheim, Germany) 
in buffer (10 mM Tris, pH:8, 0, 2 mM CaC12, 50 mM EDTA) at 37°C for 6 min to 
permeabilize the cell membranes. This reaction was stopped by rinsing the slides with 
ice-cold O.IM glycine/PBS (pH:7.2) for 10 min. DNase treatment was then performed 
overnight in a humidified chamber at 37°C in a total volume of 10 jil using 10 U 
DNase (RNase-free; Boehringer Mannheim) in buffer (10^ mM Sodium Acetate, 5 mM 
MgS04). Standard precautions were used to prevent RNase contamination. 
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RT in situ PCR 

Amplification of the 5' non-coding region from the HCV genome was chosen in order to 
detect the positive HCV RNA strand [4, 18, 19, 20] (Table 1). SHdes with blood smears 
were placed on the flat heating block of the thermal cycler (BIOMED Thermocycler 60, 
Biotrade, Vienna, Austria) and kept for 1 hour at 42°C. 

Table 1. Positive strand HCV RNA oligonucleotides used for RT-m situ PCR and solution phase 

RT-PCR 

Primer Nucleotides 

HCV 11 5' CCATAGATCACTCCCCTGTG 3' 

HCV 8 5'GCACGGTCTACGAGACCT 3' 

HCV 3 5' CTGTGAGGAACTACTGTCTTCACGCAG 3' 

HCV 4 5' CGGTTCCGCAGACCACTATG 3' 

A mixture of 20 |LI1 RT buffer (50 mM TRIS-HCI, 75 mM KCI, 3 mM MgCI2 
containing 10 mM dithiothreitol), 200 U cloned Moloney murine leukemia virus reverse 
transcriptase (RT) (GIBCO), 40 Units RNase inhibitor (Boehringer Mannheim) and 
1 mM of each dNTP were added to the blood smears. Primer HCV8 (Genset, Paris, 
France) (50 pmol/ml) was used for reverse transcription. The RT reaction was stopped 
by heating the thermal block for five minutes at 94°C. 

For amplification the HCV RNA slides were preheated (70°C) using a thermal 
cycler. The PCR amplification solution, containing primers HCV 11, HCV 3 and 
HCV 4 (Genset, Paris, France) was kept at 95°C for 15 minutes to eliminate primer 
oligomerization and to activate the AmpliTaq Gold enzyme (Perkin Elmer, Vienna, 
Austria). Twenty inl of the PCR amplification solution containing 2.5 [i\ lOx PCR 
buffer, 2.25 mM MgC12, 250 |JM dNTP's + 1,0 nm dig-11-UTP + digoxigenin-11 dUTP 
(Mannheim, Boehringen) + 5U AmpliTaq Gold polymerase and 10 pmol/ml of each 
primer were laid on top of the smears. After an initial denaturation step at 94°C for three 
minutes, 20 PCR cycles were performed using the following cycle steps: denaturing 
(94°C), annealing (55°C), extension (72°C), each for one minute. 

Posthybridization treatment and detection 

To reduce the nonspecific primer hybridization in the RT-m situ PCR reaction, a high 
stringency wash was included using 1 x SSC, 0.15 mM NaCl, 0.015 mM sodium citrate 
containing 0.1% BSA (Sigma Cat. No. 4628) at 56°C for 10 minutes. The PCR-amplified 
HCV cDNA was detected by immunohistochemistry using high affinity anti-digoxigenin 
(anti-DIG) antibody (1:4 dilution in PBS) conjugated to fluorescein (fluorescein 5 
(6)-carboxy-fluorescein-N-hydroxysuccinimide ester, Enzo, Boehringer Mannheim). 
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To eliminate unspecific background signals, blocking solution (No: 1096176 Boehringer 
Mannheim) was used as recommended by the manufacturer. Fluorescein-conjugated 
digoxigenin -11 dUTP signals were detected by fluorescence microscopy (NIKON 
Alphaphot 2-H microscope; Nikon Corporation, Tokyo, Japan) using triple band 
filter (DAPI; FITC; TEXAS RED) at 500-fold magnification. Numbers of positive 
erythrocytes were semiquantitatively evaluated, counting 10 fields on each smear. 

Detection of HCV RNA by solution phase RT-PCR 

All patients and controls enrolled in this study were also evaluated by solution phase 
RT-PCR using samples of the same blood drawings as for RT-in situ PCR. HCV RNA 
was detected from the serum using the Roche Diagnostic System (Amplicor^^ test for 
hepatitis C virus detection, Vienna, Austria). After evaluating the results, the samples 
found positive by RT-in situ PCR and negative by solution phase PCR were reprobed 
by both methods up to three times within one year. 

Results 

Analyses of erythrocyte smears by fluorescence microscopy 

Out of 60 blood smears (43 HCV-infected and 17 controls) analysed by RT-m situ PCR, 
the PCR-amplified viral RNA was clearly localized to the erythrocyte cell membrane 
in 40 HCV-infected cases (Figure lA). Samples from three HCV-infected patients 
gave inconclusive results because of high background, and were finally considered as 
negative. None of the ten healthy individuals and seven patients with liver disease 
unrelated to HCV gave positive signals (Fig.IB). Morphologically, the RT-m situ 
PCR-amplified viral RNA detected on the erythrocyte membrane by fluorescence 
microscopy showed a high signal variety. The fluorescence signals appeared as bright or 
dim green lines, semicircles or dots localized to the erythrocyte membrane (Figure lA). 
Ten to 80 percent of erythrocytes showed positive fluorescence signals in the smears 
derived from HCV-infected individuals. 

Solution phase PCR 

Solution phase PCR analyses of the sera taken from HCV-infected patients were carried 
out parallel with in situ RT PCR analyses. In 30 cases a positive signal was obtained 
with solution phase PCR, whereas in 13 patients we could not detect viral RNA in 
their sera. In comparison, using RT-m situ PCR only three out of 43 patients gave 
negative results. All the controls were HCV negative when checked by solution phase 
PCR and by in situ PCR. 

Subsequently, 12 out of the 13 cases found to be positive by RT-m situ PCR and 
negative by solution phase PCR were repeatedly analysed for up to three times by 
both methods within one year. One solution phase PCR-negative patient, who was 
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Figure 1. Bright HCV-specific signals attached to the erythrocyte membrane were detected by fluorescence 

microscopy (A). Negative control (B) (A, B: 400 x). 

an alcoholic, could be checked only once. All 12 samples were positive by RT-m 
situ PCR by the repeated testing. Nine samples were repeatedly positive by solution 
phase PCR, while three samples were repeatedly negative. These three patients found 
to be negative had undergone a combined interferon plus ribavirin treatment during 
the testing period. 

Discussion 

In our study the PCR-amplified HCV RNA signal identified by RT-m situ PCR was 
observed localized on the erythrocyte membrane. Fluorescence microscopy confirmed 
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these data, showing that the signals were localized to the cell membrane and 
demonstrating that RBCs can carry membrane-bound HCV RNA. 

Transmission of HCV likely relates to cell free and cell bound virus in the blood [21]. 
Cell free mature virion is predominantly associated with circulating immune complexes 
(IC) [22]. It has been suggested that HCV might also be concentrated on the RBC 
surfaces by immunoadherence [20]. Adherence of circulating immune complexes to 
erythrocytes has been studied widely [23, 24]. Complement receptor 1 (CRl, CD35), 
present at the surface of the erythrocytes, is responsible for immune adherence reactions 
as described by Nelson [25]. 

All but three cases with proven HCV infection were positive by RT-in situ 
PCR. Interestingly, 13 out of the 43 cases were negative with solution phase PCR. 
Nevertheless, nine of these 13 became positive within one year by repeated testing, 
indicating that they carried HCV. Three out of the four remaining negative cases 
underwent Interferon + Ribavirin therapy, and remained negative by solution phase 
PCR. One case of an alcoholic could not be repeatedly tested. 

The results reported here are supportive of a role for red blood cells in the transport 
of HCV. The RBC-bound HCV might be missed if only the sera are analysed for the 
detection of HCV by PCR. It remains to be proven whether or not the association of 
RBC to HCV is the result of adherence of HCV RNA-carrying complexes (cryoglobulin 
complex), or whether it may be attributed to a different mechanism. 
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Introduction 

The hepatitis B virus (HBV), discovered in 1966, belongs to a family of closely 
related, small enveloped DNA viruses [1]. This family, called hepadnaviruses, includes 
the woodchuck (WHBV), ground squirrel (GSHV), duck (DHBV) and heron (HHV) 
hepatitis B viruses. Such infectious agents are characterized by hepatotropism and 
cause acute and chronic hepatitis. Despite the availability of a vaccine and passive 
immunization against HBV, more than 350 miUion people worldwide are chronically 
infected [2]. Furthermore, approximately one million deaths occur annually due to 
HBV-induced liver disease, which ranges from acute to chronic infection and from 
cirrhosis to hepatocellular carcinoma [3, 4]. Vaccination is the only effective approach 
to prevent chronic infection. Once individuals are chronically infected with the virus, 
only a few therapeutic options are available. Treatment possibilities involve the 
administration of interferon-a as well as the use of viral polymerase inhibitors such 
as nucleoside analogues either alone or in combination. Thus far, clinical success 
with these drugs is unsatisfactory, due to transient effects on HBV replication and 
emergence of drug-resistant strains [5]. The need for alternative therapeutic approaches 
has provided the impetus to develop novel reagents. 

Extensive developments in molecular biology and recombinant DNA technology 
have led to more accurate diagnosis, therapy and prevention of human diseases. 
Molecular methods have facilitated the detection of the hepatitis B viral genome and 
have provided detailed information on the viral life cycle. Attachment of the virus 
to the cell membrane, internalization, uncoating, viral replication, gene expression, 
virus assembly and virion export offer possible targets for antiviral therapy (Figure 1). 
To influence gene expression, Paterson et al. demonstrated that single-stranded 
DNA was able to inhibit translation of a complementary HBV-specific RNA [6]. 
Thus, various different nucleic acid-based approaches including ribozymes, antisense 
oligodeoxynucleotides and RNA, dominant negative mutants, intracellular antibodies, 
and DNA-based immunization have been developed to potentially complement existing 
antiviral therapies [7-9]. To take advantage of these strategies against HBV," it is 
important to note that there is only modest nucleic acid sequence heterogeneity among 
HBV DNA strains compared to other viral agents, such as hepatitis C virus (HCV) and 
human immunodeficiency virus (HIV). Thus, HBV may be a good candidate for nucleic 
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Figure 1. Steps in the viral life cycle of HBV and potential targets of nucleic acid-based approaches to 

HBV. HBV viral DNA is transcribed in several viral RNAs, and serves as the template for translation into 

viral proteins. HBV pregenomic RNA is reverse transcribed into viral DNA. Ribozymes, ODN and antisense 

RNA may bind to and interfere with viral RNA. Dominant negative mutants and intracellular antibodies 

may interfere with viral proteins. The host immune response against viral proteins may be augmented by 

DNA-based immunization. 

acid-based antiviral approaches; however, efficient gene delivery and transfer systems 
to all HBV-infected cells will need to be developed. Before general application to HBV 
prevention and therapy, additional considerations for successful use of these agents must 
include assessments of the stability of the nucleic-acid based construct of interest to 
allow interaction with the viral target, as well as toxicity/safety issues [10]. 

We review, herein, the current molecular strategies designed for HBV infection, 
with emphasis on ribozymes, antisense molecules, dominant negative mutants of viral 
proteins, intracellular antibodies and DNA-based immunization, and examine their 
potential as antiviral agents for acute and chronic hepatitis B. 

Ribozymes 

Ribozymes are catalytic, active RNA whose structures are based on naturally occurring 
site-specific, self-cleaving RNA molecules [12-14]. Such molecules are potentially very 
efficient, because one ribozyme is able to cleave many target mRNAs. Four major 
classes of naturally occurring ribozymes have been discovered, and they serve as the 
basis for many artificially engineered ribozymes. Hammerhead and haipirin ribozymes 
(Figure 2A) have been extensively studied as experimental tools for suppression of gene 
expression and have possible therapeutic applications [14, 15]. The catalytic moiety of 
ribozymes recognize the specific nucleotide sequences GUX, or, for the hammerhead 
ribozymes, NUX (X = C, U or A: N = any nucleotide) [16, 17]. Because this nucleic 
acid sequence occurs frequently in RNA, the sequence complementary to the RNA 
target and flanking the catalytic sequence mediates the specific cleavage of the substrate 
[18]. In vitro experiments have shown cleavage of viral mRNA derived from HIV, 
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arenavirus or lymphocytic choriomeningitis virus (LCMV) by engineered ribozymes 
[19-21]. Possible in vivo applications have been tested in Drosophila and murine models 
[22, 23]. Recently, the in vivo application of an allosterically controllable ribozyme that 
cleaves Bcr-Abl mRNA in chronic myelogenous leukemia cells was tested and revealed 
oncogene inactivation and enhanced survival of mice [24]. 

With respect to HBV, several studies using hanmierhead or haipirin ribozymes 
have shown specific cleavage of HBV RNA. These investigations demonstrated that 
hammerhead ribozymes cleave HBV RNA in a cell free system [25] and in cell extracts 
[26], whereas no activity was apparent in vivo. Lack of an in vivo effect may be due, 
in part, to intracellular protein-RNA interactions as well as to low Mg2+ concentration. 
More recent experiments have shown activity of hammerhead ribozymes on other 
regions of HBV RNA. In these studies, the ribozyme attack was targeted to the hepatitis 
Bx-RNA sequence [26-29]. Regarding haipirin ribozymes, two studies have shown 
inhibitory effects on the HBV life cycle. One investigation demonstrated a decrease 
in virus particle production of 83%, as measured by an endogenous polymerase assay 
following the introduction of ribozymes into hepatoma cell lines by retroviral vectors 
[30]. Another study used a combinatorial screening method to select haipirin ribozymes 
that were subsequently shown to cleave HBV RNA. These ribozymes were cloned into 
eukaryotic expression vectors and then cotransfected with a replication-competent HBV 
genome. Under these experimental conditions, HBV replication was inhibited up to 80% 
and HBsAg secretion was decreased by 50% [31]. Thus, there is ample evidence that 
ribozymes have antiviral activity against HBV in vitro. 

Antisense Strategies 

Antisense approaches rely on the formation of reverse complementary Watson-Crick 
base pairs, which impair the utilization of messenger RNA (mRNA) and thereby 
inhibit translation (Figure 2B/C). The reverse nucleic acid complement may be 
DNA or RNA. For antisense oligodeoxynucleotides (ODN), short synthetic (15-40 
nucleotide (nt)) sequences are designed. Modifications of the chemical backbone 
by phosphorothioates (PS), which prevent ODN-carrying phosphodiester bonds from 
degradation by nucleases, have improved the stability of ODNs both in vitro and in vivo. 
However, toxic side effects dependent on the route of administration and dosage 
schedule have been observed in vivo. 

It is also possible to promote antisense regulation of gene expression [32] or splicing 
[33] by complementary RNAs. In this context, artificially designed antisense RNAs 
are usually longer than 50 nucleotides. The major advantage of using antisense RNAs 
compared to ODNs is delivery to the cell, since antisense RNA may be engineered 
as antisense genes and subsequently expressed in target cells using nonviral or viral 
vectors such as retroviruses [34] or adenoviruses [35]. If hybridization between the 
exogenous nucleotide sequence and the viral or cellular mRNA occurs, then RNA 
replication, reverse transcription or mRNA translation may be terminated. RNA-RNA 
and RNA-DNA duplexes can be unwound by a variety of repair/editing enzymes 
[36], which would abolish antisense activity in the cell. However, RNases such as 
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RNase H are ubiquitous nuclear enzymes that bind to the RNA-DNA duplexes and 
specifically cleave the RNA due to endonuclease activity [37] and, thus, produce the 
observed antisense effects. 

The DNA ODN may be designed to be as short as 10 nucleotides [38] and is 
unaffected by RNase H activity. This small molecule may also hybridize with many 
other target mRNAs with the appropriate complementary sequence. In addition, such a 
short ODN sequence may initiate undesirable cellular damage by interfering with other 
cellular RNAs due to cross hybridization [39]. ODNs bearing a centrally located CpG 
motif have been shown to exhibit antiviral effects by inducing murine B-lymphocyte 
proliferation and immunoglobulin secretion in vitro and in vivo [40, 41]. For RNA-RNA 
duplexes, double-stranded (ds) RNA serves as a substrate for editing enzymes such 
as double-stranded adenosine deaminase [42, 43]. Deamination of adenosine leads 
to ionosine, which may target the mRNA for destruction. Furthermore, dsRNA is a 
potent substrate for rapid degradation by double-strand-specific RNases. It is also an 
activator of the interferon pathway [44], resulting in the activation of protein kinase 
PKR [45] and 2'5' oligoadenylate synthetase [46], whose product in turn can activate a 
latent endonuclease (RNase L). Thus, unexpected cellular effects mediated by antisense 
molecules may or may not be beneficial with respect to antiviral activity and need 
to be carefully monitored. 

Antisense ODN research has progressed rapidly and is being transferred to clinical 
trials involving treatment of malignant diseases, tissue inflammation and viral infections. 
Cellular targets of antisense molecules include protein kinase C isotype alpha [47-49], 
c-raf (a serine-threonine-specific protein kinase) [50, 51], BCR/ABL [52, 53] and Bcl2 
[54] which are overexpressed in several tumors, as well as c-myc [55, 56], an immediate 
early growth response gene. Infectious disease targets have been identified as well 
and include HIV, human papilloma virus (HPV), cytomegalovirus (CMV), HCV and 
tuberculosis. Indeed, Vitravene, an ODN directed against CMV [57], is now approved 
for local treatment of retinitis and represents the first class of novel therapeutic agents 
based on antisense strategy that has been approved by the Federal Drug Administration 
in the United States. With respect to HBV, antisense ODNs have been successfully used 
in vitro and in vivo and promote antiviral effects. Antiviral activities were exhibited 
following cotransfection of antisense ODNs with a replication-competent HBV clone 
into hepatoma cells. The ODNs were directed against different viral target nucleotide 
sequences located in the viral polymerase, encapsidation signal, polyadenylation site 
and preS/S region [58-60]. Inhibitory effects of the ODN on viral replication/viral 
protein synthesis were apparent. For example, a 40-mer antisense ODN derived from 
the HBV polymerase gene was found to inhibit viral replication compared to a sense 
control ODN [61]. The first in vivo application of antisense ODNs was performed in 
Pekin ducks, where inhibition of DHBV replication was observed following infusion 
of a PS-modified antisense ODN directed against the 5' region of the preS gene [62]. 
Additional in vivo studies in ducks, woodchucks and nude mice demonstrated antiviral 
effects by ODNs against other HBV RNA target sequences [63-65]. 

In addition, antisense RNA constructs prepared against HBV target nucleic acid 
sequences exhibited significant inhibition of HBV replication under different experi
mental conditions. For example, antisense RNA directed against the surface and 
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core antigen encoding regions and delivered by retroviral vectors to HCC cells that 
constitutively produce HBV, effectively decreased HBsAg production and secretion of 
HBV DNA into the culture medium [66]. In another study, several regions of the HBV 
genome were examined for susceptibility to antisense RNA effects. Two constructs, 
when cotransfected into hepatoma cells with a replication-competent HBV genome, 
were found to inhibit viral replication by 75%. This study illustrates that antisense 
RNA may specifically target HBV sequences in the cell before the encapsidation of 
pregenomic (pg) RNA into the core particle [67]. It will be interesting to determine if 
these antisense molecules demonstrate antiviral effects in vivo using relevant animal 
model systems. 

Dominant negative mutants and intracellular antibodies 

Dominant negative (DN) molecules are generally mutated proteins that suppress the 
activity of their native counterparts. This approach, when used as an antiviral strategy, 
has been successful and found to hihibit virus replication of herpes simplex, HIV 
and hepadnaviruses [7, 68, 69]. A perfect HBV target for this strategy is to disrupt 
virus assembly (Figure 2D), in which HBV pgRNA and viral polymerase are packaged 
into an icosahedral nucleocapsid structure. This shell is self-assembled within the cell 
following dimerization of viral core proteins [70]. The core protein consists of 183 
amino acids; the amino-terminal region is essential for virus assembly [71], whereas 
the carboxy-terminal domain contributes to the pgRNA packaging and DNA maturation 
[72-74]. Therefore, the introduction of mutated core proteins that retain the abihty to 
assemble with their natural counterparts may disrupt viral replication through one or 
more blocking effects at this critical step of the Hfe cycle (Figure 2E). 

For avian and mammalian hepadnaviruses, various constructs including N-terminal 
extended, C-terminal truncated and polypeptides fused to the C-terminal part of the 
viral nucleocapsid protein were investigated. The DN mutants were cotransfected 
with replication-competent wild type virus or delivered by recombinant retroviral or 
adenoviral vectors. The results demonstrated that DN mutants disrupt nucleocapsid 
core protein assembly and specifically inhibit viral replication by up to 95%. These 
antiviral effects may be due, in part, to the disintegration of the viral nucleocapsids, 
which promotes loss of pgRNA packaging capability and/or defects in DNA maturation 
[75-81]. Interestingly, the overexpression of native precore protein has been shown to 
also exert a dominant negative effect both in vitro and in vivo [82, 83], as measured 
by inhibition of viral repHcation. 

Another protein-based antiviral approach is the use of intracellular antibodies 
[84]. These antibodies are generally produced from cDNAs derived from monoclonal 
antibody variable regions that are directed against viral proteins. These cDNAs are 
isolated by PCR-based cloning techniques and subsequently used to generate expression 
constructs. Constructs encoding for Fab or single-chain antibody fragments (scFv) are 
capable of assuming a functional intracellular molecule under certain experimental 
conditions and may bind with high affinity to their viral targets (Figure 2F). Antibody 
modifications leading to or contributing to increased stabiHty and steric inhibitory 



144 H. C. Spangenberg and /. R. Wands 

>. 
iD 
E 
0) 
58 
< 
Q) 

O 
tr 
03 
a. <i) 
c: o O 

• 
c 

m'B 
9 

m ^ ^ <35 

O 
O 

\ 

X 

if*' 
if 

\ 

y" 

y 

4" CD 

«̂  2 y < 8 a 's 
u — u •J a « ° 
6 » 3 ^ 2 5 e 
>, g -s K S3 -B o 

g I S < g f̂  I 
^ i i 13 Z M s g 
•C g >< .S3 g •^ SJ 
.B^ N S <U ^ «« ^ 

5 « .§̂  ^ ^ I « 
-S -^ .^ <D o =̂  13 

I -̂̂  ... ^ 5 
* j THT O on C« 

0) t̂  S «̂  '^ 

(U i s 
on c« c i 

^ b o 2̂  S ^ 

c ^ U g § ^ .S 

'S I < g o > o 
i:i -^ w B a ^ ^ 

. II ^ -i ;g ^ " 

0̂  ia " e 'o < ^ 

cd 

s 

•-» <u 3 

^ >< ^ rs ^ Ŝ  ^ 
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Antisense RNA 

Intracellular Antibodies 
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Figure 2. (Continued) F. Intracellular antibodies bind tightly to nucleocapsid or other viral proteins and 

interfere with nucleocapsid assembly. 

activity have been observed when polypeptide sequences were added to the C-terminal 
region of these molecules. In vitro and in vivo studies have demonstrated the effective
ness of intracellular antibodies or "intrabodies", as illustrated by inhibition of HIV 
replication and altering the growth of tumors [85-87]. Intracellular single-chain antibody 
fragments directed against various antigens of HBV have now been generated [88-90]. 
For example, scFV expressing cDNAs and directed against the nucleocapsid protein 
have been stably cotransfected into an HBV-producing hepatoblastoma cell line. There 
was downregulation of HBV replication due to inhibition of reverse transcription from 
pgRNA to single-stranded DNA [91]. It is of interest that substantially reduced HBsAg 
secretion has been observed in a cell line transfected with a monoclonal antibody derived 
from a cDNA construct expressing a scFv fragment directed against HBsAg [92]. 
In conclusion, this new approach has potential as an antiviral strategy, but efficacy has 
yet to be demonstrated in vivo. 

DNA-based immunization 

The DNA-based immunization approach [93, 94] (also called genetic vaccination) shows 
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CD8 T cell Macrophage CD4 T cell Bceli 

Figure 3. Illustration of the DNA-based immunization approach. A plasmid vector expressing the protein 

of interest under the control of an appropriate promoter is injected into the skin or muscle of the host. 

After uptake of the plasmid, the protein is produced endogenously and intracellularly processed into small 

peptides by proteases. These peptides are presented on the cell surface by MHC class I and, subsequently, 

CD8+ cytotoxic T cells are stimulated and evoke cell-mediated immunity. The foreign protein can also be 

presented by the MHC class II pathway by professional APCs, which may elicit CD4-I- T cell responses. 

Humoral immune responses are also augmented by this technique. 

great promise for potential therapy of chronic viral infections as well as human tumors. 
Naked plasmid DNA may be injected via several routes (intradermal, intravenous 
or intramuscular) [95]. The plasmid vector expressing the gene of interest under an 
appropriate promoter is taken up by muscle and antigen presenting cells and the gene 
product is endogenously produced and subsequently degraded by proteasomes into short 
peptides (Figure 3). These peptides (about 8-10 amino acids) enter the endoplasmatic 
reticulum through membrane-associated transporter, become bound to MHC class I 
and are eventually exported from the ER. The MHC-peptide complex is presented 
on the cell surface where circulating CD8-I- T cells (CTLs) are stimulated and evoke 
cell-mediated immune responses. Such CTLs recognize virus infected cells and mediate 
virus clearance through cytolytic and non-cytolytic pathways that involve cytokines 
such as interferon y (IFN-y) and tumor necrosis factor-a (TNF-a). 

Humoral immune responses may also be augmented by DNA-based immunization. 
This process is initiated following endocytosis of antigens by professional antigen-
presenting cells (APC), subsequent degradation, and peptide loading onto MHC class 
II molecules and presenting on the cell surface to activate helper T (CD4+) cells. 
Depending on the subtype response of CD4-I- cells, B cells are then stimulated to 
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proliferate and produce antibodies of predefined specificity [96, 97]. 
Several advantages of this method, as compared to other nucleic acid-based 

approaches, or to other vaccine strategies, are notable. Plasmid vectors with the 
desired gene coding sequence can easily be manipulated [98, 99] and produced in 
cost-effective large amounts. In addition, several plasmids encoding for proteins with 
different biologic properties may be administered in combination [100-104]. Finally, the 
thermal stability of plasmid DNA offers an additional advantage where the need for 
uninterrupted refrigeration during storage has precluded the use of conventional protein-
or peptide-derived vaccines in underdeveloped regions of the world. 

Cellular and humoral immune responses against HBV antigens are believed to play 
a major role in elimination of the virus from the host. While cellular immune responses 
in acutely infected patients are strong, multispecific and polyclonal, chronically infected 
individuals have only weak or barely detectable and narrowly focused immune 
responses [105]. Following acute HBV infection, cytokines such as IFN-y are released 
and subsequently down-regulate viral replication. Such cytokines, including TNF-a 
participate in viral clearance without causing hepatic injury and are active prior to the 
generation of cellular immune responses in the liver [106]. The immunological basis for 
viral persistence after infection is not well characterized. Possible explanations are T cell 
exhaustion, early localization of virus to immune privileged sites and the development 
of viral mutations which evade the immune response [107, 108]. However, chronically 
infected individuals may spontaneously clear the virus from the blood and liver. 
This phenomenon is usually accompanied by an increased proliferative CD4+ T cell 
activity to viral peptides and a transient increase of hepatic alanine aminotransferase 
levels, presumably reflecting liver injury due to elimination of viral infected cells. 

Strategies to alter or to enhance the immune responses to HBV may influence clearance 
of the virus from the liver in chronically infected persons. Extensive studies using DNA-
based immunization techniques against HBV viral structural proteins have been performed 
in animal models [96, 98, 104-110]. The immunogenicity of the nucleocapsid protein and 
the envelope proteins (middle and large) has been analyzed after genetic vaccination in 
mice [102, 112, 114-117]. Immunized animals developed high-titer antibodies against such 
proteins within seven to 10 days after intramuscular immunization [109]. Furthermore, 
generation of a strong antigen-specific, MHC class Il-restricted CD4+ T lymphocyte 
response against HBV envelope and nucleocapsid proteins occurred. 

Characterization of T-cell activation responses revealed a predominant release of 
TH-1-type cytokines, as determined by high levels of interleukin-2 (IL-2) and IFN-y, 
but low levels of interleukin-4 (IL-4). In response to DNA immunization, it is 
remarkable that all HBV structural proteins induced strong MHC class I-restricted 
CD8+ CTL responses. For HBcAg, CTLs were evident as early as 16-21 days after 
immunization [114, 117-119] and maintained their activity for several months. Enhanced 
immunological effects have been observed by co-administration of cytokine-expressing 
plasmids, which enhances antigen presentation to APCs at the site of immunization. 
Additional potentially beneficial immunomodulatory effects of constructs containing 
CpG motifs (naturally occurring bacterial sequences with immunostimulatory properties) 
have been described [121-123]. 

The therapeutic potential of DNA-based immunization is illustrated by studies 
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performed with transgenic animals. Transgenic mice expressing HBV envelope proteins 
have been immunized with a single administration of a plasmid encoding the MHBs 
(preS2 and S containing middle envelope protein) and HBsAg (small or S envelope 
protein) [124]. This approach induced anti-HBsAg antibodies in tolerant HBsA-
expressing transgenic mice and led to clearance of HBsAg from the blood, and thus 
broke immunologic tolerance in these animals. The disappearance of HBsAg lasted for 
20 weeks, which was principally due to the induction of specific anti-HBs antibodies. 
More importantly, HBV mRNA within the liver became undetectable without any signs 
of hepatic injury. It was postulated that DNA-based immunization led to downregulation 
of the transgene, due to the generation of HBsAg-specific T-cells and subsequent release 
of cytokines. Another study observed only humoral responses in two of five different 
HBV transgenic mice lineages [125]. These findings were partially confirmed by another 
recent report [126] where no humoral and cellular immune responses were generated 
after DNA-based immunization in transgenic mice expressing HBsAg. Therefore, the 
ability of DNA vaccination to break immunologic tolerance under these experiments 
remains controversial. 

There are other experimental models that support the concept that generation of 
humoral and cellular immune responses to HBV enhances viral clearance from the 
liver, during persistent infection. Adoptive transfer of HBsAg immune spleen cells has 
been found to suppress HBsAg antigenemia in congenic transgenic mice, suggesting 
the presence of HBsAg-specific antibodies [126]. In this study, donor CD4-I- T cells 
were required to support a long-lasting anti-HBsAg antibody response. In contrast to 
experiments described above, downregulation of the HBV mRNA derived from the 
transgene was not observed and hepatic injury did not occur. Adoptive transferred 
CTLs rapidly disappeared in their recipients, whereas CD4-I- T cells were engrafted and 
were detectable for months. Generation of similar immune responses by DNA vaccines 
may also have therapeutic potential. For example, DNA-based immunization using 
the genes encoding for the envelope proteins protected ducks and woodchucks from 
natural infection following inoculation with wild type DHBV and WHV, respectively 
[127-129]. Indeed, DNA-based immunization of chronically infected ducks resulted in 
a significant decrease in viremia, and this effect was sustained for 42 weeks [128]. 
Immunization with a DHBV large envelope protein (preS and S containing protein) 
expression plasmid in breeding ducks led to maternal transmission of antibodies to 
the ducklings; such antibodies were protective to wild type virus challenge [130, 
131]. Despite the controversial findings under different experimental settings, DNA 
vaccination shows promise as an antiviral approach not only in terms of preventing 
HBV infection, but also with respect to possible therapy for chronic viral carriers. 
The results of ongoing human clinical trials are eagerly awaited. 

Current issues and future perspectives 

Nucleic acid-based approaches are actively being pursued as antiviral therapy for 
chronic HBV infection. The therapeutic potential of ribozymes, antisense molecules, 
dominant negative mutant proteins, intracellular antibodies and DNA-based vaccination. 
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has been clearly demonstrated in experimental systems both in vitro and in vivo. 
Future studies will need to evaluate these antiviral strategies in established or new 
animal systems involving ducks, woodchucks, and nude or transgenic mice. More 
effective methods of targeted gene delivery systems to all infected hepatocytes will have 
to be developed. It may also be necessary to pursue regulated gene expression systems 
for optimal therapeutic results. Due to genetic mutations, escape of HBV from nucleic 
acid-based strategies is anticipated and viral resistance may occur. Preclinical trials of 
pharmacokinetic, pharmacodynamic and toxic profiles of these new molecular agents 
will be required to ensure a safe translation to human subjects. Under these conditions, 
nucleic acid-based antiviral strategies may eventually contribute to existing therapies 
and augment the treatment and prevention of chronic HBV infection. 
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Summary 

Several outbreaks of fulminant hepatitis B infections suggest that viral variants play 
an important role in the pathogenesis of this aggressive course of the infection. Here, 
the phenotypes of the viral mutants isolated from patients with fulminant hepatitis 
B (FHB) were investigated by transfection studies in human hepatoma cells. One of 
eight patients with FHB was infected with high-replicating viral variants. Furthermore, 
HBV mutants with a severe secretion defect were found in a mixed population in 
two patients investigated. These data show that a high-replicating or secretion-defective 
phenotype of the viral variants is not a general characteristic for patients with FHB, 
but may in some cases contribute to the disease pathogenesis. 

Introduction 

The pathogenesis of fulminant hepatitis B (FHB) is not well understood. Viral factors as 
well as the host's immune response may both play an important role. However, several 
outbreaks of FHB cases that could be traced back to one chronically infected transmitter 
suggest that specific viral variants with increased pathogenicity are responsible for the 
fulminant clinical course of the infection [1-5]. Based on two case reports, it was proposed 
that such HBV strains are characterised by a particularly high replication ability [6, 7]. 
Alternatively, a strong cytopathogenicity and/or a high immunogenicity of certain HBV 
variants may favour a fulminant disease course. 

Analysis of the complete nucleotide sequences of the HBV populations from patients 
with FHB revealed that no specific mutation is associated with a fulminant clinical course 
of the infection [8]. However, it is conceivable that different mutations in the HBV 
genome could result in a similar viral phenotype. 

Therefore, the aim of the current study was to functionally characterise the HBV 
strains isolated from patients with FHB. Complete HBV genomes, amplified by full-length 
polymerase chain reaction from the serum of patients with FHB, were cloned and 
subsequently transfected into human hepatoma cells [9]. Then transcription, replication 
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competence and protein expression were studied by Northern blot, Southern blot, 
immunoblot and ELISA. In addition, PCR products were directly transfected to investigate 
the phenotype of the dominant viral population of the respective patient. Subsequent 
construction and functional analysis of viral hybrid genomes, in which parts of the 
mutant viruses were introduced into wildtype virus, allowed determination of the sequence 
changes responsible for the specific viral phenotype. 

HBV variants with a high replicating phenotype 

The replication competence of the HBV strains infecting eight patients with FHB was 
analysed. Two cloned HBV genomes of each patient and wildtype virus were transfected in 
Huh 7 cells [10]. Southern blot analysis of the HBV DNA in the cell cytoplasms revealed, 
only for the two cloned HBV genomes of patient 8, a markedly increased amount of intra
cellular HBV DNA compared to wildtype virus (Figure 1), indicating a high replication 
ability of these two variants [10]. In contrast, the HBV genomes of the other seven patients 
with FHB showed a replication competence comparable to wildtype virus (Figure 1). 
Direct transfection of the PCR-amplified HBV DNA from the serum of patient 8 also 
revealed an increased replication ability. This confirms that the two investigated cloned 
HBV genomes are representative of the heterogeneous viral population and that the 
dominant viral population present in vivo also shows a high-replicating phenotype. 
Interestingly, patient 8 was the only patient who suffered from fulminant HBV reinfection 
of his liver graft after transplantation. In summary, these data suggest that HBV variants 
with a high replication competence are not in general found in patients with FHB, but in 
some cases may contribute to the disease pathogenesis. 

Mutations in the core promoter region are responsible for the high-replicating 
phenotype 

In order to determine the sequence changes leading to the increased replication competence 
of the variants from patient 8, viral hybrid genomes were constructed. In the latter, the 
variant core promoter regions were introduced into wildtype virus. Functional analysis 
of such viral constructs also revealed a markedly increased level of intracellular HBV 
DNA compared to wildtype virus (data not shown), indicating that the high-replicating 
phenotype of the variants results from mutations in the core promoter region. By sequence 
analysis, two mutations (G1764T and C1766G) were identified in both cloned variant 
genomes, which create a putative binding site for the transcription factor HNF 3 [8]. Since 
it had been previously shown that mutations creating an HNF 1 or HNF 3 binding site in 
the core promoter region result in a high replicating phenotype [7, 11], we assume that in 
the case described here the G1764T and C1766G substitutions were responsible for the 
observed high replication competence. Further experiments will be performed to confirm 
this hypothesis. However, a sequence aUgnment with the DNA sequences of more than 
40 HBV genomes from patients with FHB and 36 HBV genomes from patients without 
FHB revealed that the above identified mutations are rare in both patient groups. 
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Figure 1. Transfection studies were performed with two (a and b) cloned HBV genomes of eight patients with 

FHB (1-8) and wildtype virus (WT). Core particles were purified from the cell cytoplasm, and HBV DNA 

was quantitatively assessed by Southern blot analysis. The amount of HBV DNA in cells transfected with the 

variants relative to the amount of HBV DNA in cells transfected with WT is given. Both variants of patient 8 

showed increased levels of HBV DNA compared to WT, indicating a high replication efficiency, whereas the 

HBV genomes of the other seven patients showed a replication competence similar to WT. 

HBV variants with a secretion defect 

In order to study the secretion ability of the viral variants from the eight patients with 
FHB, the amount of HBsAg in the medium of the transfected cells was determined 
by ELISA. With both cloned HBV genomes of patient 4 and patient 8, the levels of 
extracellular HBsAg were very low compared to wildtype virus. To prove that this was 
due to a secretion defect of the variants and not due to an impaired recognition of the 
mutant HBsAg by the ELISA, S- and L-protein were in addition quantitatively assessed 
by immunoblot analysis using the monoclonal antibodies Mab 18/07 and Mab H166. 
Prior sequence analysis had confirmed that the mutant envelope proteins carried no 
mutations within the binding regions of these antibodies. Transfection studies with HBV 
variants from patient 4 (variant 4a and 4b) and patient 8 (variant 8a, 8b and 8d) revealed 
an intracelluUar amount of mutant S- and L-protein similar or increased compared to 
wildtype virus (Figure 2, 3). In contrast, in the medium of cells transfected with these 
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mutants, S- and L-proteins were hardly detectable (Figure 2, 3). This indicates that these 
HBV variants had an almost complete defect in the secretion of both subviral particles 
and virions. Further investigations showed that in both patients, HBV genomes with 
such a secretion defective phenotype represented a large fraction of the viral population. 
In addition, HBV genomes without a secretion defect were present (variants 4c and 8c, 
Figure 2 and 3). 

In order to determine the dominant phenotype of the heterogeneous viral populations 
present in the serum of patients 4 and 8, HBV populations amplified by PCR were 
directly transfected into Huh7 cells. These experiments also revealed hardly detectable 
amounts of envelope proteins in the cell culture media, confirming that the dominant 
viral populations of patient 4 and patient 8 exhibited severe secretion defects. The 
presence of mixed viral populations with the possibility of complementation may 
explain why viral variants with a secretion defect can survive in vivo. 

Mutations in the small S-gene determine the secretion defect of the variants 

In order to determine the sequence changes responsible for the observed secretion defect 
in the HBV mutants, viral hybrid genomes were constructed in which the mutant pre-S 
regions, or alternatively the mutant S-regions, were introduced into wildtype virus. 
In both cases the constructs with the mutant S-regions, but not the constructs with the 
mutant pre-S regions, showed a secretion defect in vitro (Figure 4). This indicates that 
mutations in the S-gene are responsible for the almost complete secretion block. To our 
knowledge the occurrence of such mutants in vivo has not been described. 

Pathogenesis of FHB 

Our data indicate that some patients with FHB are infected with viral variants with a 
specific phenotype, i.e., one with a high replication ability and/or a secretion-defective 
phenotype. In one of the cases described, the combination of both the increased 
replication ability and the secretion defect may have contributed to the fulminant HBV 
reinfection of the liver graft. However, in the majority of cases neither a high replication 
competence nor a secretion defect of the variants was found to be associated with 
the aggressive disease course. Whether these viral variants play an important role for 
the clinical manifestation of infection, for example by inducing an enhanced immune 
response, is still unknown. 
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There is a need for a standardized assay to monitor viral load in patients chronically infected 
with hepatitis B virus (HBV) receiving antiviral therapy. We have performed a comparative 
analysis of three commercially available HBV viral load assays: the Quantiplex™ HBV 
DNA Assay (Chiron) from Chiron Corporation, the Digene® HBV Test Hybrid Capture® II 
(Digene) from Digene Corporation and the Amplicor HBV Monitor̂ M Test (Roche) from 
Roche Molecular Systems to determine the dynamic range, precision and cHnical utility 
of each assay. Serum samples from HBV-infected patients enrolled in a clinical trial were 
collected and analyzed using each assay. Viral load results were compared, and a statistical 
analysis evaluating the correlation and the concordance of the three assays was performed. 
Overall the results generated using Digene correlated more closely with results obtained 
using Chiron than with Roche. The version of the Chiron method used was less sensitive 
than the other two methods. Digene showed an acceptable dynamic range but failed to 
quantify HBV DNA levels in patients with very low (<5, 000 copies/ml) viral loads. Roche 
was the most sensitive assay, to detecting as few as 400 copies/ml. 

Introduction 

Advances have been made with regard to the development of antiviral therapies against 
the hepatitis B virus (HBV). Nucleoside analogues such as (-)-p-L-2', 3'-Dideoxy-
3'-thiacytidine (3TC), cw-5-fluoro-l-[2-(hydroxymethyl)-l, 3-oxathiolan-5-yl]-cytosine 
(FTC), (-)-p-D-2, 6-Diaminopurine dioxolane (DAPD) and l-(2-fluoro-5-methyl-p-L-
arabinofuranosyl)-uracil (L-FMAU) have been shown to have potent anti-HBV activity 
and are currently undergoing pre-clinical and clinical evaluation [1]. To assess the 
antiviral efficacy of these drugs in patients enrolled in clinical trials, an assay is needed 
that can quantitate viral load with precision over a broad dynamic range. 

Several assays are available that measure different markers of HBV replication. 
Conventionally, the status of the e antigen (HBeAg) has been an indicator of active 
viral rephcation [8, llJ.cHowever, precore mutations have been described that inhibit the 
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production of the HBeAg regardless of the viral replication rate [4, 6, 8, 10]. In contrast to 
HIV, where reduction in viral load is an accepted surrogate marker of therapeutic efficacy 
[2], no consensus has been reached to date as to which marker is most appropriate for 
monitoring patients chronically infected with HBV [4, 9]. Nevertheless, the ability to 
quantify HBV viral load is emerging as an essential tool in the management of chronically 
infected patients. In addition to providing information about progression of the disease 
and drug efficacy, HBV viral load can also be an early predictor of treatment failure 
and drug resistance [5]. 

Unlike HIV, where viral loads can vary by 5-6 logs, HBV DNA in chronically 
infected patients can vary by 10 logs or more. Knowing that the HBV viral load can 
vary so dramatically poses some concern, since no single commercially available assay 
has the capability to quantify HBV viral loads over the entire range. Therefore, it may 
be necessary to use more than one assay to evaluate the HBV viral load in a patient 
throughout treatment. Again, this poses a problem since many of the commercially 
available assays use different technologies (i.e. bDNA, hybrid capture and PCR) and 
standards to detect and quantify HBV DNA. Because of these differences, the results 
obtained for a single sample using different assays can be very different. 

We evaluated three assays: Quantiplex™ HBV DNA Assay (Chiron), Digene® HBV 
Test Hybrid Capture® II (Digene) and Amplicor HBV Monitor^M Test (Roche) and 
determined the dynamic range, precision and clinical utility of each assay. The HBV 
DNA samples used in these evaluations were from chronically infected patients enrolled 
in a dose-escalation study of Coviracil® (emtricitabine, FTC), a nucleoside analogue 
with potent anti-HBV activity [3]. The HBV DNA samples were collected prior to 
treatment to determine a baseline viral load and weekly throughout an 8-week dosing 
period. Samples were assayed for HBV viral load using each assay. 

Our main objective was to identify a method with the appropriate sensitivity to 
accurately measure HBV DNA over a broad dynamic range. The utility of all three 
methods was evaluated and a correlation was established between the assays. 

Description of the assays 

Each of the three HBV viral load assays utilizes a different method of detection to 
measure HBV DNA in serum. The Chiron assay is a sandwich nucleic-acid hybridization 
assay in which HBV DNA from a specimen is captured on a plate via a set of specific 
synthetic oligonucleotide target probes. A second set of target probes then hybridizes 
to the viral DNA and branched DNA amplifiers. The two sets of target probes bind 
to specific sequences on the minus-sense strand of the viral DNA. Multiple copies 
of an alkaline-phosphatase-conjugated probe are then hybridized to this inmiobilized 
complex to amplify the signal. Detection is achieved by incubating the complex 
with a chemiluminescent substrate and measuring the light emitted. Light emission is 
directly proportional to the amount of HBV DNA present in each specimen, and 
results are recorded as luminescent counts by a plate luminometer. A standard curve 
is defined by light emission from standards with known concentrations of HBV DNA. 
The concentration of HBV DNA in specimens is determined from this standard curve. 



Evaluation of three commercially available HBV viral load assays 167 

The Digene assay is a signal amplification-hybridization antibody capture microplate 
test that uses chemiluminescent detection. Specimens containing the target DNA 
hybridize with an RNA probe, and the resultant RNA:DNA hybrids are captured onto 
the surface of microplate wells coated with antibodies specific for the RNA:DNA 
hybrids. Immobilized hybrids are then treated with alkaline-phosphatase-conjugated 
antibodies specific for the RNAiDNA hybrids. Several alkaline-phosphatase molecules 
are conjugated to each antibody, and multiple conjugated antibodies bind to each 
captured hybrid resulting in substantial signal amplification. The bound alkaline-
phosphatase then cleaves a chemiluminescent substrate. The emitted light is measured 
as relative light units (RLUs) on a luminometer. A calibration curve of calibrators is 
plotted, and the RLU value of each specimen is compared to that of the curve to 
determine the concentration of HBV DNA in the specimen. If very low levels of HBV 
DNA are to be quantified, an ultrasensitive (US) test can be performed where the virions 
are concentrated through centrifugation prior to performing the test. 

The Roche assay is based on four major processes: specimen preparation, PCR 
amplification of target DNA using HBV-specific complimentary primers, hybridization 
of the amplified products to oligonucleotide probes specific to the target, and detection 
of the amplified products by colorimetric determination. The quantification of HBV 
DNA is performed using an external standard curve generated with every run. A 
quality-control reagent (internal standard, IS) is incorporated into every standard and 
specimen at a known copy number and is carried through the amplification and detection 
steps. The ratio of HBV to IS signal is calculated for all standards and specimens to 
compensate for any differences in amplification or detection between samples. Six HBV 
standards are included in each run. The copy number of each standard is plotted against 
the HBVIS ratio for each standard to generate a standard curve. HBV DNA levels 
in the unknown specimens are determined by comparing the individual HBVIS ratios 
to the standard curve generated with each run. All three assays differ in dynamic 
range, as shown in Table 1. 

Table 1. Overview of three commercially-available assays, including individual dynamic ranges 

Assay Name Technology Sensitivity (LOQ) Stated Dynamic Range 

QuantiplexTM HBV Branched DNA 7.0 x 10̂  Eq/ml > 7.0 x 10^ Eq/ml 

DNA Assay 

Digene® HBV Test Hybrid Capture (US) 4.7 x 10̂  c/ml (US) 4.7 x 10^ - 5.6 x 10^ c/ml 

Hybrid Capture® II 1.42 x 10^ c/ml 1.42 x 10̂  - 1.7 x 10^ c/ml 

Amphcor HBV PCR 4.0 x 10^ c/ml 4.0 x 10^ - 4.0 x 10^ c/ml 
MonitorTM Test 
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Standardization issues and dynamic range 

Currently, the ability to determine a pre-treatment viral load as well as to monitor 
a patient to maximum viral suppression requires that different assays be used in 
combination. Unfortunately, this does not give a true measure of viral load, since there 
is no standardization among the assays, nor is there a conversion factor that allows 
for the inter-assay comparison of results. Figure 1 shows an example of where the 
individual assays are limited in their ability to accurately report viral load as well 
as the lack of standardization between assays. Chiron is shown to be limited at the 
low end of viral load, while both Digene and Roche underestimate the viral load at 
the high end. The lack of standardization can be seen in the disparity between results 
generated for the same sample, despite the overlap in the dynamic ranges between 
7.0 X 10̂  and 4.0 x 10̂  copies/ml. 
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Figure 1. Viral load determination from one patient using three commercially-available assays. 

In an attempt to expand the upper-end dynamic range of Digene and Roche, high-
viral-load samples were diluted and re-tested. Statistical analyses indicate that we were 
successful at expanding the upper-end dynamic range of Digene to 4.35 x 10̂ ^ copies/ml 
and the dynamic range of Roche to 1.25 xlO^ copies/ml. 

Statistical analysis 

The concordance, which is a measure of how well pairs of results agree, was determined 
using the following statistical methodology. HBV DNA values were analyzed on a log 
10 scale. Concordance was calculated as the percentage of Chiron (or Roche) data points 
that were within a specified tolerance value of the corresponding Digene data points. 
Concordance is stronger as its value approaches 100%. A tolerance value of 10% 
was chosen for the purposes of calculating concordance. Assuming a within-sample 
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Standard deviation (SD) of 0.2 log for Digene, this 10% tolerance corresponds to 
approximately three SD for assay values near six logs. Also determined was a linear 
correlation coefficient, which is a measure of the strength of linear association between 
two variables. A strong, positive linear relationship exists when the linear correlation 
coefficient (r) approaches one. 

Two hundred and twenty-nine specimens were evaluated using both the Digene and 
Chiron assays, according to the individual manufacturer's instructions. The concordance 
was calculated to be 88.6%, and the correlation coefficient was 0.92. Included in this 
analysis are values where the dynamic ranges of the assays do not overlap (Panel 4, 
Table 2). Samples above Digene's dynamic range were diluted and re-tested. When 
these values were included in the analysis, the concordance strengthened slightly to 
89.4%, increasing our confidence in the diluted-Digene results (Panel 3, Table 2). There 
were 201 matching data points where Digene and Chiron overlap, starting at Chiron's 
limit of sensitivity and stopping at Digene's upper end. Using a 10% tolerance, the 
concordance was 96.5%, and the correlation coefficient was 0.95 (Panel 2, Table 2). 
Lastly, when matching data points, including diluted values for Digene, were analyzed 
starting at Chiron's lower limit, the concordance strengthened slightly to 96.8%, and 
the correlation coefficient increased slightly (0.96) (Panel 4, Table 2). The range of 
concordance values (88.6% to 96.8%) and linear correlation coefficient values (0.92 to 
0.96) indicate an overall strong agreement between Digene and Chiron. 

Table 2. Statistical analysis results: Chiron versus Digene 

Panel Range (copies/ml) Concordance Correlation 

(10% Tolerance) Coefficient 

Chiron > 7.0 x 10̂  

Digene > 7.0 x 10̂  

Chiron > 7.0 x 10̂  

7.0 X 105< Digene < 1.7 x 10^ 

Chiron > 7.0 x 10̂  

Digene > 4.7 x 10̂  

Chiron > 7.0 x 10̂  

4.7 X 103 < Digene <1.7xl09 

218 

201 

246 

229 

96.8% 

96.5% 

89.4% 

88.6% 

0.96 

0.95 

0.94 

0.92 

Similar analyses were performed to compare Digene and Roche. Three hundred 
and seven specimens were tested using both Digene and Roche, according to the 
manufacturer's instructions. The concordance was 67.4%, and the correlation coefficient 
was 0.91. Included in this analysis are values where the dynamic ranges of the assays 
do not overlap (Panel 4, Table 3). The concordance strengthens slightly to 69.9% 
when diluted values are included for both Digene and Roche (Panel 3, Table 3). 
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Also determined was the concordance between the assays where the lower-end gap in 
the dynamic ranges of the assays is censored from the analysis. For the set of data 
which represents where Digene and Roche overlap, starting with Digene's lower limit 
and stopping at Roche's upper limit, the concordance is 72.8% (Panel 2, Table 3). 
Lastly, when values were analyzed starting at Digene's lower limit and included diluted 
values for both assays, the concordance strengthens to 75.7% (Panel 1, Table 3). 
The range of concordance values (67.4% to 75.7%) and Hnear correlation coefficient 
values (0.91 to 0.94) indicate a fairly strong agreement between Digene and Roche. 

Table 3. Statistical analysis: Roche versus Digene 

Panel 

1 

2 

3 

4 

Range (copies/ml) 

Roche > 4.7 x 10̂  

4.7 X 103< Digene < 1.7 x 10^ 

4.7 X 10̂  < Roche < 4.0 x 10̂  

4.7 X 10̂  < Digene < 4.0 x 10^ 

Roche > 4.0 x 10̂  

Digene > 4.7 x 10̂  

4.0 X 102 < Roche < 4.0 x 10̂  

4.7 X 10̂  < Digene < 1.7 x 10̂  

n 

304 

265 

342 

307 

Concordance 

(10% Tolerance) 

75.7% 

72.8% 

69.9% 

67.4% 

Correlation 

Coefficient 

0.94 

0.90 

0.94 

0.91 

A visual representation of the linear relationship and concordance between two 
methods can be seen in scatter plot graphs (Figure 2). Both plots represent how well the 
assays correlate over the best possible dynamic range, which is where the assays overlap 
according to the manufacturer's stated lower limit, and includes diluted values for both 
Digene and Roche. Consistent with the numerical findings, the relationship between 
Digene and Chiron appears to be slightly stronger than between Digene and Roche 

Conclusions 

The three commercially available assays evaluated in this study utilize different 
technologies to detect and quantify HBV DNA. In addition, there are significant 
differences in the dynamic ranges of all three assays. Upon initial evaluation each assay 
proved to be useful within certain ranges. Chiron proved to be useful for determining 
HBV viral loads > 7.0 x 10̂  Eq/ml. Roche was determined to be the most sensitive 
and was useful for determining low HBV viral loads, while Digene demonstrated the 
broadest dynamic range. The upper-end dynamic range of both Roche and Digene 
were successfully expanded through dilution and re-testing of high-viral-load samples. 
However, for Roche this became time consuming and expensive due to the large number 
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of samples that required dilutions. Based on the statistical findings, the concordance 
between Digene and Chiron was determined to be stronger than that between Digene 
and Roche, even though a strong, positive linear relationship exists between both sets 
of comparisons. Based on all of these observations, Digene was identified as a reliable, 
cost-efficient method that could be used for the determination of pre-treatment viral 
loads as well as to monitor patients while on therapy to as low as 4,700 copies/ml. 
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Abstract 

Investigation of hepatitis C virus (HCV) replication and pathogenesis is limited by the 
lack of an efficient cell culture system. Using a tetracycline-regulated gene expression 
system, we have established and characterized a comprehensive panel of continuous 
human cell lines inducibly expressing HCV structural and nonstructural proteins. 
The cellular and viral proteolytic machineries and posttranslational modification 
pathways were fully functional in these cell lines. Steady-state expression levels could 
be regulated over a broad range by the concentration of tetracycline present in the 
culture medium. As shown by a number of recent applications, these inducible cell 
lines represent a unique model system to analyze structural and functional properties of 
HCV proteins and their interactions with cellular proteins and pathways. In addition, 
these cell lines should prove useful for the evaluation of novel antiviral strategies in 
a well-defined and highly reproducible cellular context. 

Introduction 

The lack of an efficient cell culture system permissive for hepatitis C virus (HCV) 
infection and replication has limited the systematic study of the viral life cycle and 
pathogenesis as well as the development and evaluation of novel antiviral strategies. 
Infection of primary hepatocytes and established cell lines in vitro [1-3] and transient 
expression of presumed full-length HCV RNA [4, 5] yielded only low-level and 
often poorly reproducible viral replication. The recent establishment of selectable 
subgenomic HCV replicons represents a major breakthrough in this direction [6]. 
The current generation of HCV replicons, however, does not include the structural 
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proteins. An alternative approach involves the generation of cell lines stably expressing 
viral sequences from chromosomally integrated cDNA (Figure 1). This strategy has 
proven useful, e.g., for the study of hepatitis B virus where the HepG2-2.2.15 [7] 
and, more recently, the HepG2-4A5 [8] cell lines have significantly contributed to the 
understanding of the viral life cycle and the evaluation of antiviral agents. However, 
for unknown reasons that may include transcriptional rran^-suppression of certain 
promoters [9, 10], hypermethylation of the transgene [11], or toxicity of viral gene 
products, it has been difficult to date to establish cell lines constitutively expressing 
HCV cDNAs at high levels. 

Figure 1. Hypothetical HCV replication cycle and principle of stably transfected cell lines. (A) 

The presumed HCV life cycle includes (1) binding to a cell surface receptor and internalization into the 

host cell, (2) cytoplasmic release and uncoating of the viral RNA genome, (3) internal ribosome entry site 

(IRES)-mediated translation, (4) polyprotein processing by cellular and viral proteases, (5) RNA replication, 

(6) packaging and assembly, (7) virion maturation, and (8) release from the host cell. (B) In stably transfected 

cell lines viral sequences are expressed from chromosomally integrated cDNA. 

Cell lines that allow regulated expression of HCV proteins 

By the use of a gene expression system that is based on regulatory elements of 
the tetracycline-resistance operon of Escherichia coli, we have over the past years 
established a comprehensive panel of continuous human cell lines that allow the 
inducible expression of HCV structural and nonstructural proteins [12-15]. Since the 
initial description by Gossen and Bujard [16] the tetracycline-regulated gene expression 
system, schematically illustrated in Figure 2, has been successfully applied to the 
study of gene function and regulation both in vitro and in vivo [17, 18]. Inducible 
cell lines were generated by two successive transfection and selection steps. A founder 
cell line constitutively expressing the tetracycline-controlled transactivator (tTA) was 
established first, followed by stable transfection of the cDNA constructs, shown in 
Figure 3, under the transcriptional control of a tTA-dependent promotor. The U-2 OS 
human osteosarcoma-derived founder cell line UTA-6 [19] was our preferred cellular 
background, because these cells display a relatively well-preserved architecture and 
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Figure 2. Tetracycline-regulated gene expression system. The system consists of a tetracycline-controUed 

transactivator (tTA), which is composed of the tetracycHne repressor {tet R) fused to the activating domain 

of VP16 of herpex simplex virus, and of a tTA-dependent promoter, which is composed of a minimal 

sequence derived from the cytomegalovirus intermediate early promoter (CMV P) combined with heptameric 

tetracycline operator {tet O) sequences. (A) The tTA-dependent promoter is virtually silent in many cell 

types in the presence of low concentrations of tetracycUne (tet), which prevents the tTA from binding 

to tet O sequences. (B) In the absence of tetracycline, the tTA binds to the tet O sequences to activate 

transcription from the minimal promoter. 

fine morphology which facilitates studies on the subcellular localization of viral gene 
products. In addition, important signaUng pathways, including interferon-a (IFN-a)-
induced activation of the Jak-STAT pathway [20], tumor suppressor (wild-type/755 and 
Rb genes) and apoptotic functions [19] as well as major histocompatibility complex 
(MHC) class I antigen processing and presentation pathways [21] were found to 
be functional in U-2 OS cells. Inducible cell lines were characterized in detail and 
maintained in continuous culture for at least 12 (in some cases >36) months and after 
more than 50 passages with stable characteristics and without loss of tightly regulated 
gene expression. Individual clones of a given cell line contained different numbers of 
HCV transgenes chromosomally integrated in a head-to-tail fashion. HCV-specific tran
scripts of the expected length were inducibly expressed upon tetracycline withdrawal. 
The size and characteristics of HCV structural and nonstructural proteins produced in 
this expression system were consistent with data from cell-free and transient cellular 
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Figure 3. Cell lines that allow the regulated expression of HCV proteins. The genetic organization and 

polyprotein processing of HCV are depicted at the top. Postulated RNA secondary structures in the 5' and 

3' NCRs are schematically illustrated based on pubHshed studies (35-37). Asterisks in the El and E2 region 

indicate glycosylation of the envelope proteins. Diamonds denote cleavages of the HCV polyprotein precursor 

by the endoplasmic reticulum signal peptidase and arrows indicate cleavages by HCV NS2-3 and NS3 proteases. 

The cell lines UTHC (D.M. and H.E.B., unpublished data), UTH (12), UTHL (12), UTHNCS2 (D.M. and 

H.E.B., unpublished data), and UTHCNS3 (13) were derived from a genotype lb cDNA, termed TH (13). 

UHCV (14), UNS3P201, UNS3, and UNS3-4A (15) cell hues were derived from a prototype HCV H cDNA 

(genotype la) (22). The second-generation UHCVcon cell line and the cell hnes UCcon, UCpTcon, UNS2con, 

UNS2-3con, UNS4Acon, UNS4Bcon, UNS5Acon, and UNS5Bcon (D.M., C.M.R., and H.E.B., unpublished 

data) were derived from a functional HCV H consensus cDNA (38). 
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overexpression systems [1, 3, 22, 23], indicating that the cellular and viral proteolytic 
machineries and posttranslational modification pathways were fully functional in these 
cells (Figure 4). In addition, immunoprecipitation experiments with conformation-
sensitive monoclonal antibodies indicated that native envelope glycoprotein complexes 
were formed in these cells [24]. 
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Figure 4. Tightly regulated expression of HCV proteins in UHCV cells [14]. UHCV cells were cultured 

in the presence of tetracycline until time point 0, when tetracycline was withdrawn from the medium. 

Subsequently, cells were harvested at the times indicated on top. After 48 h tetracycline was re-added to 

the medium. In the last lane cells were derepressed for 102 hours. Protein (60 |Xg per lane) was separated 

by 12% SDS-PAGE and analyzed by immunoblot with a pool of monoclonal antibodies against core, 

NS3, NS4A, and NS5A. 

Carefully selected clones possessed an induction capacity of more than 1000-fold 
[12]. More importantly, HCV gene expression could not only be switched on and 
off, but the steady state expression level could be regulated over a broad range by 
the concentration of tetracycline in the culture medium [13, 14]. This unique feature 
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may allow for the verification of structural and functional properties of HCV proteins 
not only at highly overexpressed levels, but also at low levels that may more closely 
reflect natural HCV infection. 

Viral life cycle 

Cell lines that allow the regulated expression of HCV proteins may be useful to study 
selected aspects of the viral life cycle, including polyprotein processing, interactions of 
viral proteins with each other and with cellular proteins and pathways, and, possibly, 
the requirements for HCV morphogenesis, in a well-defined and highly reproducible 
cellular context. In this regard, we found, e.g., that the 54 amino acid polypeptide 
cofactor NS4A profoundly influenced the subcellular localization, stability, and trans-
cleavage competence of the HCV NS3-4A complex [15] (Figure 5). These and other 
recent observations [25, 26] demonstrate the importance of studying HCV proteins in the 
context of the entire polyprotein. However, the current generation of inducible cell lines, 
designed to be handled under PI or P2 (SI or S2) biosafety conditions, does not allow 
the study of HCV RNA replication and will not produce infectious virus. 

Virus-host interactions 

The tetracycline-regulated gene expression system may be particularly suited to 
study virus-host interactions. In this context, we found that expression of HCV 
proteins in UHCV cells inhibited IFN-a-induced signal transduction through the Jak-
STAT pathway [20] (Figure 6). Inhibition occurred downstream of STAT tyrosine 
phosphorylation and resulted in an impaired upregulation of IFN target genes. 
Interference of HCV with IFN signaling could contribute to the resistance to IFN-a 
therapy observed in the majority of patients and may represent a general escape strategy 
of HCV contributing to viral persistence and pathogenesis of chronic liver disease. 

The HCV nonstructural protein NS5A [27, 28] and the envelope glycoprotein E2 [29] 
have recently been reported to interfere with the activity of the double-stranded RNA-
activated protein kinase (PKR). Interestingly, expression of HCV proteins in UHCV 
cells in the context of the entire polyprotein interfered with the antiviral action of IFN-a, 
however, independently from PKR-mediated control of protein synthesis [30]. 

Humoral and cellular immune response 

Interactions of HCV with MHC class I processing and presentation pathways as a 
potential mechanism of immune evasion have been difficult to investigate due to the 
lack of a suitable cell culture system [31]. In this context, HLA-A2-positive U-2 
OS-derived cell lines expressing HCV proteins in a tetracycline-regulated manner were 
found to efficiently process and present endogenously synthesized viral proteins via 
MHC class I [21] (Figure 7). The use of tetracycline-regulated cell lines as target cells 
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Figure 5. Subcellular localization of the HCV NS3-4A complex. UNS3P201, UNS3, UNS3-4A, and UHCV 

cells were cultured for 24 h in the absence of tetracycline and subsequently processed for confocal laser 

scanning microscopy using a monoclonal antibody directed against the NS3 serine protease domain. Cells 

were counterstained with propidium iodide (PI) to visualize nuclei. Horizontal sections taken through the 

center of the nuclei are shown. Images recorded in green (FITC) and red (PI) channels are presented separately 

on the left and on the right, respectively, and composite images are shown in the middle. Adapted from [15] 

with permission of the American Society for Microbiology. 

for HCV-specific human CTL will allow us to analyze potential interactions between 
viral proteins and the MHC class I processing and presentation pathways, to identify 
novel and genuinely immunodominant CTL epitopes in an unbiased fashion, and to 
isolate naturally processed MHC class I ligands. Such studies may ultimately lead to the 
development of novel immunotherapeutic strategies against HCV infection. 

Apart from studies of the cellular immune response, immunofluorescence analyses 
with sera from HCV-infected patients suggested that cell lines inducibly expressing viral 
proteins may be used as highly sensitive and specific tools for the immunodiagnosis of 
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Figure 6. Expression of HCV proteins in UHCV cells inhibits IFN-a-induced signal transduction through 

the Jak-STAT pathway. UTA-6 founder cells and UHCV-11 and UHCV-32 cells, which inducibly express the 

entire HCV open reading frame, were cultured in the presence or absence of tetracycline, as indicated. Cells 

were then either left untreated or stimulated with 500 U/ml IFN-a for 30 min. (A) Electrophoretic mobility 

shift assay with nuclear extracts and the interferon stimulated response element (ISRE) oligonucleotide probe. 

The position of interferon stimulated gene factor 3 (ISGF3) is indicated by an arrow. In cells expressing HCV 

proteins, the induction of ISGF3 by IF^-a is inhibited. Antibodies to statl (al) and Stat2 (a2) interfere with 

ISGF3, resulting in the disappearance of the gel shift signals. Stat3 specific serum (a3) has no effect. (B) 

The same extracts were tested with an m67 oligonucleotide probe. The position of serum inducible factor A 

(SIF-A), SIF-B and SIF-C are indicated. IFN-a-induced formation of Statl and Stat3 complexes is impaired 

in cells expressing viral proteins. Antiserum to Statl supershifts SIF-B and SIF-C. Antiserum to Stat3 

supershifts SIF-A and SIF-B. (C) Western blot with a monoclonal antibody against the HCV core protein with 

the corresponding cytoplasmic extracts. Viral proteins are expressed only in UHCV-11 and UHCV-32 cells 

that were cultured in the absence of tetracycline. Molecular weight markers in kDa are indicated on the left. 

Adapted from [20] with permission of the American Society for Microbiology. 

HCV infection [D.M. and H.E.B., unpubhshed data]. 

Novel antiviral strategies 

The cell lines described here should allow the evaluation of novel antiviral strategies, par
ticularly those targeting viral gene expression and polyprotein processing. The proteolytic 
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Figure 7. HLA-A2-restricted, HCV-specific human CTL lines recognize HCV proteins endogenously 

processed in U-2 OS-derived inducible cell lines (21). UNS3-4A cells were cultured in the presence (open 

circles) or absence (filled circles) of tetracycline and subjected to a ^^Cr-release assay with a human CTL line 

specific for HCV amino acid positions 1073-1081. E:T ratio, effector to target-cell ratio. 

events mediated by the NS3 serine protease are essential for viral rephcation in vivo [32]. 
This biochemically well-characterized viral enzyme, therefore, has become a major target 
for the development of novel antiviral agents [33, 34]. UHCV cells will be a unique 
tool to evaluate candidate inhibitor compounds of the NS3 serine protease. Also, nucleic 
acid-based antiviral strategies such as antisense oHgodeoxynucleotides have successfully 
been evaluated in this system [12]. 

Conclusions 

In conclusion, we have established and characterized a comprehensive panel of 
continuous human cell lines allowing the tightly regulated expression of HCV structural 
and nonstructural proteins. The cellular and viral proteolytic machineries and post-
translational modification pathways were found to be fully functional in these cell Hnes. 
These cell hnes represent a unique model system to study structural and functional 
properties of HCV proteins, their interactions with cellular proteins and pathways, 
and, possibly, the requirements for viral morphogenesis. In addition, these cell lines 
should prove useful for the evaluation of novel antiviral strategies against HCV in a 
well-defined and highly reproducible cellular context. 
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Note added in proof 

UNS4Bcon, and UHCVcon cell lines (Figure 3) are now described in detail in refs. 
39 and 40. 
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Introduction 

The high genetic variability and mutation rate of hepatitis C vims (HCV) and 
controversies in providing clear evidence of extrahepatic viral reservoirs have hindered 
the development of therapeutic approaches and vaccine [1-6]. An important issue 
regarding the pathogenesis of HCV-associated diseases and development of antiviral 
drugs is to determine the strategy of virus infection, production, sequence mutation and 
target cell permissiveness. To this end, establishment of in vitro cell lines is needed. 
Culture systems for HCV propagation have been developed from primary hepatocyte 
cultures, hepatic cell lines and lymphoid cell lines, but the long-term observation of viral 
growth, persistence and replication remains an unresolved issue [7-11]. 

Identification of uterine mucosal tissue as a target for HCV 

In order to identify new extrahepatic sites capable of supporting HCV replication 
and permissiveness, we performed an in situ RT-PCR analysis for detection of virus 
presence in uterine mucosal tissue spontaneously excreted during the menstrual cycle 
of two female chimpanzees (Pan troglodytes): E4 with chronic HCV infection after 
inoculation with a coagulation factor VIII concentrate from an HCV-positive plasma 
pool including genotypes Ialb2a2b, and F13 noninfected (negative control) [12-15]. 
Amplified HCV cDNA was found in the endometrial mucosal cells as well as in the 
hepatocytes of the liver samples obtained from the E4 chimpanzee. The location of 
the signals was predominantly in the cell cytoplasm, but some single cells showed 
whole staining (Figure 1). 
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Figure 1. In situ HCV RT-PCR with primer for the 5'UTR region of Hver and uterine mucosal tissue 

derived from E4 chronically infected chimpanzee and F13 negative control animal. Amplification of viral 

cDNA was performed using Dig-labeled nucleotides. Strong positive signals in single cells of both E4 

liver (A) and E4 mucosal (C) tissue. No signals were seen in the liver (B) and mucosal (D) samples 

derived from F13. 
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Establishment of an endometrial cell line from HCV-positive uterine mucosal tissue 

In order to investigate the endometrial cell population as a possible virus reservoir, 
we set up long-term cultures with mononuclear cells derived from the HCV cDNA-
positive uterine mucosal tissue of the E4 chimpanzee and from the HCV negative 
tissue of the F13 (noninfected) chimpanzee. After one to two months, the fibroblastic 
cells from the highly confluent areas exhibited a morphology consistent with that of 
endothelial-like cells (Figure 2). Immunophenotyping of the cultured cells showed a 
cytokeratin"^s/vimentinP°^ profile, confirming their mesenchymal origin. (Figure 3 A, B) [16]. 

(a) 

(b) 
Figure 2. Phase-contrast examination of E4 endometrial cells during in vitro cultivation and differentiation. 

The cultures were initiated with 2x10^ endometrial cells (separated on a FicoU-Hypaque gradient) in 10 ml 

Iscove's modified Dulbecco's medium with 10% horse serum, 10% fetal calf serum, 10-6 mol/L hydrocortisone, 

lOOU/ml penicilHn and 100 jjg/ml streptomycin, incubated at 37°C (5% CO2, 100% humidity) and were 

fed once weekly by replacing 50% of the medium. Switch in cell morphology - from fibroblast-like (A) to 

endothelial-like (B) phenotype was observed after two months cultivation. 
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Expression of cell surface CDS 1 (putative receptor for E2 envelope protein of HCV) 
was detected in the mucosal tissue and in the cultured cells from both the E4 and F13 
chimpanzee (Figure 3C, D) [17, 18]. 

Cells from the E4 chimpanzee grew in continuous culture without supplementary 
growth factors for at least 16 months and subsequently became established as a cell line. 
The F13 cells (from the HCV-negative control animal) started to die after seven months 
cultivation. Apoptotic cell death was also evaluated on the basis of morphological 
changes, nuclear DNA fragmentation and high Fas/APO-1 expression. 

Detection of HCV-RNA presence and replication in the endometrial cells during 
cultivation 

To analyze the HCV-RNA expression and replication level in the endometrial cells 
during cultivation, we performed standard nested RT-PCR using primer for the highly 
conservative 5'UTR region [15]. The level of HCV-RNA in the E4 adherent cells 
was consistently high and remained constant during cultivation. Amplification of the 
negative-strand RNA (replication intermediate) was also found to be at a constantly 
high level in the E4 adherent cell population. In the cell-free supernatant, the level of 
replicative intermediate appeared to fluctuate, showing transient peaks of detection 
(Figure 4). Such intermittent detection of HCV genes has been reported both in 
hepatocyte cultures infected in vitro and in chimpanzee and human models, indicating 
that the E4 cell line closely mimics the intrinsic cycles of HCV replication in vivo [7]. 

The increased viral replication/expression parallel to the inhibited Fas/APO-1 
production detected in the E4 culture supematants could be associated with viral 
oncogenic activity also responsible for inhibition of the apoptotic mechanism, 
immortalisation of the E4 cells and establishment of persistent infection. This is 
consistent with the previously described ability of HCV proteins in vitro to transform 
some cell types to an oncogenic phenotype, to modify the susceptibility of cultured 
cells to apoptotic signals and to inhibit cisplatin- or c-myc-mediated apoptosis in 
cell lines [19-23]. 

Subcellular localization of HCV cDNA 

As it was not possible to localize the in situ RT-PCR signals — cytoplasmic or 
nuclear — because of whole staining of some HCV-positive cells, we investigated 
these reactions by electron microscopy. The amplified Dig-labeled HCV cDNA was 
identified by binding to anti-Dig Ab and secondary Ab conjugated with gold particles. 
The intracellular presence of HCV cDNA was visualized by the clustering of gold 
particles. As with most RNA viruses, cytoplasmic localization along the membrane of 
the endoplasmic reticulum where virus replication occurred was found in the cultured 
E4 endometrial cells (Figure 5) as well as in the mucosal tissue [24-26]. No nuclear 
localization of gold particles was found. 
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Figure 3. Immunophenotyping of cultured E4 endometrial cells. (A) Staining for cytokeratin-negative 

reaction, (B) Staining for vimentin-positive reaction - confirmed the mesenchymal origin of the cells, 

(C) Expression of cell surface CD81 in E4 mucosal tissue, (D) CD81 expression in cultured E4 cells. 



192 B. G. Pavlova, et al. 

(a) 
s 
-? 
4 Lii 

^ 
3 
CO 

LL 

9 
< 
4 UJ 

z 
CO 

4 UJ 

z 
CO 

4 Lii 

Z 
CO 

4; UJ 

^ 
00 
<r~ 
LL 

^ 
0^ 
"T" 
UL 

Time of cultivation 
(months) 

(b) 

Dilution (log) 0 -1 -2 -3 -4 0 -1 -2 -3 -4 

Time of cultivation 7 
(months) 

Figure 4. Amplification products of nested RT-PCR with primer for 5'UTR region. (A) Detection of 

HCV RNA in E4/F13 mucosal tissue, cultured endometrial cells and cell-free supematants; M, size marker; 

UM, uterine mucosal tissue; AC, adherent cells; SN, cell free supernatant. (B) Dilution of RNA (loglO) 

isolated from E4 supematants which showing maximum levels of viral sequences by RT-PCR. Time of 

cultivation is given in months. 

Detection of tissue-specific HCV adaptation and in vitro divergence 

The sequence analysis of 5'UTR RT-PCR products of the E4 cultured cells showed 
in the first passages 100% homology, but two to three single nucleotide exchanges 
in later passages compared to the prototype sequence HCV-1 and to the original 
uterine mucosal tissue and factor VIII concentrate [27]. The substitutions observed 
increased to six exchanges in the later passages (14̂ ^ and 16* months) and remained 
unchanged in the last passage, which showed that they had not originated from random 
misincorporation during the PCR. 
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Figure 5. Detection of intracellular presence and localization of HCV cDNA in E4 endometrial cell line 

using combined in situ RT-PCR in suspension and immunogold electron microscopy. Post-m situ RT-PCR 

analysis of intracellular HCV cDNA localization by immunogold electron microscopy showed cytoplasmic 

accumulation of gold particles (arrows and insets) along the endoplasmic reticulum (not contrasted) (x 18000). 

The insets show higher magnification (x27500) of the regions containing gold particles bound to amplified 

HCV cDNA. N, nucleus; ER, endoplasmic reticulum. 

It was previously observed that in cases of multiple infection, the genotypes identified 
in the serum of HCV-infected patients may not reflect the genotypes of viral sequences 
found in the liver or in the peripheral blood cells of the same patients [28, 9]. 
HCV genotype-specific differences were assessed in different tissues from the E4 
chimpanzee, inoculated with two HCV genotypes (1, 2) and four subtypes (la, b; 
2a, b) [30]. The putative HCV-replicative tissue — the liver — expressed the 
combination of Ib2a2b types, and the mucosal tissue showed a combination of lb2a 
types (Figure 6). In both liver and endometrial mucosa, as well as in the cultured 
E4 endometrial cells, which expressed only the 2a type, the negative replicative HCV 
strand was found. Serum and mononuclear cells, which were negative for 2a, showed 
no detectable intermediate replicative strand. 

Thus, the presence of type 2a only in tissues and cells containing a replicative 
virus strand provide evidence for its responsibility for HCV replication. The selection 
of only one detectable virus type (2a) in the cultured cells, which in vivo showed 
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favored tropism to uterine mucosal and liver tissue, might be a result of endometrial 
cell-specific virus adaptation associated with loss of non-specific types. Similarly, cell 
tropism differences as an important selection mechanism in the generation of cell-
or tissue-specific HCV diversity have been observed [3, 31-33]. Our data support the 
idea that the host immune pressure is not necessarily involved in genesis of genomic 

serum 

1a 1b 2a 2b la 1b 2a 2b la lb 2a 2b la 1b 2a 2b M 

Figure 6. Comparison of the genotype/subtype selection between tissue and serum samples in vivo and 

cultured E4 endometrial cells in vitro. Amplification products of nested RT-PCR with primer for core region 

specific for different virus types (lalb, 2a2b). 

heterogeneity and selection of viral types and subtypes [34]. 

Concluding remarks 

The fact that multipotential cells of mesenchymal origin could be permissive for HCV 
provides the opportunity to study events associated with viral presence in multiple tissues 
at various anatomic sites [35]. The capacity of HCV to enter and replicate in immature 
endometrial cells could also explain the tracking of extrahepatic viral sequences. 
In conclusion, we believe that this system provides an important tool in understanding 
the biology of HCV, its life cycle and presence in multiple tissues. This model 
may be particularly well suited for studying new antiviral agents, because (i) the 
HCV-positive endometrial cells represent an immortalized, permanent population useful 
for prolonged drug screens, (ii) the level of viral replication permits easy detection and 
(iii) the intermittent replication associated with cell-specific virus adaptation mimics 
the intrinsic replicative cycles and genomic divergence in vivo. 
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Abstract 

To test novel therapeutics for efficacy against hepatitis B virus (HBV), we have made a 
lineage of transgenic mice which has serum HBV DNA levels of 10^ to 10^ viral genome 
equivalents/ml. Of 135 offspring derived from FVB mouse embryos injected with HBV 
DNA constructs similar to those used by Guidotti et al. [1], two produced readily 
detected viral DNA and HBsAg in their sera. Mice from the lineage producing the 
highest levels of HBV markers were further developed. Endogenous DNA polymerase 
activity was present in particles pelleted from serum, and the product of this reaction 
migrated in agarose gelss like HBV DNA from human serum, indicating that whole 
virus is present in the mouse serum. HBV replicative intermediates were observed in the 
liver by Southern blotting. HBV core antigen was detected by immunohistochemistry 
in the nuclei and the cytoplasm of hepatocytes and the renal tubular epithelial cells of 
all mice. The antigen was also found in the nuclei of the exocrine pancreatic cells of 
most mice, and pancreatic islet cells were stained less frequently. HBV surface antigen 
was detected in the cytoplasm of a minority of hepatocytes only. There was no evidence 
of inflammation in the liver, kidney, or pancreas in mice less than four months of age. 
The only lesions seen in mice up to 20 months of age occurred in the liver, but 
the lesions were similar to those seen in age-matched non-transgenic control mice. 
In the majority of mice, viral DNA and HBsAg titers of these mice decHne slowly 
(approximately two- to threefold) after one month of age, then appear to stabilize. 
The effects of two nucleoside analogues, lamivudine and entecavir, provided by 
R. J. Colonno of Bristol-Myers Squibb, were evaluated. Treatment with 200 mg/kg/day 
lamivudine or with 2 mg/kg/day entecavir resulted in similar 2.0 log^^ drops in serum 
HBV DNA levels after three weeks of treatment, while treatment with vehicle alone 
resulted in a 0.7 log^^ drop. After a two-week follow-up, viral DNA levels of vehicle- and 
lamivudine-treated mice increased to 27 and 17% of pretreatment levels, respectively, 
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while those of the entecavir-treated mice remained at 1% of pretreatment levels. 
These results indicate that this model system can be used to evaluate the efficacy of 
inhibitors of viral DNA replication. 

Introduction 

More than 300 million people worldwide are at high risk of developing chronic liver 
disease and liver cancer as a result of chronic infection with HBV. There is presently 
no adequate antiviral treatment for chronic HBV infection. Because of the limited host 
range of HBV, it has been difficult to find suitable in vivo models of infection with 
which to study the potential of antivirals targeting HBV-specific nucleic acid sequences 
or amino acid residues, or to study the effect of combining reverse transcriptase (RT) 
inhibition and specific stimulation of an adequate immune response. While the HBV-
related woodchuck, squirrel, and duck viruses exhibit sensitivities to RT inhibitors 
similar to those of HBV, the components and characteristics of their host immune 
systems are less characterized than those of more established laboratory animals. 
Chisari, Guidotti and colleagues [1] have made mouse lineages which express HBV at 
levels approaching those found in many human carriers. Serum virus is reduced in the 
1.3.32 lineage mice treated with lamivudine, a pyrimidine dideoxynucleoside analogue 
that has been shown to reduce HBV replication in controlled clinical trials, indicating 
that RT inhibitors are effective in these mice [2]. 

The development of transgenic mice that express the entire HBV genome also 
creates an opportunity to study the effects of viral protein expression on hepatocyte 
health and hepatic carcinogenesis. These lineages can be manipulated to study the 
immunopathogenesis of hepatic inflammation and hepatocellular carcinoma, including 
studies using chemical carcinogens, genetically altered mice with increased susceptibility 
to cancer (i.e., p53 hemizygous knockout mice), or adoptive transfer of immune cells. 

We have made an additional transgenic lineage which secretes high and relatively 
stable levels of HBV viral DNA. The efficacy of lamivudine in reducing levels of 
viremia was evaluated and compared to that of entecavir, one of a number of compounds 
currently under investigation for therapeutic use against HBV. Entecavir (BMS-200475) 
is a cyclopentyl 2'-deoxy-guanosine nucleoside which is in clinical development for 
treatment of chronic HBV infections. It inhibits HBV replication in 2.2.15 cells [3] 
and is active against woodchuck hepatitis virus in woodchucks [4] and duck hepatitis 
B virus (DHBV) in ducks [4a]. 

Methods 

Construction of transgenic mice 

A plasmid construct, pTHBV2, was made which included 4.1 kb of HBV DNA, 
containing the entire ayw genome [5] plus a redundancy for the sequences between 
1067 and 1996 (see Figure 1). Embryos of FVB-strain mice were injected with the HBV 
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DNA excised from pTHBV2 using digestion with Hindlll and Kpnl, and implanted into 
pseudopregnant mice of the same strain. Offspring were screened for the presence of 
HBsAg, then for HBV DNA as described below. Two of 135 offspring, both males, 
were positive by both criteria and served as founders of two lineages, STC and PAMF. 
Animal use was in compliance with the Stanford University Institutional Animal Care 
and Use Committee. 

Sspl 7097, 0/ 7280 

ScaI6773^;rA ^ ' 
Pvul6663. 

T3 promoter 5030 

J7 promoter 864 
EcoRI(881) 
Sad 
Kpnl (897) 
.(SmaI/XbaI1993) 899 

Sphl(1239) 1658 

sil( 1071)1826 

AccI 2066 

Hindm(NsiI 1071) 5008 

Sphl (1239) 4840 

IECORI (0/3182) 2896 

Plasmid name: pTHBV2 
Plasmid size: 7280 bp 
Constructed by: Kurt Liittschwager 
Construction date: June 1996 
Comments/Refierences: HBV ayw construct for producing HBV-secreting transgenic 
mice. 5' Hindlll-SphI (5008-4840) is PCR sequence, remaining sequence from pFC80 [genome 
length Sphl fragment (4840-1658) and Sphl - Xbal(fill) (1658-899)]. Removed as H indffl-Kpnl 
frag. 

Figure 1. pTHBV2 plasmid construct for producing HBV-secreting transgenic mice. HBV DNA sequences 
are shown as the thick arrow arc and labeled as THBV2 (4.1 KB). 

Assays for viral antigens 

HBsAg and HBeAg levels in sera were measured using commercial assays (Auszyme 
Monoclonal and HBe (rDNA) EIA, Abbott Laboratories) after diluting individual sera 
20-100 fold in phosphate-buffered saline with 10% fetal calf serum. 
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HBV DNA quantification and analysis 

HBV DNAs were quantified initially by PCR assay using the Roche Amplicor HBV 
Monitor system generously provided by Roche Diagnostics. Later measurement of HBV 
DNA levels was by an in-house, semi-quantitative HBV DNA PCR ELISA. In this 
assay, mouse serum samples were diluted in PBS containing 10% fetal bovine serum 
and denatured with an equal volume of 0.2 N sodium hydroxide. After incubation at 
60°C for 30-60 minutes, the mixture was neutraHzed with 0.2M Tris-HCl (pH 8.0) and 
added to a PCR master mix containing buffer, 2.5 mM magnesium chloride, 200 jiM 
dNTP, 2.5 units Taq DNA polymerase (Life Technologies, Gaithersburg, MD), and 
30 pmol each of primers HBV-1 (GGA GTG TGG ATT CGC ACT) and biotinylated 
HBV-2 (TGA GAT CTT CTG CGA CGC) [ref. 6]. Serial 0.5 log dilutions of 
hepatitis B genome-containing plasmid were amplified in parallel, along with in-house 
prepared mouse serum standards. The PCR product was then quantified by capturing 
the product onto avidin-coated 96-well plates, probing with a digoxigenin-labeled 
HBV oligonucleotide (HBV-3: 5'-TAG AAG AAG AAC TCC CTC GCC TCG CAG 
ACG-3') followed by a peroxidase-labeled anti-digoxigenin antibody (Boehringer-
Mannheim). After reaction with substrate, the optical density (OD) of each well was 
read. HBV DNA levels were calculated from a standard curve generated using known 
amounts of HBV DNA determined by methods previously described [7]. 

Forty-three serum samples were tested in two to four different assays to assess the 
reproducibility of the in-house HBV DNA assay. Results showed a median 0.17 log 
difference (mean = 0.23 ± 0.207 log DNA copies/ml, n = 115 comparisons) between 
replicate evaluations of serum samples. Comparison of the results of the in-house HBV 
DNA assay with the Roche Amplicor assay is shown in Figure 2. There was a highly 
significant correlation between the two assays (r = 0.851, p < 0.0001, n = 71). 

HBV particles were pelleted from 1 ml of pooled sera from one- to two-month-old 
STC mice, and the viral DNA radiolabeled using the endogenous DNA polymerase [8], 
and analyzed by agarose gel electrophoresis. HBV particles pelleted from a pool of 
human and chimpanzee sera [9] were treated in the same fashion to serve as a control. 
For Southern blot analysis of replicative DNA forms of HBV, DNA was extracted from 
viral cores purified from liver homogenates as previously described [10]. 

Histopathology and Immunohistochemistry 

A variety of tissues including liver, kidney, pancreas, spleen, lung, and salivary glands 
from the mice were fixed in either buffered formalin or zinc formalin overnight at 
room temperature and were processed routinely into paraffin for histologic review or 
immunohistochemistry. Sections for histology were stained with hematoxylin and eosin. 
Immunohistochemical staining for hepatitis B viral antigens was performed on fixed, 
paraffin-embedded sections of liver and other tissues. A polyclonal rabbit anti-HBcAg 
antibody (Cortex Biochem, San Leandro, CA) was used as a primary antibody at a 
1:200 dilution. Primary antibody binding was detected using a BioGenex Supersensitive 
Streptavidin peroxidase kit (San Ramon, CA) with goat anti-rabbit antibody following 
manufacturer's directions with AEC as the chromagen. For detection of HBsAg a 
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Figure 2. Correlation between Roche Amplicor and an in-house HBV DNA assay of mouse serum samples. 

Results are expressed as log HBV DNA copies per ml of serum. 

polyclonal rabbit antibody conjugated to biotin (Cortex Biochem, San Leandro, CA) 
was used at a 1:200 dilution. Streptavidin peroxidase (BioGenex, San Ramon, CA) 
was applied to detect bound primary antibody. HBV-infected human liver was used 
as positive control tissue. Replacement of primary antibody with non-immune sera 
served as the negative control. 

Treatment of HB V-producing mice with drugs 

To evaluate the effect of RT inhibitors against HBV produced in STC Hneage mice, 200 
mg/kg (600 mg/m^/day) lamivudine were administered once daily by intraperitoneal 
injection (IP) to eight STC mice for 31 days. Two additional groups of mice were given 
2 mg/kg/day entecavir either orally by gavage or IP, and another eight received vehicle 
(0.1% carboxymethyl cellulose) alone IP. Serum samples were taken at -two, six, 13, 
20, and 31 days of treatment and at 38 and 46 days during a two-week follow-up period. 
HBV DNA levels were quantified by in-house HBV DNA PCR assay. 

Results 

Replication of HBV in STC and PAMF lineages of transgenic mice 

Two lineages, STC and PAMF, were derived from two HBV-positive founder males. 
Progeny have been healthy and fertile. Serum levels of HBsAg and HBeAg in the 
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Fl generation of the STC mice reflected the viral DNA levels (Figure 3A and data 
not shown). Unlike the 1.3.32 lineage, there did appear to be a difference in HBeAg 
levels between male and female mice (data not shown). After four generations of 
interbreeding, the STC lineage, like the founder, had serum HBV DNA levels of 10^ to 
10̂  viral genome equivalents (vge)/ml in 70% of offspring tested at 30 days of age, with 
the remainder producing virus at lower levels (Figure 3B). Levels of HBV DNA in the 
urine ranged up to 10^ vge/ml (data not shown). After eight generations, all offspring 
have levels of viral DNA in the serum which appear to be higher by tenfold or greater 
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Figure 3. Scatter plots of levels of HBV DNA in viral genome equivalents per ml (vge/ml) vs levels of 

HBsAg in sera of individual mice of the Fl generation (A) and the F5 generation (B). Dilutions of sera for 

HBsAg analysis were 20-fold for the Fl generation and 100-fold for the F5 generation. 
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than those of the 1.3.32 lineage [2]. An endogenous DNA polymerase activity is present 
in particles pelleted from serum, and the product of this reaction migrates on agarose 
gels like HBV DNA from human serum, indicating that whole virus is present in the 
mouse serum (Figure 4). RepHcative forms of HBV DNA can be observed in DNA 
extracted from the hver and analyzed by Southern blotting (Figure 5). The HBV DNA 
titers of untreated or vehicle-treated STC mice drop about 0.5-0.7 logs from day 30 to 
-day 55 after birth (Figure 6), but titers generally remain constant at least to five months 
of age (data not shown). 
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Figure 4. Gel electrophoretic analysis of ^^P-radiolabeled products of DNA polymerase reactions from 

particles pelleted from a pool of serum from the STC lineage (Tg pool) or a pool of human and chimpanzee 

sera from HBV chronic carriers (HBV). M = DNA size markers, RC = migration location of relaxed circular 

DNA, DSL = migration location of double stranded linear DNA. 
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Figure 5. Southern blot analysis of HBV DNA replicative forms extracted from the livers of three mice of the 

STC lineage (E37, B23, and E07) and two mice of the PAMF lineage (400 and 3000) and compared to those 

extracted from the HBV-producing 2.2.15 cells (2.2.15). M = DNA size markers. The amount of DNA in each 

lane was that extracted from nucleocapsids prepared from 25 mg of liver. 



204 P. L. Marion, et al. 

Day 

Figure 6. Serum HBV DNA levels during daily oral dosing of STC mice with 0.1% carboxymethylcellulose as 

vehicle. A. Mean levels of 11 mice, with standard deviation, B. Individual mice, indicated by numbers 67-77. 

Less viral DNA is detected in the serum of the PAMF lineage (average -10^ to 
10^ vge/ml) than the STC lineage, but higher levels of HBsAg are observed in some 
of the mice (data not shown). 

Immunohistochemistry of the STC lineage 

HBcAg was detected in the nuclei of approximately 50% of hepatocytes, but was 
evident in the cytoplasm of hepatocytes significantly less often (Figure 7). Hepatocytic 
cytoplasmic staining was most frequent in the region surrounding the central vein, as 
was previously noted in the 1.3.32 lineage [1]. HBcAg was also detected in the nuclei 
of proximal renal tubular epithelial cells in a lower proportion of cells than in the liver 
(Figure 8). Cytoplasmic staining was infrequent, but when present affected the inner 
portions of the renal cortex. Staining was also evident in low numbers of nuclei from 
cells of the exocrine pancreas and islets of Langerhans (Figure 9). Staining intensity was 
increased in the Zn formalin-fixed tissues. HBsAg was detected in a small proportion 
of centrilobular hepatocytes only. 

Histology 

No histologic lesions have been identified in liver, kidney, or other tissues in either 
lineage of mice up to four months of age. Inflammation was found in older mice. 
Ten (5M/5F) STC lineage mice aged 13-17 months and nine PAMF lineage mice 
(4M/5F) aged 11-20 months had evidence of scattered foci of lymphocytes and 
occasional macrophages in the hepatic parenchyma, often associated with individual 



A transgenic mouse lineage useful for testing antivirals targeting hepatitis B virus 205 

Figure 7. Anti-HBcAg immunohistochemical stain of an STC lineage mouse. Stained hepatocellular nuclei 

are scattered throughout the parenchyma. 

Figure 8. Anti-HBcAg immunoliistochemical stain of STC lineage mouse kidney. Numerous stained nuclei 

are evident in the renal tubular epithelium. 
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Figure 9. Anti-HBcAg immunohistochemical stain of STC lineage mouse pancreas. Stained nuclei in 

the exocrine pancreas (*) and stained nuclei and cytoplasm of Sislet cells (A) are evident. 

necrotic hepatocytes (Figure 10). However, age-matched non-transgenic FVB/N mice 
had similar lesions with the same frequency, and the lesions could not be attributed 
to the presence of HBV. 

Treatment of HB V-producing mice with entecavir, lamivudine or vehicle 

Mice of the STC lineage were treated with antiviral compounds known to be active 
against HBV in culture. As seen in Figure 11, treatment with lamivudine resulted in 
a mean drop in HBV DNA per ml of 2.0 logs at three weeks and 1.7 logs at the 
end of treatment, with a mean rebound of 1 log. No toxicity was observed in that 
the weights of the mice were similar to those of the controls at the end of treatment, 
and no morbidity was noted. The serum HBV DNA titers of mice treated with vehicle 
also dropped, but by an average 1.0 log at the end of treatment, with a slight rebound 
(0.3 logs) after the follow-up period. 

Treatment of mice in the same experiment with 2 mg/kg/day entecavir resulted in 
a mean reduction of viral titers similar to those seen with the lamivudine treatment 
(Figure 11), again with no apparent toxicity. Similar results were obtained with oral 
(shown in Figure 11) and IP delivery (not shown), though less variability during the 
course of treatment was seen with oral delivery. Interestingly, no rebound of virus 
titers was noted with this drug during the two-week follow-up period. Similar patterns 
of reductions of virus titers and absence of rebound were seen in two additional 
experiments with 1 and 2 mg/kg/day entecavir. 
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Figure 10. Focal lymphocytic hepatic parenchymal aggregates in a 14-month-old STC mouse. Apoptotic 

hepatocytes (*). These lesions were found in STC mice and in non-transgenic FVB/N controls. 
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Figure 11. Mean serum levels of HBV DNA in STC mice treated with vehicle, lamivudine (STC), or 

entecavir (BMS 200, 475). Bars indicate the standard deviation. 

Discussion 

We have made a lineage of transgenic mice that produces levels of hepatitis B virus 
in sera that equal or exceed those of existing lineages [2, 11]. The STC mouse lineage 
is immunocompetent, like the 1.3.32 lineage [1, 2] and in contrast to that developed in 
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SCID mice [11]. As with the other HBV-producing transgenic mouse lineages, the viral 
life cycle is not complete because there is no evidence for the susceptibility of mouse 
hepatocytes to infection by HBV [9]. The STC Hneage is unlikely to have detectable 
levels of CCC DNA, since this repHcative form of HBV DNA is absent or in very low 
levels in previously constructed lineages. 

The tissue distribution of HBcAg in these mice is similar to that reported by Guidotti 
et al. [1]. The liver and the kidney have the greatest proportion of cells containing 
core antigen. Nuclear staining is more frequent than cytoplasmic staining in both of the 
organs, and may be related to the level of virus production in the organs. The biologic 
significance of the presence of viral antigen in the pancreas is not clear, but it parallels 
the distribution of viral antigens seen in DHBV-infected ducks [12]. 

There was no histologic evidence of inflammation, degeneration or apoptosis in 
any of the HBV-expressing tissues (liver, kidney and pancreas) taken from four 
month old transgenic mice, indicating the non-cytopathic nature of HBV (and apparent 
immunologic tolerance of the host to the viral antigens). Focal hepatic inflammation in 
older transgenic mice could not be attributed to expression of HBV since similar lesions 
were observed in non-transgenic FVB/N control mice. The absence of tissue injury in 
these mice is in accord with findings in other transgenic mice that produce high levels of 
HBV. In contrast, hepatic inflammation is apparent in HBV transgenic SCID mice that 
have been engrafted with lymphocytes from non-transgenic syngeneic mice [11]. 

Treatment of the STC lineage with 2 mg/kg/day entecavir caused a reduction 
in viremia similar to that resulting from treatment with 200 mg/kg/day lamividine. 
This observation is in concordance with previous studies comparing the two drugs 
in other experimental systems. Entecavir has been shown to have a 50% effective 
concentration (EC^Q) over 30-fold lower than that of lamivudine in HBV-producing 
tissue culture cells [3]. In WHV-infected woodchucks 20 |Lig/kg/day entecavir was 
more effective in reducing viremia than 5 mg/kg/day lamivudine [4]. The delay in 
rebound after the end of treatment seen in entecavir-treated STC mice is similar to 
that seen in WHV-infected woodchucks treated with the same drug. This delayed or 
absent rapid recovery in virus levels contrasts sharply with the rapid rebound that 
is seen with lamivudine treatment of hepadnavirus infection in both transgenic mice 
and woodchucks. While the exact mechanism for the delay in rebound is not known, 
the delay is more likely to be due to the longer intracellular half-life of entecavir 
rather than a curing of individual cells. The latter is unlikely to occur in such a brief 
treatment period and in the transgenic model where virus is copied from integrated 
rather than episomal DNA. 

Recently several mouse models have been devised that permit infection of grafted 
human hepatocytes with HBV [9, 13]. These models should be very useful in studies 
in which the complete viral life cycle is required, or for infection by viruses like HCV 
for which in vivo models are limited. However, they are less suited to most studies 
of inhibition of HBV replication than transgenic mice in that levels of viremia are 
relatively low (-10^ HBV genome equivalents/ml) and of limited duration, and the mice 
are more difficult to produce, requiring surgical intervention on each mouse as well as 
the availabihty of suitable human liver for implantation. The STC Hneage of transgenic 
mice, with mean serum HBV titers of 10^ HBV genome equivalents/ml, provides a 
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small animal model in which reductions of HBV viremia of 3-4 logs can be readily 
observed if therapeutic treatment is successful. 
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Abstract 

Hepatitis B virus (HBV) transgenic SCID mice support virus gene expression and 
replication. Following adoptive transfer, these mice develop acute and chronic hepatitis. 
In order to exploit this system for screening the next generation of antiviral compounds, 
these mice were treated with nucleoside analogs having known antiviral activities 
against HBV. When groups of mice were treated for six days with lamivudine (3TC), 
[-1-FTC, [+/-1-FTC, L-FMAU, or D-D4FC, which were active against HBV, HBsAg 
and/or HBV DNA were partially or completely cleared from blood. Virus markers 
reappeared in some mice within a week after the end of therapy. In contrast, AZT and 
D4T, which lack antiviral activity against HBV, were largely inactive in these mice. 
The results are an important step in validating the HBV transgenic mouse model for 
screening compounds for activity against HBV in vivo. 

Introduction 

Chronic carriers of hepatitis B are at high risk for the development of hepatitis, 
cirrhosis and hepatocellular carcinoma (HCC) [1, 2]. These diseases carry with them 
considerable morbidity and mortality, especially in light of the more than 300 million 
carriers worldwide [2]. Chronic hepatitis, for example, often recurs over the course of 
many years or decades, resulting in repeated hospitalizations. Cirrhosis may be fatal, 
especially when accompanied by decompensation. HCC is one of the most frequent 
cancers worldwide, with up to a million new cases annually [3]. The survival rate 
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for HCC is less than 3% over five years. Interferon-a, the first drug approved for the 
treatment of hepatitis B, is expensive and only benefits 20-25% of treated carriers; 
and it has serious side effects at the high doses needed for clinical efficacy [4, 5]. 
More recently, lamivudine (3TC) has been approved for use. Although lamivudine 
treatment results in the partial or total clearance of virus from blood and in the 
improvement of liver histology in most patients [6, 7], prolonged treatment is associated 
with the appearance of drug-resistant mutants in up to 20% of patients per year [8-10], 
Other drugs, such as adefovir dipivoxil [11], are effective against lamivudine-resistant 
mutants [12, 13], and may play a role in future combination therapies. 

A number of new nucleoside analogs have been shown to be effective against HBV in 
cell lines that support viral rephcation. In addition to lamivudine [(-)-p-L-2', 3'-dideoxy-
3'-thiacytidine or 3TC] [14-16], these include c/5'-5-fluoro-l-(2-(hydroxymethyl)-l, 
3-oxathiolan-5-yl)-cytosine (emtricitabine or [-]-FTC), the 5-fluorinated derivative of 
lamivudine [17-19], 2'-fluoro-5-methyl-P-L-arabinofuranosyluracil (L-FMAU) [20-22], 
and p-D-2', 3'-didehydro-2', 3'-dideoxy-5-fluorocytidine (D-D4FC) [23-26], among 
others [27]. Lamivudine [28], [-]-FrC [29], and L-FMAU [30] also have antiviral activi
ties against HBV-related viruses in ducks and woodchucks. On the other hand, 3'-azido-
3'-deoxythmidine (zidovudine or AZT) and 2', 3'-didehydro-2', 3'-dideoxythymidine 
(stavudine or D4T) are active against human immunodeficiency virus type 1 (HIV-1) 
but not against HBV [31, 32]. The antiviral characteristics of these compounds are 
important in the development and validation of new models of HBV infection and 
disease, since their application in new biological models will determine the utility of 
such models for screening new drug candidates. 

Part of the problem in developing new drugs against HBV is the lack of suitable in 
vivo models in which both the virus and associated liver disease can be targeted. Given 
the very narrow host range of HBV, it is impractical to test antivirals in HBV infected 
chimpanzees, due to cost and limited availability. HBV-like viruses exist in ground 
squirrels, woodchucks and ducks [33-35], and these systems have been successfully 
used to screen for new drugs with activity against hepadnaviruses [36-38]. HBV 
transgenic mice that support virus replication have also been used for testing putative 
antiviral compounds in vivo [39], although these mice are tolerant to the virus and do not 
develop chronic liver disease. The recent development of chronic liver disease in HBV 
transgenic SCID mice following adoptive transfer of syngeneic, unprimed splenocytes 
[40] represents a unique model for antiviral drug evaluation against both HBV and liver 
disease. In this report, several nucleoside analogs with known activities against HBV 
have been evaluated in the HBV transgenic SCID mouse model. The results show that 
compounds with activity against HBV (3TC, FTC, L-FMAU, and D-D4FC) in tissue 
culture, in other animal models (e.g., ducks and woodchucks), and in human clinical 
trials are also active against HBV in the HBV transgenic SCID mice. In addition, 
nucleoside analogs with httle activity against HBV (D4T and AZT) also have little 
activity against the virus in the HBV transgenic mouse model. 
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Materials and methods 

HBV transgenic SCID mice were bred and tested for the levels of HBV DNA in blood 
by semiquantitative PCR, exactly as described [40]. Transgenic mice approximately 
three months of age with virus levels in blood ranging from 4-20 x 10̂  virus genome 
equivalents/ml were used. For drug evaluation, groups containing five mice each were 
injected intraperitoneally (i.p.) once a day with 100 mg/kg for each of six days. 
The drugs used were lamivudine (3TC), [-]-FTC, [±]-FTC, L-FMAU, D-D4FC, D4T 
and AZT. An additional group of five mice were injected with an equivalent volume of 
phosphate-buffered saline (PBS) containing no drug. In addition to the prebleed (day 0), 
mice were bled on days 3, 5, and 8, and then exsanguinated on day 12. All injections 
and analyses of sera were conducted blindly by animal number. Serum samples from 
each time point were tested for alanine aminotransferase (ALT) using a commercially-
available kit (ALT/AST 50, Sigma Chemical Co., St. Louis, MO). HBV DNA was 
semiquantitated in each serum sample exactly as described [40]. Serum samples were 
then tested for the presence of hepatitis B surface antigen (HBsAg) in a commercially-
available EIA (Auszyme kit, Abbott Labs., North Chicago, II) with modifications [40]. 
All mice were housed in a BL-3 facility and treated by trained personnel in accordance 
with university policy and approved animal protocols. 

Results 

Prior to treatment, HBV transgenic SCID mice were verified to have circulating HBV 
DNA in the range of 4-20 x 10̂  virus genome equivalents/ml in prebleed samples. 
These mice were also verified to have detectable HBsAg in blood by specific EIA. 
Prebleeds were also tested for ALT to exclude nonspecific causes of liver injury. Only 
animals with ALT values < 20 units/liter (U/L) were entered into the treatment protocol. 
These mice were then injected i.p. with drugs at a dose of 100 mg/kg/day for each of 
six days, and then allowed to recover for an additional seven days prior to sacrifice. The 
compounds used were 3TC, [-]-FTC, [±]-FTC, L-FMAU, D-D4FC, D4T and AZT. An 
additional group of five mice was injected with an equivalent volume of PBS. 

Freshly acquired blood samples collected on days 0, 3, 5, 8 and 12 (bleedout sample) 
were tested for ALT. All animals had ALT levels in the normal range (< 20 U/L) at all 
time points, indicating that the drugs were not directly toxic to the liver of the mice at 
the doses used (data not shown). These findings suggested that decreased virus titers 
were due to the antiviral activity of each drug and not due to nonspecific hepatotoxicity 
caused by these drugs. 

Overall, there were three types of outcomes to drug treatment. A complete response 
was characterized by the clearance of HBsAg and HBV DNA in the serum of animals 
within three to five days of treatment. Given that all mice started with an initial 
virus concentration of 4-20 x 10̂  virus genome equivalents/ml, failure to detect HBV 
DNA during or after treatment corresponded to a 4-5 log drop. In a partial response, 
HBsAg became undetectable, but the viral DNA either remained positive throughout 
the period of observation or became undetectable and then reappeared. In mice that 
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were nonresponders, or that were injected with PBS, HBsAg persisted throughout the 
period of observation, while differences in the levels of HBV DNA reflected variation 
within the PCR assay used. 

Among animals treated with lamivudine (3TC), one animal (no. 5) became HBsAg 
negative by day 3, while another three animals became negative by day 8 (Table 1). PCR 
analysis showed a similar trend, where one animal (no. 5) had undetectable HBV DNA 
by day 3. This animal remained PCR-negative for the remainder of the experiment, indi
cating that viral clearance was sustained for a week after the end of treatment (Table 1). 
Two other animals in this group (nos. 1 and 2) cleared virus from blood by day 8, and 
this clearance was apparently sustained through day 12. In the remaining two mice, 
HBV DNA was found to persist in one animal (no. 3) for the entire observation period, 
while in the other (no. 4), it became undetectable by day 12. Hence, by the end of 
the experiment, four out of five treated mice (80%) were negative for both HBsAg 
and HBV DNA. These trends were confirmed by semiquantitative PCR, where titers 
dropped by up to 3 logs in two mice (nos. 1 and 5) by day 3, and in another mouse 
(no. 2) by day 5 (Figure lA). A partial rebound in virus was observed in the remaining 
two mice (nos. 3 and 4) by day 5. Together, these results suggest that lamivudine is 
effective against HBV in these mice. 

When another group of mice was treated with emtricitabine ([-J-FTC), two mice 
(nos. 9 and 10) had undetectable HBsAg by day 3, while an additional two mice (nos. 
6 and 7) cleared HBsAg by day 5, and the remaining mouse (no. 8) cleared HBsAg 
by day 8 (Table 1). The PCR signals dropped tenfold in all [-]-FTC-treated mice by 
day 3 of treatment (Figure IB). By day 8, none of the mice had detectable HBV DNA 
by PCR, but by day 12, a single mouse (no. 8) had detectable PCR to about one 
tenth the pretreatment levels. Similar results were obtained when a third group of mice 
were treated with a racemic mixture of emtricitabine ([±]-FTC). In two mice (nos. 14 
and 15; Table 1) HBsAg became undetectable by day 3, and by day 8, HBsAg was 
undetectable in all animals. Although virus DNA was undetectable in the same two 

Table 1. HBsAg EIA and Semiquantitative PCR of HBV DNA in the Sera of HBV Transgenic SCID 

Mice Treated with Selected Drugs 

Drug 

3TC 

[-]-FTC 

Mouse 

1 

2 

3 

4 

5 

6 

7 

prebleed 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

day 3 

+/+ 

+/-

-/+ 

+/+ 

-/-

+/+ 

+/+ 

HBV PCR / HBsAg EIA 

day 5 

+/+ 

+/+ 

+/+ 

+/+ 

-/-

+/-

+/-

day 8 

-/-
-/-
+/+ 

+/-

-/-

-/-
-/-

day 12 

-/-
-/-
+/+ 

-/-
-/-

-/-
-/-
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Table 1. 

Drug 

[-1-FTC 

[+/-1-FTC 

L-FMAU 

D-D4FC 

AZT 

D4T 

PBS 

Continued 

Mouse 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

prebleed 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

day 3 

+/+ 

+/-

+/-

+/+ 

+/+ 

+/+ 

-/-
-/-

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

HBV PCR / HBsAg EIA 

day 5 

+/+ 

+/-

+/-

+/+ 

+/+ 

+/+ 

+/-

-/-

+/+ 

-/-
+/+ 

-/-
+/+ 

+/+ 

+/+ 

+/+ 

-/-
+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

day 8 

-/-
-/-
-/-

-/-
-/-
-/-
-/-
-/-

+/+ 

-/-
+/+ 

-/-
-/-

-/-
+/-

-/-
-/-
+/+ 

+/+ 

+/+ 

+/-

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

day 12 

+/-

-/-
-/-

-/-
+/+ 

-/-
-/-
-/-

-/-
-/-
-/-
-/-
-/-

-/-
+/+ 

-/-
-/-
-/-

+/-

+/+ 

+/-

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 

+/+ 
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mice that cleared HBsAg by day 3, virus DNA was detectable again by day 5, and 
then became undetectable again for the remainder of the observation period (Table 
1). Interestingly, when the levels of HBV DNA were quantitated in these animals, 
four of the five mice had evidence of a transient rebound on day 5 (Figure IC), 
and in one of these (no. 12), both HBsAg and HBV DNA reappeared on day 12. 
Although the results of [-J-FTC and [±]-FTC are distinct (compare Figure IB to IC), 
it is clear that both of these treatment protocols demonstrate strong antiviral effects 
upon HBV in this model system. 

When a fourth group of mice was treated with L-FMAU, both HBsAg and HBV 
DNA became undetectable in three of the five mice by day 8, although both markers 
were cleared in all mice by day 12 (Table 1). At the level of semiquantitative PCR, 
decreases in the levels of viral DNA of at least tenfold were observed in two mice 
(nos. 19 and 20) by day 3, and in another two mice (nos. 16 and 18) by day 5 
(Figure ID). The remaining mouse (no. 17) cleared approximately 3 logs of virus by 
day 5, and then cleared virus DNA from serum for the remainder of the experiment. 
These results suggest that L-FMAU is also active against HBV in this animal model, 
although clearance appears to be delayed in some animals in comparison to FTC. 

Delayed virus clearance was also characteristic of another group of animals that were 
treated with D-D4FC. One mouse (no. 24) demonstrated clearance of HBsAg and viral 
DNA by day 5 of treatment. An additional two mice (nos. 21 and 23) had undetectable 
HBsAg and HBV DNA by day 8 (Table 1). Another mouse (no. 25) cleared virus 
only by day 12, while the last mouse in this group (no. 22) did not clear virus at all. 
When these mice were analyzed for HBV DNA by semiquantitative PCR, levels dropped 
1-2 logs by day 5 of treatment (nos. 21 and 24), while another mouse showed a twofold 
decrease on the same day (no. 23) (Figure IE). The remaining two mice (nos. 22 
and 25) showed detectable decreases in virus DNA by day 8. One of these mice 
(no. 22) relapsed by day 12, since HBsAg again became positive (Table 1) and HBV 
DNA titer increased (Figure IE). 

A separate group of mice was treated with zidovudine (AZT). The results show that 
one mouse (no. 28) lost HBsAg by day 8 while another (no. 26) lost HBsAg by day 12 
(Table 1). None of the animals lost HBV DNA by PCR (Table 1), although two animals 
experienced a marginal, twofold decrease in HBV DNA during the course of treatment 
(Figure IF). Likewise, treatment of an independent group of mice with stavudine (D4T) 
resulted in no loss of HBsAg or HBV DNA in any of the mice (Table 1, Figure IG). 
Exactly the same results were obtained in mice injected with PBS (Table 1, Figure IH). 
The fluctuations in the PCR signals reported in Figures IG and IH are within the 
limits of the PCR assay, suggesting that they do not represent changes in virus titer. 
These results indicate that AZT and D4T are ineffective as antiviral agents in HBV 
transgenic SCID mice. 

Discussion 

Part of the difficulty in developing and evaluating new antiviral drugs against hepatitis 
B is the lack of a suitable animal model replicating this human pathogen. Chimpanzees 
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are one of the very few hosts susceptible to HBV infection, although expense and 
endangered status have precluded their widespread use in the evaluation of HBV 
therapeutics. Transgenic mice expressing some of the HBV gene products [41-43] 
or supporting virus repHcation [44, 45] have been reported, but these have not been 
used extensively for antiviral drug testing [39]. Alternatively, natural or experimental 
infections of woodchucks or Pekin ducks with woodchuck hepatitis virus (WHV) or 
duck hepatitis B virus (DHBV), respectively, have been very useful as preclinical 
models for the development of HBV therapeutics [20, 28-30, 36, 37]. However, WHV 
and DHBV are not human pathogens, nor are the animal models easily manipulated 
to evaluate combination therapies. In addition, antiviral and immunomodulatory 
activities of compounds, important in the design of combination therapies, cannot be 
independently evaluated in these models of natural infection. The HBV transgenic SCID 
mouse model represents the first time a transgenic mouse system supporting HBV 
replication also develops chronic liver disease following the adoptive transfer of normal, 
syngeneic splenocytes [40]. The system is easy to manipulate, cost-effective, and can be 
used to evaluate single or combination therapies against the virus or disease. To achieve 
this goal, nucleoside analogs with known activities against HBV were tested in these 
mice, to validate the system for the evaluation of less characterized compounds. 

Lamivudine was highly effective against HBV in tissue-culture cells [14, 5] and in 
clinical trials, where it reduced serum HBV DNA by 4-6 logs, normalized transminases, 
and improved histopathology in 60-70% of treated patients [6, 7, 8, 46]. However, the 
relapse rate was high after the end of therapy. In HBV transgenic mice, four out of five 
animals had a reduction in HBV DNA levels of approximately 3 logs during treatment. 
Two of the four animals in this group that responded to lamivudine within the first three 
days of treatment (nos. 3 and 4) partially relapsed by day 5 and still had detectable HBV 
DNA on day 8 (Figure 1 A). One or these mice (no. 4) cleared HBV DNA from serum by 
day 12, suggesting a sustained response in three of the five mice (60%) during the week 
after the end of treatment. Hence, the outcome for the clearance of HBV DNA from 
blood is similar in mice and patients, although the clearance of HBsAg from serum in 
all of the lamivudine-treated mice (Table 1) is quite distinct from that observed among 
patients, where HBsAg clearance is rare. 

Emtricitabine, or [-]-FTC, is a nucleoside analog with a very high selectivity index 
for HBV that is currently in clinical trials [17-19]. These trials have demonstrated a 
greater than 3-log reduction in viral DNA and normalization of transaminases among 
responders. Both [-]-FTC and [+]-FTC enantiomers have been shown to be active 
against HBV in tissue-culture cells supporting virus replication, although the former is 
the much more potent enantiomer, while the latter is more toxic [17, 18]. Among HBV 
transgenic mice, treatment with [-]-FTC resulted in clearance of HBsAg in two mice by 
day 3 of treatment, and in four out of five by day 5. HBV DNA levels were depressed 
by 1-2 logs during treatment. By day 8, both HBsAg and HBV were undetectable in all 
mice. The latter corresponded to a 5-6 log drop in virus titer. These results suggest that 
[-]-FTC was highly effective in clearance of virus from the circulation. In contrast to 
lamivudine, there was no sign of rebound in the levels of HBV DNA during the course 
of treatment (Figure IB). However, when mice were treated with a racemic mixture of 
FTC, the partial rebound phenomenon at day 5 was observed in four out of the five mice. 
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However, [+/-J-FTC treatment cleared HBsAg and viral DNA from serum in all treated 
animals by day 8 (Figure IC), which was observed with [-]-FTC, but with no other 
drug tested. Hence, FTC is active against HBV replicating in tissue-culture cells, in 
chronically infected patients, and in HBV transgenic SCID mice. 

L-FMAU has been shown to be an inhibitor of HBV replication in tissue-culture 
cells [20-22], of WHV rephcation in woodchucks [20], and of DHBV rephcation in 
ducklings [30]. In HBV transgenic mice, only three of the five mice in this group cleared 
HBsAg and HBV DNA from serum by day 8, unlike the lamivudine- and FTC-treated 
animals. By day 12, however, both HBsAg and HBV DNA were undetectable in all 
mice, demonstrating that L-FMAU is effective in HBV transgenic SCID mice, as in 
other models, although complete clearance is somewhat delayed in L-FMAU treated 
animals compared to those treated with lamivudine and FTC. 

D-D4FC has demonstrated activity against both HIV and HBV [23-26]. Among HBV 
transgenic mice, all mice were responsive to this drug, although clearance of virus 
markers began on day 5, which was later than in animals treated with lamivudine, 
FTC or L-FMAU (Figure 1). In addition, only three of the five animals in the D-D4FC-
treated group had a sustained response for up to one week after the end of treatment. 
Therefore, viral replication in HBV transgenic mice was also sensitive to this antiviral 
compound, although clearance was delayed and incomplete relative to the other 
compounds tested above. 

The results of this study show that all of the nucleoside analogs (3TC, FTC, 
L-FMAU, and D-D4FC) that are known to be active against HBV were also active in 
HBV transgenic mice to differing extents. When additional animals were treated with 
either AZT or D4T, which are known to be inactive against HBV, none showed even 
a single log decrease in virus DNA, nor a sustained clearance of HBsAg (Figure 1). 
The combined results demonstrate that active nucleoside analogs have direct antiviral 
activities in vivo, since they were evaluated in animals that were not adoptively 
transferred and that had not developed antiviral immunity. In addition, these results 
validate the HBV transgenic SCID mice as a preclinical model for the testing of 
promising compounds directed against the polymerase as well as other targets in the 
virus. Additional work is now underway to ask whether the antiviral activities shown 
above also translate into activity against chronic liver disease in transgenic mice treated 
after adoptive transfer. 
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Abstract 

The two main goals in the treatment of chronic hepatitis B are: 
1. Prevention of liver fibrosis, which requires long-term suppression of HBV replica

tion, and 
2. Prevention of hepatocellular carcinoma, where treatment needs to be initiated before 

HBV DNA integration into host cell DNA has occurred. 

The management of chronic hepatitis B should be based on an understanding of 
the pathogenesis of the disease. There are three key elements here: the virus, the 
hepatocyte and the immune response. Thus, the best therapeutic approach would be 
based on at least one or all of the following: (a) immune modulation with cytokines and 
therapeutic vaccines; (b) blocking viral replication using antiviral agents and cytokines; 
(c) preventing re-infection by neutralising antibodies. 

Current antiviral therapy includes agents such as interferon alpha, lamivudine (LMV), 
famciclovir (FCV), adefovir dipivoxil (ADV), entecavir, emtricitabine (FTC), clevudine 
(L-FMAU) and DAPD/DXG. Similarly, immunomodulatory therapy can consist of 
either the use of nonspecific immunotherapy with interferon alpha, HBIg and cytokines 
such as IL-2, IL-12 and thymosin-al, or active immuno-therapy comprising peptides, 
viral envelope proteins and adjuvants in the form of therapeutic vaccines, HBsAg-Ab 
complexes, DNA vaccines and particular viral vectors. Current approved therapy 
consists of interferon alpha and/or lamivudine. Adefovir dipivoxil, emtricitabine, 
clevudine and entecavir are in various stages of clinical development. 

Overall, the three major aims of a successful therapeutic strategy in hepatitis B 
should be: 
1. To decrease viral load to undetectable levels 
2. To decrease rate of disease progression, and 
3. To decrease rate of emergence of drug-resistant HBV. 

These aims can be readily achieved using combination chemotherapy. 
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Introduction 

Almost 400 million people will be infected with hepatitis B virus (HBV) by the end of 
the year 2000 [40, 64, 66]. This is equivalent to about 5% of the world's population 
and more than ten times the number infected with the human immunodeficiency virus 
(HIV). Up to half of these hepatitis B surface antigen (HBsAg)-positive individuals 
will succumb due to the development of liver failure and/or hepatocellular carcinoma, 
clinical sequelae developed as a consequence of persistent HBV carriage [58]. 

Hepatitis B virus can cause both acute and chronic liver disease. The outcome 
depends on the interplay between the virus, the hepatocyte, and the host's immune 
response [18]. Under most circumstances, HBV is not cytopathic and it is the infected 
host's immune response that is responsible for the liver damage during infection [33]. 
In specialized circumstances, such as after orthotopic liver transplantation, viral 
infection may cause unique histopathological damage resulting in fibrosing cholestatic 
hepatitis (FCH) [57]. Before the advent of specific antiviral therapy [3], FCH was 
invariably fatal. 

Thus, antiviral chemotherapy remains the major treatment option for controlling 
chronic HBV infection, with the immune modulating agent interferon alpha and the 
antiviral compound lamivudine (LMV) being the only two FDA-approved treatments. 
The registration of LMV was only a recent event, and a number of new deoxynucleoside 
analogues and derivatives are in various stages of clinical development. These include 
entecavir, famciclovir, clevudine, emtricitabine and adefovir dipivoxil. These new anti-
HBV drugs are capable of reducing viral loads very rapidly, but the initial response 
is invariably followed by a very much slower elimination of residual virus [92]. 
The long-term treatment which is required to eliminate residual virus may carry with 
it increased risks for cumulative toxicity and drug resistance. Fortunately, experience 
to date indicates that toxicity is not a major problem with these newer nucleoside 
analogues, so emergence of drug resistance during the slower phase of HBV elimination 
appears most likely to become the single significant obstacle in the eventual control 
of chronic infection [85]. 

Molecular virology of HBV 

HBV is a small DNA-containing virus with four overlapping open-reading frames. 
The four genes encoded are core (pre-core and core proteins), surface (pre-Sl, pre-S2 
and S proteins), X and polymerase. The core gene encodes the core nucleocapsid 
protein and the secreted, soluble hepatitis Be antigen (HBeAg) protein. The surface gene 
encodes pre-Sl, pre-S2 and S protein, yielding the large-, middle- and small-surface 
proteins, respectively. The X gene encodes the X protein, which has transactivating 
properties and may be important in hepatic carcinogenesis. The polymerase gene 
encodes a large protein with functions critical for DNA replication and packaging 
(Figure 1) [10, 34]. 
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Figure 1. Hepatitis B virus replication cycle. The virus in the serum adheres to the surface of the hepatocytes 

through a receptor. Through the process of endocytosis the virus enters the cell and is uncoated to remove the 

envelope proteins. The viral core particles bind to the nuclear pore and the HBV genome enters the nucleus. 

In the nucleus the HBV DNA is repaired and chromatinized to form a minichromosome. The minichromosome 

is used as the transcriptional template for RNA synthesis by RNA Polymerase II. The HBV RNA is 

transported into the cytoplasm where the viral proteins are made. The pre-genomic RNA is encapsidated. 

In the viral RNA cores DNA synthesis occurs through a process of reverse transcription and also DNA 

synthesis. The viral cores can be either transported back into the nucleus for further genomic amplification, 

or are enveloped and secreted into the blood. 

HBV polymerase 

The HBV polymerase gene encodes for a protein which has four functional regions: 
The terminal protein (TP), Spacer region, Reverse Transcriptase (RT) and RNAse H. 
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The HBV RT contains several domains that are conserved in other RNA-dependent 
polymerases which have designated domains F, and A to E (Figure 2), [83, 59]. 
The "YMDD" motif of HBV is located in the C domain. The polymerase protein of 
HBV has not been crystallized. There is amino acid similarity with HIV in the conserved 
domains, and these comparable regions may be involved in NTP binding and substrate 
recognition. It was proposed from the analysis of the X-ray crystal structure of HIV 
that the domains A, C, D and F may participate directly in nucleotide triphosphate 
(NTP) binding and catalysis [52, 51]. Domains B and E may be involved in the positioning 
of the template-primer relative to the active site, in which domain B forms part of 
the "template grip" and domain E forms the "primer grip" [68]. Two models for the HBV 
RT catalytic domains have been published [2, 8] based on the HIV structure. 

HBV Polyinerase 

IP SPACER 
m-

RT ^ RNAseH 

HBV (con) : 1 Y63 177:178 346:347 509-L526M-535 546-M550V/I-556 690:691 

f 'f A F A BC'DE" "'"'4L™„_„___^ 

Figure 2. Organisation of the HBV polymerase. The different domains of the terminal protein (TP), 

Spacer region, Reverse Transcriptase (RT) and RNAse H domain of the HBV polymerase are indicated 

with a dotted line. The conserved domains within the Reverse Transcriptase are indicated by shaded boxes. 

The numbering for HBV consensus sequence in which the methionine in the "YMDD" motif is designated 

550 is shown, and this corresponds to the numbering for genotypes B, C and F. This figure was modified 

from Stuyver et al. 2000. 

HBV antiviral resistance 

In HBV, LMV resistance is usually associated with a change of the methionine in the 
"YMDD" motif in the C domain to either valine (at M550V) or isoleucine (at M550I). 
The numbering for HBV polymerase varies with the different genotypes. In this study 
the methionine in the "YMDD" motif is designated 550, and this corresponds to the 
numbering for genotypes B, C and F (Table 1) [9, 2, 72]. M550I usually occurs as a single 
codon change, whereas the M550V is detected with a second codon change at L526M in 
the B domain [2, 72]. These mutations have been confirmed to be associated with 
LMV resistance using in vitro cell culture assays and also polymerase enzyme assays 
[2, 30, 54, 97, 98]. The M550I and the M550V + L526M dual mutant both result in 
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Table 1. Mutations in HBV polymerase protein associated with drug resistance to LMV and FCV with 

the corresponding change in HBsAg 

LMV Mutations HBsAg Mutations 

I399S 

F512L 

V519L 

L526MA^ 

T530S 

A546V 

M550I 

M550V 

V553I 

S559T 

S565P 

L575V 

B Domain 

B Domain 

B Domain 

C Domain 

C Domain 

C Domain 

not published 

A157D 

E164D 

no change 

not published 

not published 

W196S, W196L 

I195M 

M198IAV199S 

not published 

S210R 

not published 

FCV Mutations HBsAg Mutations 

H436NA^ 

V519L 

P523L 

L526MA^ 

T530S 

V5531 

N/S/H584K 

R588K 

A Domain 

B Domain 

B Domain 

B Domain 

C Domain 

D Domain 

D Domain 

no change 

E164D 

no change 

no change 

not published 

W199 Stop/no change 

After end HBsAg 

After end HBsAg 

ADV Mutations None to date 

a greater than 10,000-fold increase in the IC^^ levels of the antiviral effect of LMV 
against HBV. In enzyme assays with LMV-triphosphate (TP), the HBV polymerase 
containing these mutations (M550I, or M550V + L526M) were associated with an 8.0- or 
25.2-fold increase in the K, respectively (Xiong et al. 2000) (Table 2). The other 
mutations which are associated with LMV resistance are discussed below (Section 6 
compensatory mutations). 

Resistance to famciclovir (FCV) is associated with two mutations at L526M and 
V519L [6]. The HBV isolated from the serum of a patient with HBV encoding 
these mutations had a reduced sensitivity to penciclovir (PCV)-TP in the endogenous 
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Table 2. Inhibition of HBV DNA polymerases expressing LMV- or FCV-associated mutations (from 

Xiong et al. Hepatology 1998;28:1669, Xiong et al., Hepatology 2000;31:219) 

Enzyme 

Wild type 

F512L 

M550I 

M550V 

L526M 

L526M/M550V 

L526MA4550I 

F512L/526M 

V519L 

P523L 

T530S 

V553I 

Lamivudine (3TCTP) 

(|LlM)̂  

0.25±0.03 

1.5±0.03 

2.0±0.1 

4.9±0.4 

0.64±0.04 

6.3±2.4 

3.8±1.0 

2.6±0.5 

0.31±0.06 

0.89±0.06 

0.60±0.05 

0.87±0.13 

KjFold 

increase^ 

1.0 

6.0 

8.0 

19.6 

2.6 

25.2 

15.2 

10.4 

1.2 

3.6 

2.4 

3.6 

Famciclovir (PCVTP) 

(^M)^ 

4.8±0.1 

ND* 

5.9±1.1 

11.3±2.2 

18.7±2.8 

11.9±1.7 

ND* 

ND* 

15.1±5.1 

11.0±2.5 

7.7±2.0 

29.7±5.8 

KjFold 

increase^ 

1 

-
1.2 

2.4 

3.9 

2.5 

-
-
3.1 

2.3 

1.6 

6.2 

Adefovir (ADVDP) 

(|iM)^ 

0.10±0.01 

0.19±0.03 

0.13±0.03 

0.22±0.02 

0.23±0.04 

0.079±0.018 

0.18±0.03 

0.11±0.04 

0.15±0.04 

0.23±0.06 

0.18±0.03 

0.19±0.01 

KFold 

increase'' 

1.0 

1.9 

1.3 

2.2 

2.3 

0.79 

1.8 

1.1 

1.5 

2.3 

1.8 

1.9 

a. All inhibition constants (K )̂ are the average of three separate experiments 

Kj values are means ± S.D. 

b. Fold increase = (mutant K.)/(wild-type Kj) 

* ND = Not done 

HBV DNA polymerase assay [6]. This patient subsequently responded clinically and 
virologically to LMV, but LMV resistance emerged within six months [63]. A mutation 
at V553I has been reported to occur transiently in chronically infected patients treated 
with FCV [82]. Virus containing this mutation was resistant to PCV in in vitro assays, 
but remained sensitive to LMV This change in the HBV polymerase gene did result in 
a stop codon in the overlapping HBsAg reading frame, which may alter the repHcation 
competence of this virus and account for it being detected only transiently. 

The inhibition constants of PCV-TP were measured for the wild-type HBV poly
merase and the HBV polymerase containing either V519L, P523L, L526M, T530S 
or V553L In these enzyme assays there was only a modest increase in the K. with 
the polymerase containing the mutation at V553I (approximately sixfold) and only a 
threefold increase in the K. with HBV polymerase encoding the mutation at either codon 
V519L or codon L526M (Table 2). These mutations were tested individually in these 
assays and multiple mutations such as V519L + L526M may need to be examined to 
determine if there is a greater increase in the resistance profile [6, 82]. 
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Compensatory mutations 

Other mutations within the catalytic domain have been detected in association with the 
LMV resistance mutations M550IA/̂ , which may function as compensatory mutations. 
HBV containing the L526M mutation alone confers a fivefold increase in the IC^Q for 
LMV compared to the wild-type [17]. The L526M mutation is also associated with 
resistance to FCV [6]. The HBV polymerase containing the L526M mutation showed a 
2.6-fold increase in the K. value for LMV-5'triphosphate (TP) (0.64 ± 2.4) compared to 
wildtype polymerase (0.25 ± 0.03) [97, 98]. The M550V/L526M double mutant showed 
a 25.2-fold increase in the K. value for LMVTP compared to a 19.6-fold increase in 
the K. obtained for LMVTP with the M550V mutant polymerase. A mutation adjacent 
to the L526M at A527T was also reported recently [99]. HBV encoding this mutation 
emerged as the major population during LMV treatment in three patients and replaced 
HBV encoding M550V/L526M as the major population. 

The M550I mutation has been detected in conjunction with the L526M mutation 
in HBV from HBV/HIV co-infected patients receiving "highly active anti-retroviral 
therapy" (HAART). The appearance of these mutations in this patient population may be 
due to antiviral selection pressure from the antiviral agents including LMV with which 
the patients are being treated [88]. This mutation was also detected in HBV isolated 
from patients on long-term LMV therapy and replaced HBV encoding M550V/L526M 
as the major population [99]. 

[89] reported that a patient on HBIg and LMV therapy had high HBV DNA levels 
while on LMV therapy. This was confirmed using transient transfection studies of HBV 
DNA encoding HBIg selected mutations at codons P120T or G145R, in addition to the 
LMV resistant mutations [11]. In cells transfected with HBV DNA encoding the HBIg 
and LMV mutations, greater amounts of replicative intermediates were detected in the 
presence of LMV compared to HBV encoding the mutations at M550FV alone. These 
HBIg mutations at codons P120T and G145R occur with the concomitant mutations in 
the overlapping polymerase gene at codons P474N and RAV449Q, respectively. Both 
polymerase mutations are located in the region between domains A and B. 

Patients infected with HBV encoding a mutation at codons L426V/I or L428V in 
addition to the mutation at M550I, had higher DNA levels than pre-LMV therapy [74]. 
These mutations are located in the A domain of the polymerase and are likely located 
near the mutation at YMDD on the proposed models of the HBV polymerase. 

Cross-resistance/sensitivity 

The LMV-resistant virus with mutations at M550I and M550V + L526M are sensitive 
to adefovir, lobucavir and ganciclovir, as demonstrated in cell culture experiments using 
a transient transfection assay [97, 76, 77, 98]. The antiviral activity of the M550V 
HBV mutant (without the corresponding mutation at L526M) and wild-type vims was 
determined for a number of new antiviral compounds which are in various stages of devel
opment. This assay employed cells stably transfected with a 1.5 genome length of either 
wild-type HBV (AD38 cells) or HBV containing the M550V mutation (AD79 cells). Virus 
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replication was under the control of the tetracycline-responsive promoter. In this assay 
system the M550V virus was resistant to LMV, and was sensitive to penciclovir, lobu-
cavir, dioxalane guanine [DXG], l-p-2,6-diaminopurine dioxalane [DAPD], L-FMAU, 
adefovir and tenofovir [1001. The FCV associated mutations at V519L, L526M, V553I 
are sensitive to LMV and ADV [97, 98]. 

Principals of antiviral resistance 

To reduce the rate of emergence of drug-resistant virus, viral and host cellular factors, as 
well as the treatment regimen, all need to be considered. In particular: 
(a) The emergence of mutations and viral quasi-species within a host is a dynamic 

process which likely results from lack of proofreading ability of the HBV 
polymerase. Thus, naturally occurring variants resistant to nucleoside analogues 
may preexist and are selected for during antiviral therapy. 

(b) The dynamics of viral clearance during antiviral treatment may influence the overall 
treatment protocol. Partial suppression of the virus will promote antiviral resistance 
and thus decrease the time to the detection of resistant virus. Antiviral strategies 
that significantly reduce the viral load and inhibit viral replication may prolong the 
time before antiviral resistant virus is detected. 

(c) Host cellular factors may also be involved in the development of antiviral 
resistance. 

(a) Generation of resistance mutations 

As outlined earlier, the error rate, or the rate for nucleotide substitutions that occur dur
ing HBV replication, is approximately 1.4 to 3.2 x 10'̂  substitutions/site/year [75, 78]. 
In the liver transplant setting, it is almost 100-fold higher, in the range of 1.1 x 10"̂  
to 5.9 X 10"̂  substitutions/site/year (Stemeck et al. 1997). In comparison, the HIV 
retroviral RT error rate is 3 x 10'̂  substitutions/site/year. The lower error rate in HBV in 
comparison to HIV may be due to the constraints in the overlapping reading frames [75, 
86]. The much higher substitution rate in the liver transplant setting may be due 
to a number of factors, including possible infection of the liver after the graft by 
a different subpopulation of the virus that may have been present in extra hepatic 
sites. Infection of the new liver also occurs at a very rapid rate, which may result 
in an increased mutation rate for the virus. The high substitution rate may also be 
influenced by the immunosuppression regime associated with the transplant, or by the 
treatment with HBIg. 

HBV LMV resistance requires either a single nucleotide change to alter the 
codon at M550I, or two nucleotide changes to alter the codon at M550V + L526M. 
The probability of a single or a double spontaneous mutation occurring in a single 
HBV genome chronic infection is 2.6 x lOVday or 6.76 x 10"̂ ,̂ respectively. The total 
daily production of HBV has been estimated to be approximately 10̂ ^ particles in a 
viral dynamic study [73]. Thus, the chance of the generation of HBV mutants encoding 
a single error in chronically infected patients is approximately 10̂  per day, whereas 
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the chance of two spontaneous mutations arising is approximately 10'̂  to 10"̂  per day. 
These values do not take into consideration that certain regions of the genome may 
contain "hot spots" or "hyper-variable regions" which have a higher mutation rate 
(such as in HCV), and they do not take into account the viability or the replication 
fitness of the virus generated. In addition, these calculations estimate the chance of 
spontaneous mutations occurring in a virus in a single day. It does not take into 
account that viable virus with a selective advantage may re-infect the host and serve 
as the template for the generation of virus with multiple mutations on sequential days. 
In other viruses, silent mutations which alter the third nucleotide position of the codon 
would have a limited effect on viability. However, in HBV the genome encodes for four 
overlapping reading frames, and silent mutations which do not affect one or more of 
the overlapping reading frames are likely to be rare. Thus, the number of HBV particles 
encoding a single mutation, which are able to infect new cells and replicate, would be 
considerably lower than the estimated figure of 10̂  HBV mutants generated per day. 
The estimation of the probability of a pre-existing variant which is resistant to a single 
antiviral agent depends not only on the mutation rate per virion and the total rate of 
production of virus within the host, but also on the number of mutations required to 
convey high-level antiviral resistance. [21] have predicted that it is highly likely for 
a pre-existing resistant variant to emerge as the major viral species when a single 
antiviral is used in HIV treatment. It is unlikely that pre-existing resistance occurs with 
three or more antivirals in the case of HAART. 

In antiviral naive patients with HIV, naturally occurring HIV variants which contain 
mutations associated with resistance have been reported [67, 24]. HIV encoding resistance 
to LMV has a higher fidelity than wild-type virus [50]. In HBV isolated from patients 
treated with antiviral agents, the HBV error rate may be affected by the antiviral 
treatment. In both HIV and HBV in vitro studies, the fidelity of replication by viral 
polymerase may be affected by the concentration of the intracellular deoxynucleotide 
triphosphate pools [35]. There are no published studies of HBV LMV resistant mutants 
detected in antiviral naive patients. The lack of detection of pre-existing resistant HBV 
variants may be due to the poor sensitivity in the detection methods. Direct sequencing 
of HBV isolated from patients can only ascertain the sequence of the predominate 
quasi-species. Antiviral resistant variants or other mutations can only be detected by 
direct sequencing when they comprise greater than 20% of the total HBV quasi-species 
in the serum. In studies which have cloned and sequenced PCR-amplified HBV DNA, 
only a limited number of clones have been analyzed. HBV variants that represent 
less than 1% of the total population may not have been detected. New methods for 
the detection of resistance mutations have been published. These include LiPA [87], 
real-time PCR with molecular probes [14] and molecular beacons [81]. The molecular 
beacon technology has a sensitivity of 0.01% [93]. The rate of change in the proportion 
of LMV-resistant virus to wild-type during antiviral selection pressure has not been 
determined for HBV The fidelity of the HBV polymerase encoding the LMV-resistant 
mutations has not been determined. 
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(b) Management of HBV resistance and viral clearance dynamics 

In longitudinal studies of patients with HBV encoding the LMV-resistant mutation, 
following the cessation of antiviral treatment, the wild-type emerged as the predominant 
quasi-species [16]. On re-treatment, the LMV-resistant virus once again becomes the 
predominant species. In studies with HIV, partial suppression of the virus by inadequate 
antiviral treatment promotes resistance. Sanctuary sites such as the brain also need to 
be considered [39]. Inhibiting virus replication and reducing the total viral load can 
increase the time to detection of resistant variants. In HIV-infected patients, suppression 
of viral load to <20 copies/ml provided maximal antiviral response [62]. 

The rate of HBV viral clearance in antiviral treated patients has been examined, 
and mathematical models of viral dynamics have been developed. These models 
may be useful to monitor the progression of HBV and to predict the duration of 
treatment required to decrease viral loads to a level which may be sufficient to induce 
seroconversion [73, 92, 53]. Three main parameters are included in the models; (a) the 
population of susceptible uninfected cells, (b) the population of cells which are infected 
and are capable of producing virus, and (c) the level of circulating virus in the serum. 
The clearance of HBV is proposed to be biphasic [92, 53]. There is a large initial 
reduction of virus produced prior to the inhibition of viral replication. The second, 
slower reduction may reflect the replication of virus from the covalently closed circular 
(CCC) DNA template, or death of infected cells [85]. During LMV treatment in patients 
with chronic HBV, there was a 10^-fold decrease in viral load in the serum [12]. 
However, in the same patients the intrahepatic viral load did not alter dramatically 
and was only reduced approximately two- to threefold [12]. Colledge, et al examined 
CCC DNA in DHBV-infected cells treated with LMV and PCV LMV did not affect 
the stability of CCC DNA, whereas there was a decrease in CCC DNA in infected cells 
treated with PCV+LMV. The turnover of hepatocytes and the number of hepatocytes 
which can be infected with LMV-resistant virus may affect the rate of emergence of 
resistant virus as the predominant species in the serum. 

The total reduction in viral load after 12 weeks of ADV 30-mg treatment in humans 
was 4.1 logjQ [92]. The half-life of the virus in infected cells was calculated to be 
11-30 days and 10-100 days by [92, 73], respectively. In comparison, the viral half-life 
in cells infected with HIV was estimated to be 1.6 days [80]. [92] have estimated 
that with the biphasic pattern of viral clearance and the reduction in viral load during 
ADV treatment, it would take 517 days to get the total plasma viral load from 1 x 10̂  
copies/ml to 1 copy/ml. However, it should be noted that the extreme variability in 
viral loads will affect these calculations. Furthermore, detection limits of the current 
assays for HBV DNA may affect the calculations [103]. The type of test and the lower 
limit of detection of HBV DNA used to measure viral loads should be considered. 
The Amplicor HBV DNA Monitor test with COBAS modification has a lower detection 
hmit of 200 genomes/ml [103]. 
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(c) Host mechanisms involved in antiviral resistance 

In clinical trials with the nucleoside analogue FCV, partial response and non-response to 
the antiviral drug were noted [26, 82]. This may be due to patients not metabolising FCV 
or the presence of a naturally FCV-resistant HBV variant. In cell culture, it has been 
established that a number of antiviral compounds are not efficiently metabolised [4]. 
Recently, [84], have shown an increase in the transcription of the MRP4 gene in 
cells in viral cultures resistant to adefovir. The MRP4 protein and MRP5 protein 
may be involved in the transport or efflux of the antiviral nucleoside out of the cell 
[84, 94]. Increased transcription of this gene in HIV patients on adefovir treatment 
was also noted. 

New antivirals and combination testing 

A number of new antiviral nucleoside analogues have been identified and are undergoing 
late pre-clinical or phase I-II cHnical trial evaluation. Amongst these compounds are 
found: adefovir dipivoxil, Emtricitabine (FTC), Clevudine (L-FMAU) and Entecavir. 

a) Adefovir dipivoxil (bis-POM PMEA or 9-[2-bis(pivaloyloxymethyl) 
phosphonyl methoxyethyl] adenine) 

Adefovir dipivoxil is a phosphonated acyclic purine nucleoside with broad spectrum 
antiviral activity and is a potent inhibitor of HBV replication [26]. PMEA, the active 
component, is poorly absorbed and the addition of the bis(pivaloyloxymethyl) group 
produces the prodrug adefovir dipivoxil (bis-POM PMEA), which greatly increases oral 
bioavailability [26]. PMEA is monophosphorylated. After cellular uptake, it is then 
converted to the triphosphate form by mitochondrial adenylate kinase [26]. Adefovir 
dipivoxil has greater inhibitory effects on viral polymerases than on host cell DNA 
polymerases a, P and y [4, 26] and acts by competitive inhibition of the viral polymerase 
with dATP and viral DNA chain termination [4, 7, 26]. Adefovir dipivoxil may also 
stimulate natural killer cells and endogenous a-interferon production [4, 13, 26]. 

Adefovir dipivoxil inhibits replication of hepadnaviruses both in vitro and in vivo 
[102, 37, 38, 101, 32, 71]. The IC^^ of PMEA-DP for HBV in stably transfected human 
hepatoma cell lines is 0.05 jig/ml, while the cytotoxic IC^Q is approximately 15 |Lig/ml, 
giving a selectivity index of 300 [101]. Treatment of ducks congenitally infected with 
DHBV with adefovir dipivoxil produces marked reductions in all viral markers of 
replication, including pregenomic RNA, pre-S and core proteins and CCC DNA, but 
only whilst on treatment [37, 71]. In a phase I/II study in humans chronically infected 
with HBV, adefovir dipivoxil treatment resulted in a rapid and marked reduction in 
serum HBV DNA, with minimal toxicity [96, 36]. Serum HBV DNA fell by 99.99%, 
or 4 logjQ from baseline, and up to 27% lost HBeAg [36]. PMEA also retains its 
antihepadnaviral activity in vitro against HBV variants that have become resistant to 
lamivudine and famciclovir [96]. Adefovir dipivoxil may therefore be an effective 
nucleoside analogue for the treatment of HBV. 
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b) FTC (5-fluoro-thiacytidine) 

Fluorcytidine (FTC) is a pyrimidine analogue with activity against HBV and HIV 
[15, 29]. FTC is similar to lamivudine in that it also exists as two enantiomers, both 
forms having activity against HBV. Phosphorylation of (-)-FTC (emtricitabine) to the 
triphosphate ((-)-FTC-TP) is performed by cytoplasmic cytidine kinase, and the mode 
of action of (-)-FTC-TP is as a competitive inhibitor for dCTP [15, 60, 31]. FTC 
has excellent oral bioavailability of 60-90% and is excreted unchanged in urine [15]. 
In contrast to (-)-FTC, which does not affect mitochondrial DNA synthesis, (+)-FTC is 
20 times more toxic on cell growth and 12 times more potent at inhibiting mitochondrial 
DNA polymerase y [15, 60]. The (-)-FTC is a more potent inhibitor of HBV with an IC^^ 
of 0.03 loM, while that of (-H)-FTC is 0.72 |LIM [15, 31, 55]. Cross-resistance between 
lamivudine and FTC in DHBV has been reported [29] and may Hmit the usefulness 
of FTC in patients who have prior treatment failure with lamivudine. Phase I clinical 
studies of FTC are currently in progress. 

c) L-FMAU (2'-fluoro-5-methyl-P-L-arabinofuranosyluracil) 

L-FMAU is a pyrimidine analogue with antiviral activity against HBV and EBV, but 
not HSV 1 or 2, nor HIV [19, 79, 95]. L-FMAU is phosphorylated to the triphosphate 
form intracellularly, and L-FMAU-TP is removed slowly from cells, thus exerting a 
sustained inhibitory antiviral activity [95]. L-FMAU-TP is not incorporated into host 
cell DNA and is not a substrate for DNA polymerase a, (3, y, and e [1]. In contrast to 
D-FMAU, FIAU and ddC, L-FMAU does not increase lactate production [19, 1, 95]. 
The drug is relatively well absorbed with an oral bioavailabiUty of 20-60% [95]. 
The IĈ Q of L-FMAU for HBV in vitro is O.ljLiM, while the cytotoxic IC^Q is greater than 
100-200 |iM [19]. In HBV transfected cell culture, L-FMAU produces a dose-dependent 
inhibition of HBV DNA, but not of HBV RNA [19, 79, 95], and a similar reduction 
in serum DHBV DNA is also observed in ducks, although CCC DNA is not affected 
[1]. Treatment of ducks for eight days with 40 mg/kg resulted in a 72% inhibition 
of DHBV and no rebound of viremia was detected in a two-week follow-up period 
[1]. In pre-clinical studies L-FMAU (10 mg/kg daily) was given to four woodchucks 
chronically infected with WHV for 50 weeks. There was a greater than 1000-fold 
decrease in viraemia within two weeks [19]. At the end of the treatment period there 
was a further decrease in WHV replicative intermediates. Toxicity studies in both 
ducks and woodchucks treated with L-FMAU showed no change in body weight. These 
results suggest that L-FMAU may be a promising antiviral agent for the treatment 
of HBV. 

Combination antiviral therapy 

The use of single agent nucleoside analogues in the treatment of chronic hepatitis B, 
although welltolerated, has not resulted in clearance of infection [27, 28, 65, 91, 70, 55]. 
In addition, long-term treatment has resulted in the emergence of resistance to 
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famciclovir and lamivudine [5, 61, 69, 90, 9]. The use of lamivudine and penciclovir in 
combination has been evaluated in vitro [22]. These authors investigated the antiviral 
efficacy of lamivudine and penciclovir alone and in combination, in primary duck 
hepatocytes from DHBV congenitally-infected ducks [22]. Penciclovir was found to 
be slightly more potent than lamivudine in inhibiting DHBV. In addition, penciclovir 
inhibited CCC DNA and pre-S antigen production, while lamivudine had no effect [22]. 
The combination of these two nucleoside analogues resulted in additive and synergistic 
inhibition of DHBV [22]. The results of this study suggest that the use of combination 
antiviral nucleoside analogues may be more effective than single agent therapy. 
The use of combinations of nucleoside analogues may delay, or possibly even prevent, 
the development of resistance to single agents. The use of combination therapy has 
revolutionized the management of HIV [25, 23, 56], and with evidence now emerging 
demonstrating synergistic activity of famciclovir and lamivudine HBV [22], the use 
of combination antiviral nucleoside analogues for the treatment of chronic hepatitis B 
infection warrants further investigation. 

Conclusion 

The treatment of chronic hepatitis B infection is currently restricted to a-interferon 
and a small number of nucleoside analogues, with infrequent clearance of infection. 
The failure to eradicate chronic infection and the development of resistance may limit 
their usefulness in the long-term. 

Antiviral nucleoside analogues are effective and convenient therapeutic agents, but 
do not eradicate chronic infection. The use of extended treatment courses with single 
agents has seen the emergence of antiviral resistant-variants of HBV over relatively 
short periods of time. The widespread use of these agents, with the emergence of 
drug-resistant variants, may substantially reduce the long-term efficacy of nucleoside 
analogues. It is highly unlikely that the use of single agent chemotherapy will result 
in the clearance, or even the long-term suppression, of chronic hepatitis B infection. 
Given this limitation of nucleoside analogues, the study of these antiviral drugs in 
combination should now be considered. The efficacy of combinations of nucleoside 
analogues and cross-resistance patterns can be studied using in vitro techniques, 
such as transient transfections of infectious HBV clones into HepG2 cells, stably 
transfected HBV producing HepG 2.2.15 cells and polymerase assay using recombinant 
baculovirus-expressed HBV polymerase. Animal models, in particular DHBV, will 
be useful in determining whether combinations of antiviral agents have additive or 
synergistic effects, and whether long-term therapy results in increased toxicity. These in 
vitro and in vivo models will provide invaluable information on combination nucleoside 
analogue therapy for chronic hepatitis B infection and help guide future clinical trials of 
combinations of antiviral, antisense and immune modulating therapeutics. 
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Introduction 

Several therapeutic strategies have been evaluated for the treatment of chronic HBV 
infection with the goal of eliminating persistent viral replication and preventing 
progression to chronic active hepatitis, cirrhosis and hepatocellular carcinoma (HCC). 
Currently, the only approved treatment options are interferon-a (IFN) and lamivudine 
(3TC, p-L-2', 3'-dideoxy-3'-thiacytidine). The response rate to IFN is low and drug-
associated side effects are significant. Individuals who are immunosuppressed [e.g., 
transplant recipients or those co-infected with the human immunodeficiency virus 
(HIV)] rarely respond to IFN therapy. Lamivudine is an example of the class of 
"unnatural" P-L-nucleoside analogs that have recently drawn considerable attention as 
antiviral and anticancer agents. Similar to IFN, however, a complete antiviral response, 
as assessed by HBe seroconversion, is seen in only a minority of patients after one year 
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of treatment. In addition, cessation of lamivudine therapy frequently leads to a marked 
rebound in viral replication (hepatitis flare), which can be life threatening in HIV-HBV 
co-infected patients. With long-term survival increasing for HIV-infected patients, 
chronic HBV infection is becoming an important determinant of disease outcome in 
the co-infected patient population. Also, lamivudine resistance is now recognized in 
16-32% of HBV-infected patients after one year of treatment, and in as much as 58% 
after two to three years [1,2]. 

Other nucleoside analogs currently under evaluation for the treatment of HBV 
infection are Hsted in Table 1. These include adefovir dipivoxil (an oral prodrug of 
PMEA), which may be beneficial against lamivudine-resistant mutants, and emtricitabine 
[(-)-FTC], which is similar to lamivudine. Development of famciclovir (an oral 
prodrug of penciclovir) and lobucavir have been discontinued due to limited antiviral 
activity and adverse side effects, respectively. Two other potent nucleoside analogs, 
L-FMAU and BMS200-458, are currently in human trials, although clinical data have 
not yet been reported. 

Table 1. Nucleosides approved or in development for HBV therapy 

Compound 

lamivudine 

adefovir dipivoxil 

emtricitabine 

lobucavir 

famciclovir 

DAPD 

L-FMAU 

L-dA (NV-02A) 

L-dT (NV-02B) 

L-dC (NV-02C) 

L-D4FC 

D-D4FC 

BMS200-475 

Company 

GlaxoSmithKline 

Gilead 

Triangle 

Bristol-Myers Squibb 

GlaxoSmithKline 

Triangle 

Triangle 

Idenix 

Idenix 

Idenix 

Achillion 

Pharmasset 

Bristol-Myers Squibb 

Originally Developed for 

HIV 

HIV 

HIV 

CMV, HSV 

HSV-1, HSV-2, VZV 

HIV 

HBV 

HBV 

HBV 

HBV 

HIV 

HIV 

HSV 

HBV Development Status 

Approved 

Phase Ilb/IIIa 

Phase I/II 

Discontinued (adverse side effects) 

Discontinued (limited activity) 

preclinical 

(clinical ex-US) 

preclinical 

Phase I/II 

Phase I/II 

preclinical 

preclinical 

Phase I/II 

Structure-activity relationships identify new class of |3-L-nucleosides specific for 
hepadnaviruses 

Now, through an extensive structure-activity analysis, a unique series of simple, 
(J-L-nucleosides that specifically inhibit hepatitis B virus (HBV) replication has been 
discovered. The most potent, selective and specific members of the class are L-dA, 
L-dC, and L-dT (Figure 1). 
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OH OH OH 

L-dA (NV-02A) L«clT (NV-OIB) L-dC (NV-02C) 

Figure 1. Structures of p-L-nucleoside compounds 

The structure-activity relationship (SAR) established among the p-L-2'-deoxycytidine, 
-thymidine and -deoxyadenosine series are presented in Table 2. These molecules have 
in common a hydroxyl group (-0H) in the 3'-position of the P-L-2'-deoxyribose sugar 
that confers antiviral activity specifically against hepadnaviruses. Replacement of the 
3'-OH broadens activity to other viruses. Substitution in the base decreases antiviral 
potency and selectivity. 

Substitution of a halogen atom at the 5-position (Rl) in the pyrimidine ring of L-dC, 
without modification of the deoxyribose sugar (e.g., p-L-2'-deoxy-5-fluorocytidine, 
L-5-FdC; p-L-2'-deoxy-5-chlorocytidine, L-5-CldC), decreased the potency against 
HBV but did not affect the antiviral specificity for HBV. In contrast, analogs of L-dC 
which lacked the 3'-0H group (R3) on the deoxyribose sugar (e.g., p-L-2', 3'-dideox-
ycytidine, L-ddC; p-L-2', 3'-dideoxy-3'-thiacytidine, 3TC; p-L-2', 3'-didehydro-2', 
3'-dideoxycytidine, L-d4C) lost antiviral specificity for HBV and showed activity 
against HIV. Similarly, replacement of the 3'-0H group with a 3'-fluoro moiety (e.g., 
P-L-2', 3'-dideoxy-3'-fluorocytidine, L-3'-FddC) eliminated the antiviral specificity, 
although antiviral potency against HBV and HIV was retained. 

In addition, substitutions at the 5-position (Rl) of the pyrimidine base of P-L-2', 
3'-dideoxycytidine lacking the 3'-OH group (e.g., P-L-2', 3'-dideoxy-5-fluorocytidine, 
L-5-FddC; p-L-2', 3'-dideoxy-5-chlorocytidine, L-5-ClddC; P-L-2', 3'-dideoxy-3'-thia-
5-fluorocytidine, FTC; p-L-2', 3'-didehydro-2', 3'-dideoxy-5-fluorocytidine, L-d4FC; 
P-L-2', 3'-dideoxy-3'-fluoro-5-fluorocytidine, L-3'-F-5-FddC; p-L-2', 3'-dideoxy-3'-
azido-5-fluorocytidine, L-3'-azido-5-FddC) further affected the antiviral potency of 
these analogs against HBV, as well as HIV. These studies suggest that the 3'-OH of the 
P-L-2'-deoxyribose of L-dC plays a crucial role in inhibiting virus replication, possibly 
by specific interruption of the DNA dependant DNA polymerase step. 

The structure-activity relationships for the L-dT and L-dA series (Table 2) were similar 
to that observed for the L-dC series. The specific anti-HBV activity of L-dT and L-dA was 
lost upon removal or substitution of the 3'-0H group (R3). P-L-2'-deoxy-xylo-thymidine 
(L-xylo-dT), which is identical to L-dT except for the 3'-OH group in the opposite 
orientation (R2), also lost anti-HBV activity, further emphasizing the importance of the 
3'-OH group in the inhibition of HBV rephcation. An L-dT analog with a fluorine 
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Table 2. Structure-activity relationship of P-L-2'-deoxynucleosides 

L-dC 

L-5-FdC 

L-5-CldC 

L-ddC 

3TC 

L-3'-azido-5-FddC 

L-3'-FddC 

FTC 

L-5-ClddC 

L-d4C 

L-d4FC 

L-3'-F-5-FddC 

L-5-FddC 

L-dT 

L-ddT 

L-3'-FddT 

L-3'-azido-ddT 

L-3'-amino-ddT 

L-d4T 

L-xylo-dT 

L-dA 

L-2-CldA 

L-ddA 

L-d4A 

L-3'-azido-ddA 

L-3'-amino-ddA 

L-3'-fluoro-ddA 

L-ddAMP-

bis(tbutylSATE) 

L-3'-azido-d4A 

Rl 

H 

F 

CI 

H 

H 

F 

H 

F 

CI 

H 

F 

F 

F 

H 

CI 

H 

H 

H 

H 

H 

H 

H 

R2 

H 

H 

H 

H 

H 

H 

H 

H 

H 

-
-
-
-

H 

H 

H 

H 

H 

-
OH 

H 

H 

H 

-
H 

H 

H 

H 

-

R3 

OH 

OH 

OH 

H 

-
N3 

F 

-
H 

-
-
F 

-

OH 

H 

F 

N3 

NH2 

-
H 

OH 

OH 

H 

-
N3 

NH2 

F 

H 

N3 

X 

CH 

CH 

CH 

CH 

S 

CH 

CH 

S 

CH 

CH 

CH 

CH 

CH 

5 

5 

EC50 

anti-HBV 

2.2.15 cells 

0.24±0.08 

5 

10 

0.1 

0.05±0.01 

0.11±0.09 

0.5 

0.04 

10 

<0.1 

<0.1 

4 

0.10±0.05 

0.19±0.09 

>10 

>10 

>10 

>10 

>10 

>10 

0.10-1.9 

>10 

>10 

0.80±0.10 

>10 

>10 

>10 

0.08±0.03 

>10 

, (^iM)^ 

anti-HIV 

PBM cells 

>200 

>100 

>100 

0.26 

0.002 

0.05 

82 

0.008 

>100 

1.0 

0.034 

>100 

0.021 

>200 

>100 

>100 

>100 

>10 

>100 

>10 

>10 

>10 

0.38 

>10 

>100 

0.002 

>100 

0X7 

w 
R2 R3 

0 

XT'"' 
\ ^ 
V5( 

m 

jt. 

^ 7 H 
R2 m 

Antiviral 50% effective concentration (EC^^^). The greater than symbol (>) is used to indicate the highest 

concentration at which the compounds were tested. Values are presented as means of at least three 

independent experiments. Anti-HIV data for L-ddC, 3TC, FTC, L-5-FddC, L-d4FC from references 

[3-5]. L-d4T, L-ddA and L-d4A data from references [6, 7]. 
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substitution at the 2' up-position (L-FMAU, |3-L-2'-deoxy-2'-fluoro-5-methyl-arabino-
furanosyl uracil) has been reported to have activity against both HBV and EBV [8]. Thus, 
it is possible that modification of the 2'-position in addition to the 3'-position of L-dT 
may also change antiviral specificity for HBV. 

Substitution at the 2-position (Rl) on the purine base of L-dA (e.g., p-L-2'-deoxy-2-
chloroadenosine, L-2-CldA) had a negative effect on anti-HBV activity. The analogs of 
L-dA lacking the 3'-OH group with or without further modification of the deoxyribose 
sugar lost specificity and were not as potent against HBV. The marginal antiviral 
activity of P-L-2', 3'-dideoxyadenosine (L-ddA), despite its potent inhibitory activity 
against both HIV reverse transcriptase (HIV-RT) and woodchuck hepatitis (WHV) 
DNA polymerase [9], can be explained by the low intracellular concentrations of 
the phosphorylated form due to rapid and extensive catabolism [10]. This conclusion 
is also supported by recent studies that demonstrated potent antiviral activity of an 
L-ddA 5'-monophosphate prodrug (|3-L-2',3'-dideoxy-adenosine-5'-monophosphate-t-
butyl-S-acyl-2-thioethyl; L-ddAMP-bis-(tbutyl-SATE)). The prodrug form decreases the 
intracellular cataboHsm of the parent molecule [11] and releases the 5'-monophosphate 
derivative inside the cell. When used in this pronucleotide form, L-ddA was active 
against both HIV and HBV, further supporting the importance of the 3'-OH group for 
antiviral specificity. As in the L-dC and L-dT series, unmodified p-L-2'-deoxyadenosine 
most potently and specifically inhibited HBV replication. 

Demonstration that L-dNTP analogs can inhibit HBV reverse transcriptase/DNA 
polymerase activity does not preclude other mechanisms of action. Inhibition of 
other important activities of the polymerase (which include RNaseH activity, priming 
of reverse transcription and co-ordination of intracellular virion assembly), or the 
possibility of internal incorporation of L-dNMP into viral DNA as a mechanism of 
inhibition are currently under investigation. 

The P-L-deoxynucleoside series is specific for hepatitis B virus 

To further assess their antiviral specificity, L-dC, L-dT and L-dA were screened against 
15 different RNA and DNA viruses (Table 3). 

The antiviral potencies of L-dA, L-dT and L-dC were measured by the magnitude of 
the reduction of extracellular HBV DNA and intracellular replicative intermediates com
pared to untreated HBV-expressing hepatoma 2.2.15 cells. The P-L-2'-deoxynucleosides 
inhibited hepadnavirus replication as previously defined by the SAR, but had no activity 
against HIV-1, HSV-1, HSV-2, VZV, EBV, HCMV, adenovirus type-1, influenza A 
and B, measles virus, parainfluenza type-3, rhinovirus type-5 and RSV type-A at 
concentrations as high as 100 |iM. Potent antiviral activity against the woodchuck 
hepatitis B virus (WHV) is described later using an in vivo model of chronic hepatitis B 
virus infection. Thus, the unmodified P-L-2'-deoxynucleosides, L-dC, L-dT and L-dA, 
are uniquely specific for the hepadnaviruses HBV, DHBV, and WHV. 
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Table 3. Antiviral activity and cytotoxicity levels of L-dC, L-dT and L-dA 

Virus^ Cell line L-dC L-dT L-dA L-dC 

CC^JMM)*' 

L-dT L-dA 

HBV 2.2.15 0.24 0.19 0.10 >2000 >2000 >1000 

DHBV PDH 0.87 0.18 0.15 nd*̂  nd nd 

HIV-1 PBMC >100 >100 >100 >100 >100 >100 

HSV-1 HFF >20 >200 >100 >60 >200 >100 

HSV-2 HFF >100 >100 >100 >100 >100 >100 

VZV HFF >100 45.2 >100 >100 18.6 >100 

EBV Daudi >50 >50 5.7 >50 >50 23.1 

HCMV HFF >100 >100 >100 >100 >100 >100 

adenovirus type-1 A549 >100 nd >100 >100 nd >100 

influenza A MDCK >100 >100 >100 >100 >100 >100 

influenza B MDCK >100 >100 >100 >100 >100 >100 

measles CV-1 >100 >100 >100 >100 >100 >100 

parainfluenza type-3 MA-104 >100 >100 >100 >100 >100 >100 

rhinovirus type-5 KB >100 nd >100 >100 nd >100 

RSVtype-A MA-104 >100 >100 >100 >100 >100 >100 

^ The specific antiviral activity of L-dC, L-dT and L-dA was confirmed using a panel of viruses tested by 

the NIH NIAID Antiviral Research and Antimicrobial Chemistry Program. 

^ Antiviral 50% effective concentration (EC^Q) and 50% cytotoxic concentration (CC^Q). PDH, primary 

duck hepatocytes; PBMC, peripheral blood mononuclear cells; HFF, human foreskin fibroblast; Daudi, 

Burkitt's B-cell lymphoma; A549, human lung carcinoma; MDCK, canine kidney epitheUal cells; CV-1, 

African green monkey kidney fibroblast cells; MA-104, Rhesus monkey kidney epithelial cells; KB, 

human nasopharyngeal carcinoma. 

'̂  nd, not determined. 

Intracellular activation, metabolism, and pharmacology 

The metabohc pathways shown in Figure 2 for L-dT and Figure 3 for L-dC are based 
on intracellular accumulation and decay data, and on competition experiments using the 
corresponding endogenous D-nucleosides. 

L-dC, L-dT and L-dA were efficiently metabolized (activated) to their respective 
5'-triphosphate derivatives in HepG2 cells and human hepatocytes in primary culture 
[12]. The intracellular triphosphate concentrations should well exceed the antiviral EC^Q 
for most wild-type and mutant HBV. The metabolic profiles obtained after a 24-hour 
exposure of HepG2 cells to 10 \xM [^H]-L-dT and [^H]-L-dC are shown in Figure 4 
(Accumulation and Decay). The phosphorylation pattern in primary hepatocytes of 
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0 

^o^p^'^ Deoxycytidine kinase 
L-dT-MP 

OH 

L-dT 

Thymidine kinase 1 

I 
L-dT-DP > L-dT-TP 

Figure 2. Proposed metabolic pathway for L-dT. 

X^ J) Deoxycytidine 

> L-dC-MP • L-dC-DP • L-dC-TP 
O fvl ^Qj_j kinase 

loS' 

w 

Deoxycytidine 
deaminase 

Deoxycytidylate 
deaminase L-dC-DP-Chollne 

L-dU < L-dUMP • L-dUDP •- L-dUTP 

Figure 3. Proposed metabolic pathway for L-dC. 

human and animal origin is qualitatively and quantitatively similar for the activated 
5'-TP form of each compound. This is in contrast to earlier studies reporting limited 
intracellular activation of L-dT [13, 14]. The 5'-triphosphates of L-dC, L-dT and 
L-dA inhibited WHY DNA polymerase with a 50% inhibitory concentration (IC^Q) 

of 0.24-1.82 |iM. In addition, exposure of HepG2 cells to L-dC led to a second 
5'-triphosphate derivative, i.e., p-L-2'-deoxyuridine 5'-triphosphate (L-dUTP), which 
also inhibited WHY DNA polymerase with an IC^Q of 5.26 |lM [12, 15]. Similar to 
(J-L-cytidine analogs [16-19], L-dC was not a substrate for cytosolic cytidine deaminase, 
suggesting that the 5'-monophosphate metabolite of L-dC is probably susceptible 
to deamination through deoxycytidylate deaminase. The apparent intracellular half-
Hves of the L-dT-5'-TP and L-dC-5'-TP were >14 hours, which correlated with the 
prolonged antiviral activity following drug withdrawal in virus rebound experiments 
(data not shown). 
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Accumulation Decay 
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Figure 4. Intracellular accumulation and decay of metabolites after exposure of HepG2 cells to 10 |LiM 

L-dT or L-dC (24 hr). 

Pharmacokinetic profiles 

The pharmacokinetic profile of L-dT in the monkey is presented in Figure 5. 
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Figure 5. Plasma concentration in monkeys after administration of 10 mg/kg L-dT. 
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The data are the mean (± SD) from three animals per group. Following i.v. 
administration, plasma concentrations of L-dT in monkeys declined in a bi-exponential 
manner, and it was not detectable after eight hours. The estimated terminal phase half-
life was shorter in monkeys (1.33 hr) than in woodchucks (3.99 hr). The total clearance 
was higher in monkeys (0.74 1/hr/kg) than in woodchucks (0.20 1/hr/kg). The apparent 
volume of distribution (V^) indicated good intracellular distribution in both species. 
Oral absorption of L-dT in monkeys, and in woodchucks, was slow, with peak 
concentrations occurring one to four hours after dosing. The F for L-dT was high in 
monkeys (68.6%) and in woodchucks (38.3%). 

The oral bioavailability (F) of L-dC was lower and more variable than L-dT in 
woodchucks (9.6%) and monkeys (16.4%). The elimination of L-dC was approximately 
fourfold faster in rats than woodchucks. Absorption of L-dC in rats after oral administra
tion was also slow, with peak plasma concentrations occurring one hour post dosing. 
The elimination half-life of L-dC was shorter in rats, and the V^ was similar to 
that observed in woodchucks and monkeys. The oral bioavailability of L-dC was 
higher in rats (15.4%) than in woodchucks. Low plasma levels of L-dU were detected 
in woodchucks: 0.75 |iM and 0.19 |iM after intravenous and oral administration, 
respectively. L-dU was detected in plasma after L-dC administration to monkeys and 
rats at detectable but not quantifiable levels (<0.1 |LIM). L-dU was detected in urine in 
all three species. The pharmacokinetic parameters for L-dT and L-dC were consistent 
among the three species, with the exception of a slower elimination rate for both 
compounds in woodchucks. 

Because the oral bioavailability of L-dC was low (F in monkeys 16%), a series 
of ester prodrugs was synthesized. The oral bioavailability of the 3', 5' ester prodrug 
of L-dC in cynomologus monkeys increased at least threefold in monkeys compared 
to L-dC. 

Antiviral activity and safety in the woodchuck chronic hepatitis model 

Woodchucks chronically infected with WHV are widely accepted as a model of HBV 
infection and have proven useful in the evaluation of anti-HBV agents. Antiviral activity 
in this model has been a positive predictor of antiviral activity in human chronic HBV 
infection [20-22]. The serum levels of WHV DNA during four weeks of daily treatment 
with L-dT or L-dC and eight weeks of follow-up were determined. The dosing of 
L-dT, L-dC and L-dA (0.01-10 mg/kg orally, three animals per compound-treatment 
group, four animals in placebo group) for 28 days in chronically infected woodchucks 
showed a dose-related, potent inhibition of viral replication in each case (data for 
L-dT shown in Figure 6). 

The serum levels of WHV DNA during four weeks of drug treatment and eight weeks 
of post-treatment follow-up were determined by DNA dot-blot hybridization (detection 
limit approximately 10^ genome equivalents/ml serum) and by quantitative PCR (detec
tion limit approximately 300 genome equivalents/ml serum). The WHV DNA replication 
was significantly inhibited within the first few days of treatment and was maintained 
throughout the treatment period. Notably, serum WHV DNA levels (HBV viremia) 
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Figure 6. Reduction of serum virus load in the woodchuck chronic-HBV model (dose response). 

decreased up to 8 logs, to below the limit of detection by PCR in the L-dT treated 
animals (Figure 7), and decreased by up to 6 logs in the majority of L-dC treated 
animals (not shown). The ester prodrug of L-dC, which had an oral bioavailability of 
three times that of L-dC, has not yet been tested in the woodchuck model, but would be 
expected to show antiviral activity similar to that of L-dT. 

WHV DNA levels rebounded to near pre-treatment levels by eight weeks following 
drug withdrawal. Viral rebound was detected within the first week post-treatment. In 
addition a decline in WHV surface antigen, as measured using the method of Cote, et al. 
[23], paralleled the marked reduction in viral load. The onset of the response was delayed 
by at least one week but continued to fall for several weeks after drug removal. 

The cytidine analog lamivudine (10 mg/kg/d), used for comparison to the L-dC 
treatment group, reduced the HBV genome equivalents/ml in serum by 0.5 to 1.0 log. 
This reduced effect is consistent with previous studies using similar doses of lamivudine 
[24]. Higher doses (40-200 mg/kg) are required to produce significant antiviral activity 
in this model [25]. The low activity of lamivudine in the woodchuck model has been 
explained in part by the low conversion of lamivudine and other cytidine analogs to 
their active 5'-triphosphate forms in woodchuck liver compared to that in human liver. 
In addition, the oral bioavailability of lamivudine in woodchucks was reported to be 
18%-54%, whereas the oral bioavailability observed in humans was 82% [26, 27] 

The woodchuck model was also valuable for the preclinical toxicological evaluation 
of nucleoside analogs. This model identified the delayed, severe hepatocellular toxicity 
induced by FIAU (fialuridine, 1, 2'-deoxy-2'-fluoro-l-P-D-arabinofuranosly-5-iodo-
uracil) in humans, which was not seen in preclinical evaluation in rats, dogs or monkeys 
[28, 29]. The FIAU-induced toxicity observed in woodchucks, including significant 
weight loss, wasting and hepatocellular damage seen on liver biopsy, was identified 
beginning six to eight weeks from onset of treatment and was similar to that observed 
in the treated HBV-infected patients [30]. 
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Figure 7. Reduction of serum virus load and WHsAg by L-dT (10 mg/kg) in the woodchuck chronic-HBV 

model. 

In a separate 12-week study in the woodchuck model, the combination of 1 mg/kg/day 
L-dT and 1 mg/kg/day L-dC reduced viral load to levels significantly lower than either 
agent alone. This combination of L-dT and L-dC (each at one-tenth the concentration 
of monotherapy) reduced viral load to the limit of detection (10^ genome equivalents per 
ml serum). Following drug removal, the time to viral rebound was markedly prolonged 
when L-dT and L-dC were administered in combination. A dramatic decrease in hepatitis 
B surface antigen, as a marker of viral replication, was also seen. In both the 28-day 
study and the 12-week study, no toxicity was seen at the highest dose tested. All animals 
gained weight compared to placebo treated control animals, and end-of-treatment liver 
biopsies from the animals in the 12 week study were normal, without evidence of 
microvesicular steatosis. 

Selectivity and lack of cellular toxicity 

Since long-term treatment is expected for chronic HBV infection, drug selectivity 
and lack of cytotoxicity is a critical issue. Toxic side effects have also been a major 
limitation for the clinical use of some nucleoside analogs [31-34]. 

The 5'-triphosphates of L-dC, L-dT and L-dA do not inhibit human DNA polymerases 
a, p and y at concentrations up to 100 |LIM. Krayevsky and coworkers also reported 
that the 5'-triphosphates of L-dC and L-dT were not substrates for human DNA 
polymerases [35]. 
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L-dC, L-dT and L-dA had no cytotoxic effect on the human hepatoma cell Hne 
2.2.15 (CĈ Q values > 2,000 |LiM), in primary human peripheral blood mononuclear cells 
(PBMC), human foreskin fibroblasts (HFF), or other cell types of mammalian origin 
(Table 2). In addition, studies by Verri, et al. [19], demonstrated that L-dC was not 
cytotoxic toward lymphoblastoid T cells. 

Human bone marrow stem cells in primary culture have been shown to be a good 
predictor of potential nucleoside analog-induced hematotoxicity in patients [36, 37]. 
Granulocyte-macrophage (CFU-GIM) and erythroid (BFU-E) precursors exposed to 
L-dC, L-dT and L-dA in clonogenic assays, which routinely detect the cellular toxicity 
of ZDV, were not affected [Table 4]. These results suggest that L-dC, L-dT and L-dA are 
highly selective, and their phosphorylated forms will be non-toxic in vivo. 

Table 4. Human bone marrow toxicity of L-dA, L-dT and L-dC in granulocyte macrophage progenitor 

and erythrocyte precursor cells 

Compound CFU-GM^ IC^^ (̂ iM) BFU-E^ IC^^ (|LiM) 

L-dA > 40 > 10 

L-dT > 40 > 10 

L-dC > 40 > 10 

ZDV 1.9±1.2 0.6±0.5 

^ CFU-GM: Granulocyte macrophage progenitor cells, colony forming units. 

^ BFTJ-E: Erythrocyte precursor cells, burst forming units. 

Nucleoside analogs used in AIDS therapy, such as zidovudine (AZT, p-D-3'-azido-
3'-deoxythymidine), stavudine (d4T, P-L-2', 3'-didehydro-2', 3'-dideoxythymidine), 
didanosine (ddl, p-D-2', 3'-dideoxyinosine) and zalcitabine (ddC, |i-D-2', 3'-dideox-
ycytidine), have shown clinically limiting delayed toxicities, such as peripheral 
neuropathy, myopathy, and pancreatitis [31-34]. These adverse effects are attributable 
to decreased mitochondrial DNA (mtDNA) content and altered mitochondrial function 
leading to increased lactic acid production and hepatic steatosis [38-44]. Concomitant 
morphological changes in mitochondria (e.g., loss of cristae, matrix dissolution and 
swelling, and lipid droplet formation) can be observed with ultrastructrual analysis 
using transmission electron microscopy [40, 45, 46]. For example, fialuridine (FIAU) 
toxicity was shown to be associated with an irreversible intracellular event which 
decreased mitochondrial respiratory function, resulting in decreased mitochondrial ATP 
production and fatty acid metabolism. This form of mitochondrial toxicity can be 
initially identified in cell culture by increased lactic acid production and intracellular 
lipid droplet formation. In HepG2 cells incubated with 10 [iM FIAU, a substantial 
increase in lactic acid production was observed (Table 3). Electron micrographs 
of these cells showed the presence of enlarged mitochondria with morphological 
changes consistent with mitochondrial dysfunction. Lamivudine (10 |LiM) did not effect 
mitochondrial structure or function. Using similar conditions, exposure of HepG2 cells 
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to 10 |iM L-dC, L-dT or L-dA for 14 days had no effect on lactic acid production, 
mitochondrial DNA content or morphology (Table 5). 

Table 5. Effect of L-dC, L-dT and L-dA on mitochondria in HepG2 cells 

Compound 

Control 

L-dC 

L-dT 

L-dA 

Lamivudine'̂  

FIAU'̂  

Cone. 

(|iM) 

0.1 

1.0 

10 

0.1 

1.0 

10 

0.1 

1.0 

10 

0.1 

1.0 

10 

0.1 

1.0 

10 

Cell Density 

100 

102 12 

100 6 

101 ± 10 

103 ± 7 

106 ± 8 

97 ±7 

103 ± 14 

102 ± 14 

100 ± 14 

101 ± 2 

99 ± 1 

99 ± 1 

83 ± 6 

73 ± 9 

37 ±10 

L-Lactate 

% of control 

100 

100 4 

101 ± 6 

101 ± 2 

102 ± 2 

99 ± 2 

105 ± 2 

99 ± 3 

102 ± 3 

103 ± 5 

99 ± 5 

101 ± 3 

98 ± 3 

119 ±5 

134 ± 9 

203 ± 13 

mtDNA 

100 

105 11 

99 ±10 

107 ± 8 

103 ± 4 

101 ±7 

97 ± 4 

97 ±14 

92 ± 8 

88 ±18 

107 ± 8 

96 ± 9 

98 ±10 

101 ± 2 

118±5 

86 ± 4 

Lipid Droplet 

Formation 

neg^ 

nd^ 

nd 

neg 

nd 

nd 

neg 

nd 

nd 

neg 

nd 

nd 

neg 

nd 

nd 

positive 

Mitochondrial 

Morphology 

normal 

nd 

nd 

normal 

nd 

nd 

normal 

nd 

nd 

normal 

nd 

nd 

normal 

nd 

nd 

abnormal 

HepG2 cells were treated with the indicated concentrations of L-dT, L-dC or L-dA for 14 days. Values are 

presented as means and standard deviations of three independent experiments. 

^ neg, negative. 

^ nd, not determined. 

^ Data from reference [34, 43]. 

In acute (50-2000 mg/kg single oral dose) and subchronic (500-2000 mg/kg/day 
orally for 28 days) toxicology studies in rats and monkeys, there were no overt signs 
of toxicity, nor were there any L-dT related effects on body weight, food consumption, 
or clinical pathology parameters (hematology and serum chemistry). In addition, there 
were no macroscopic lesions observed at necropsy, nor were there any microscopic 
findings on histomorphological analysis attributable to L-dT. Based on the results of 
these studies, the no observed adverse effect level (NOAEL) for L-dT following a single 
oral dose, or repeated dosing for 28 days by oral gavage in the Sprague-Dawley rat and 
cynomologus monkey, was 2000 mg/kg. 

In normal, healthy woodchucks or woodchucks chronically infected with hepatitis 
B virus, no toxicity was observed during acute (10 mg/kg single dose IV and PO) 
and subchronic (28 days at 10 mg/kg/day orally and 12 weeks at 1 mg/kg/day orally) 
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studies. There was no weight loss in the L-dT treatment groups compared to control 
animals, clinical pathology parameters (hematology and serum chemistry) were in the 
normal range, and end- of- treatment liver biopsies in the 12-week study showed no 
evidence of fatty change (microvesicular steatosis). 

L-dT and L-dC were not mutagenic in the S. typhimurium or E. coli plate incorpora
tion mutagenicity assay, at concentrations up to a maximum of 5000 |Lig/plate tested. 
There was no evidence of chromosomal aberrations in the Chinese hamster ovary (CHO) 
assay after exposure to L-dT or L-dC at concentrations up to a maximum of 5000 |ig/mL 
(20.6 mM). In the mouse micronucleus assay, L-dT and L-dC were not clastogenic to 
male or female animals (maximum dose tested 2000 mg/kg). 

These investigational agents, used alone or in combination, are expected to offer new 
therapeutic options for patients with chronic hepatitis B virus infection. 

(Since presentation at the International Conference on Therapies for Viral Hepatitis, 
Maui, 1999, much of this work has been published in Antimicrobial Agents and 
Chemotherapy 45: 229-235, 2001.) 
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Introduction 

p-L-Thymidine (L-dT) is an unsubstituted, unmodified P-L-deoxynucleoside with 
potent antiviral activity against hepadnaviruses in vitro and in vivo, and a favorable 
pharmacological profile. As part of its development as a potential oral anti-HBV agent, 
a series of pre-clinical studies in vitro and in laboratory animals were conducted to 
delineate the cytotoxic, genotoxic, toxicologic and toxicokinetic profile of L-dT. 

In vitro cytotoxicity 

Effect on various cell types 

A major issue limiting the use of some antiviral nucleoside analogs in patients has 
been drug-associated toxic side effects [1-3]. Drug selectivity is a critical issue in the 
treatment of patients chronically infected with HBV, since long-term therapy is needed. 
In cell culture, L-dT was non-cytotoxic (50% cytotoxic concentration, CC^^ > 2000 joM) 
to the human hepatoma cell line 2.2.15, routinely used to determine the anti-HBV 
activity of potential antiviral agents, and was not cytotoxic to human peripheral blood 
mononuclear cells (CC^^ >100 |iM). In addition, L-dT was non-cytotoxic to numerous 
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other cell lines of human and mammalian origin, including HFF, Daudi, A549, MDCK, 
CV-1,MA-104, andKB. 

Effect on human bone marrow progenitor cells 

The myelosuppressive effects of certain antiviral nucleoside analogs have highlighted 
the need to test for potential adverse effects on the growth of human bone marrow 
progenitor cells in clonogenic assays [4]. In particular, anemia and neutropenia are 
the most common drug-related clinical toxicities associated with the anti-human 
immunodeficiency virus (HIV) drug zidovudine (ZDV). This toxicity can be modeled in 
an in vitro assay that employs bone marrow cells obtained from healthy volunteers [5]. 
ZDV has been shown to directly inhibit human granulocyte-macrophage (CFU-GM) 
and erythroid (BFU-E) lineage colony proliferation at clinically relevant concentrations 
of 1-2 \\M [5-11]. Using human bone marrow clonogenic assays, L-dT had a 50% 
inhibitory concentration (IC^ )̂ in CFU-GM and BFU-E of greater than 10 |iM. 

Effect on mitochondrial function 

Clinically limiting toxicities including peripheral neuropathy, myopathy, and pancreatitis 
are associated with the anti-HIV drugs ZDV, stavudine (d4T), didanosine (ddl), and 
zalcitabine (ddC) [4, 12-14]. These clinically adverse events have been attributed to 
inhibition of mitochondrial function due to reduction in mitochondrial DNA (mtDNA) 
content and nucleoside analog incorporation into mtDNA. In addition, a particular 
nucleoside analog, fialuridine (FIAU), caused hepatic failure, pancreatitis, neuropathy, 
myopathy, and lactic acidosis due to direct mitochondrial toxicity [15]. 

To assess the potential of L-dT to produce mitochondrial toxicity, several in vitro 
studies were conducted using the human hepatoma cell line HepG2 and normal human 
hepatocytes. These studies included analysis of lactic acid production, mtDNA content, 
and determination of changes in morphology (e.g., loss of cristae, matrix dissolution and 
swelling, and lipid droplet formation) of mitochondrial ultrastmcture. In HepG2 cells 
chronically treated with L-dT for 14 and 28 days, there was no change in mtDNA content 
and no difference in cellular lactic acid production compared to untreated control cells 
(Faraj et al.. Antiviral Therapy, 1999, 4 (suppl 4) A119). Furthermore, the ultrastmcture 
of HepG2 cells, and in particular mitochondria, were examined by transmission electron 
microscopy. No discernible changes in cell architecture or mitochondrial morphology were 
detected. The size and organization of mitochondrial cristae were normal. Thus, L-dT had 
no apparent effect on mitochondrial morphology or function. 

Mutagenicity and genotoxicity 

Three studies were undertaken to determine the mutagenetic potential of L-dT.- S. 
typhimurium and E. coli plate incorporation mutation assay and chromosomal aberration 
assay, and the mouse micronucleus assay. 
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L-dT was tested for its potential to cause mutations at the histidine operon of four 
strains of Salmonella typhimurium and at the tryptophan operon of Escherichia coli. 
In the bacterial reverse mutation assay, L-dT was tested up to a concentration of 
5000 |ig/plate. Test strains were exposed to L-dT or control in the absence of exogenous 
activation and in the presence of induced rat liver S-9 plus cofactors. No substantial 
increases in the number of revertant colonies were observed for any of the test 
strains in the presence or absence of induced rat liver S-9. There was no evidence of 
mutagenicity in the S. typhimurium or E. coli plate incorporation mutation assay with 
L-dT concentrations up to 5000 jig/plate. 

In the cytogenetic study in vitro, there was no indication that L-dT was clastogenic, 
as evidenced by a lack of chromosomal aberrations in the Chinese hamster ovary 
(CHO) assay after exposure to L-dT at concentrations up to 5000 |ig/mL, either with 
or without metabolic activation. 

L-dT was tested for its potential to induce micronucleated polychromatic erythrocytes 
(MPCE) in the bone marrow cells of male and female mice. The results of the study 
indicate that there was no statistically significant increase (defined as a p-value <0.025, 
determined by a one-tailed Student's t-test) in the number of MPCE at any timepoint at 
concentrations up to 2000 mg/kg following a single oral dose. Furthermore, no reduction 
of more than 20% compared to negative control in the percentage of polychromatic 
erythrocytes (PCE), as an indication of toxicity, was observed at any timepoint in 
any L-dT dose group. Thus, L-dT was not clastogenic to male or female animals at 
doses up to 2000 mg/kg. 

Acute toxicity 

A protocol was designed to evaluate the potential acute toxicity of L-dT in a rodent 
and non-human primate species. Rats (Sprague-Dawley) were administered a single oral 
dose of L-dT at 0, 500, 1000 or 2000 mg/kg of body weight, followed by 15 days 
of observation and a comprehensive gross necropsy. Cynomologus monkeys {Macaca 
fascicularis) were used to further evaluate the toxicity of L-dT in an oral-dose escalation 
study at levels of 20, 100, 500, 1000 and 2000 mg/kg body weight over 14 days, 
followed by a comprehensive gross necropsy on Day 17. Toxicity was assessed by 
clinical observations, body weights, clinical pathology, organ weights, and macroscopic 
pathological evaluation. 

No overt signs of toxicity were observed in either rats or monkeys during these 
studies at dosages up to 2000 mg/kg. All animals maintained body weight during the 
course of the studies, and there were no significant differences between the mean 
body weights of the L-dT treated animals and control groups. In addition, there were 
no significant differences in organ weights, both absolute and relative (organ-to-body 
weight and organ-to-brain weight). No treatment-related effects attributable to L-dT 
were observed in the clinical pathology parameters (hematology and serum chemistry). 
Furthermore, macroscopic examination for gross lesions in the organs at necropsy did 
not reveal any change due to L-dT administration. Based on the results of these acute 
toxicity studies, there was no demonstrable toxicity attributable to L-dT exposure, and 
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the no observed adverse event level (NOAEL) for L-dT following oral administration in 
the rat and monkey was 2000 mg/kg. 

Subchronic toxicity 

The potential for toxicity during 28-day repeated dosing with L-dT was evaluated in 
rats (Sprague-Dawley) and cynomologus monkeys by oral administration of 0, 500, 
1000, or 2000 mg/kg-body-weight/day. Throughout the whole treatment period there 
were no overt signs of toxicity, nor were there any L-dT-related effects in either rats or 
monkeys on body weight, food consumption, clinical pathology parameters (hematology 
and serum chemistry), histopathology, or organ weight (absolute and relative). No 
macroscopic lesions attributable to L-dT were observed at necropsy, nor were there any 
microscopic findings considered to be related to L-dT administration in rats or monkeys. 
It was observed that female rats in the 500 mg/kg and 2000 mg/kg group exhibited 
greater adrenal gland weights compared to the vehicle control females. There were no 
histomorphologic correlates to the increased adrenal weights. Based on the results of 
this study, the no observed adverse event level (NOAEL) for L-dT following repeated 
dosing for 28 days by oral gavage in rats and monkeys was 2000 mg/kg. 

Oral pharmacokinetics 

Blood samples were collected on Day 1 and Day 28 from rats and monkeys during the 
subchronic study for toxicokinetic analysis of drug exposure. The plasma concentration-
time data were subjected to non-compartmental analysis using WinNonlin 1.5 (Model 
200). The exposure to L-dT appeared to be comparable for male and female rats and 
monkeys within each dose group on Day 1 and Day 28. The mean Ĉ ^̂ ^ and AUC 
increased generally in an apparent dose-proportional manner in both species on each 
sampling day in males and females. The median T̂ ^̂ ^ was determined to be one to two 
hours for both sexes at all three dose levels on Days 1 and 28 in both rats and monkeys 
and is indicative of moderately rapid absorption from the gastrointestinal tract. 

L-dT was eliminated in an apparent mono-exponential manner in rats and in an 
apparent bi-exponential manner in monkeys. The estimated terminal-phase mean half-
lives ranged from 3.1 to 6.0 hours in rats, irrespective of dose and gender. Similarly, 
there were no dose or gender differences in the estimated terminal-phase mean half-lives 
of L-dT in monkeys, but the i^^^ ranged from 7.2 to 12.1 hours on Day 1, and from 
13.4 to 22.6 hours on Day 28. 

Mean plasma concentration-time curves of L-dT for male and female rats (2000 mg/kg 
dose groups) on Day 1 and Day 28 are illustrated in Figure 1. The mean C^̂ ^ values for 
male and female rats were similar within each sampling day and dose group. However, 
there was a tendency toward slightly higher values for female rats on Day 1 for the 
2000 mg/kg group and on Day 28 for the 500 mg/kg and 1000 mg/kg groups. C^̂ ^ 
values for males in each dose group and for females (2000 mg/kg group) were lower 
on Day 28 compared to Day 1. The C for females in the 500 mg/kg and 1000 mg/kg 
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Figure 1. Plasma profiles of L-dT following 1-day and 28-day repeated oral dosing at 2000 mg/kg/day in 

male and female rats and monkeys (n = 4/sex). 

groups were comparable on Day 1 and Day 28. Overall, exposure to L-dT appeared 
to be comparable for male and female rats within each dose group on Day 1 and 
Day 28, following 28-day, repeated oral dosing. In addition, exposure appeared to 
increase in a linear, dose-proportional relationship across the dosage range of 500 
to 2000 mg/kg/day. 

In monkeys, the C^̂ ^ for the 2000 mg/kg treatment group on Day 28 was greater in 
males than females (Figure 1). For both male and female monkeys in the 500 mg/kg 
and 1000 mg/kg groups and the 2000 mg/kg group males, the C^̂ ^ was higher on Day 
28 compared to Day 1. The C^̂ ^ values on both sampHng days were similar for the 
2000 mg/kg group females. In monkeys, the AUC showed trends similar to those noted 
^̂ ^ ^max- Overall, exposure to L-dT appeared to be comparable for male and female 
monkeys within each dose group on Day 1 and Day 28. In addition, exposure on Day 
28 appeared to be greater by 20% to 60% and generally increased in a dose-proportional 
manner on both Day 1 and Day 28. 
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Subchronic toxicity in woodchucks 

This study in a second rodent species supports the toxicology studies in the rat. The 
woodchuck model has been valuable for the preclinical toxicological evaluation of 
nucleoside analogs. This animal model identified the delayed severe hepatocellular 
toxicity induced by FIAU in humans that is not seen in preclinical evaluation in other 
rodents or primates [16, 17]. The FIAU-induced toxicity observed in woodchucks was 
similar to that observed in drug-treated, HBV-infected patients [15, 16]. Toxicity was 
identified after six to eight weeks of drug exposure for woodchucks and was manifested 
as significant weight loss, wasting and hepatocellular damage seen on liver biopsy. 

Woodchucks received L-dT at doses of 0.01, 0.1, 1.0, or 10.0 mg/kg/day orally 
for 28 days. No toxicity was observed during the four-week treatment period or 
eight-week post-treatment follow-up period. Furthermore, all animals gained weight 
in a fashion similar to control animals during the 84-day protocol. One animal in the 
0.1 mg/kg/day group lost weight during the treatment phase of the study but gained 
weight post-treatment. 

L-dT was also tested through 12 weeks of treatment (1 mg/kg/day via the oral 
route) and 12 weeks of follow-up. L-dT was well tolerated and showed no drug-related 
toxicity. Animals in the treated groups did not show any weight loss attributable to drug 
exposure when compared to the control group. Serum chemistries and hematology from 
all animals were in the normal range before and after 12 weeks of treatment. Liver tissue 
histomorphology as evaluated by routine light microscopy was normal for all groups. 
There was no evidence of fatty change (microvesicular steatosis). 

Chronic toxicity 

Studies are in progress to evaluate the chronic exposure of L-dT in rats (Sprague-
Dawley) and cynomologus monkeys. In rats, L-dT dosing occurs over a six-month 
period by oral drug administration of 0, 100, 500, or 1000 mg/kg-body-weight/day. 
A subset of animals will be evaluated after 3 months of dosing. Chronic exposure of 
cynomologus monkeys to L-dT at the same dose levels will be conducted for nine 
months, with a subset evaluated at three months. 

Summary 

L-dT is a potent antiviral nucleoside against HBV replication in cell culture and has 
a favorable in vitro toxicity profile. In vivo efficacy studies conducted in chronically 
infected woodchucks indicated that L-dT has potent antihepadnaviral activity, decreasing 
plasma viral DNA loads by up to 8 logs. L-dT is non-toxic and non-clastogenic at 
doses much greater than those most likely to be used clinically. No adverse events 
were observed in acute toxicity studies in rats and monkeys after oral administration 
of L-dT at concentrations up to 2000 mg/kg of body weight. In subchronic toxicity 
studies, L-dT showed no toxic effect at doses up to 2000 mg/kg of body weight after 
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28 days repeated oral administration to rats and monkeys. The potent antiviral efficacy 
and low toxicity in vitro and in vivo makes L-dT an attractive candidate for further 
development as an anti-HBV agent. 
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Introduction 

Chronic hepatitis B virus (HBV) infection is a major global health problem, affecting 
approximately 5% of the world's population and up to one million people in the United 
States. It is estimated that more than 2 billion people worldwide have been infected with 
HBV and that 350 million are chronically infected and at risk of death from cirrhosis 
and liver cancer. The development of an effective vaccine to prevent HBV infection 
should lead to the eventual eradication of the virus, however, antiviral therapy still 
remains the only therapeutic approach to delay or prevent the progression of this disease 
in chronically infected individuals. 

Currently, the only approved treatment options include a-interferon (INF) and 
lamivudine (3TC, P-L-2', 3'-dideoxy-3'-thiacytidine). Response rates with INF are low, 
and use of the drug is associated with side effects that can lead to discontinuation of 
therapy [1, 2]. In addition, response to INF therapy in immunosuppressed patients such 
as transplant recipients or those co-infected with the human immunodeficiency virus 
(HIV) is rare [3]. Lamivudine is a nucleoside analog with the unnatural (J-L sugar 
configuration, which has been in use for the treatment of HIV since its approval for 
this disease in 1995. However, similar to INF therapy, complete antiviral response 
to lamivudine is seen only in a small fraction of HBV patients after one year of 
therapy [4]. Further limitations of lamivudine therapy include a rapid rebound in 
viral replication upon cessation of therapy that can be life threatening in HIV-HBV 
co-infected individuals [5] and the rapid emergence of lamivudine resistance [4, 6]. 
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Since the approval of lamivudine for the treatment of HIV in 1995 and HBV 
in 1998, the search for other unnatural L-nucleosides with antiviral activity has 
been intense. Several such nucleosides are in various stages of development as 
potential antiviral agents, including the 5-fluoro congener of lamivudine, (-)-2'-deoxy-
5-fluoro-3'-thiacytidine (FTC) [7] and 2'-fluoro-5-methyl-p-L-arabinofuranosyl-uracil 
(L-FMAU) [8]. Recently, p-L-thymidine (L-dT) and |3-L-2'-deoxycytidine (L-dC), two 
representatives of (3-L-2'-deoxynucleosides, were shown to be potent, selective and 
specific inhibitors of HBV replication both in vivo and in vitro (EC^Q = 0.19-0.24 |LiM 
in 2.2.15) [9]. Neither compound exhibits cellular or mitochondrial toxicity, and neither 
inhibits human cellular DNA polymerase a, P, or y at concentrations as high as 100 |LiM 
[10]. Thus, both nucleosides appear to have promise as anti-HBV agents. 

To assess the preclinical pharmacokinetics of L-dT and L-dC, intravenous and oral 
cross-over studies were conducted in woodchucks (Marmota monax) and monkeys 
{Macaca fascicularis). The woodchuck is a useful animal model for studying anti-HBV 
agents due to the many similarities between woodchuck hepatitis virus (WHV) and 
HBV, hence providing important information on the in vivo efficacy of anti-HBV 
candidates [11, 12]. Likewise, monkeys have been well-established as an animal model 
that is predictive of the metaboHc disposition of a number of antiviral agents in 
humans [13-15]. 

Pharmacokinetics 

Woodchuck 

Healthy woodchucks, negative for WHV infection, received 10 mg/kg of L-dT or L-dC 
with a radiolabeled tracer as a single intravenous dose. Following a four-week washout 
period, the same animals received an identical oral dose of L-dT or L-dC. Plasma and 
urine samples were collected and analyzed by HPLC. 

Plasma concentration-versus-time curves following intravenous and oral administration 
of L-dT and L-dC are illustrated in Figures 1 and 2. Plasma levels declined in a 
biexponential manner for both compounds following intravenous administration, with mean 
apparent terminal half-hfe (t̂ /̂ ) ^^^^^^ ^^ ^-^^ ± ^-^^ h for L-dT and 2.85 ± 1.30 h for 
L-dC. The pharmacokinetic parameters of L-dT and L-dC generated by model-independent 
methods are summarized in Tables 1 and 2. The area under the plasma concentration-time 
curve (AUC) values for both compounds were similar, averaging 216 ± 46.2 |iM*h for 
L-dT and 174 ± 117 jiM*h for L-dC. Peak plasma concentrations of L-dT averaged 
162 ± 8.75 |iM and 112 ± 32.7 jLiM for L-dC. Both compounds were detectable 24 hours after 
drug administration. The apparent total clearance (CL) was moderate, with mean values of 
0.20 ± 0.47 and 0.39 ± 0.34 L/h/kg for L-dT and L-dC, respectively. The apparent volume of 
distribution (V )̂ for L-dT averaged 1.13 ± 0.23 L/kg, which is greater than the total volume 
of water in woodchucks, indicating intracellular distribution. Similarly, L-dC demonstrated 
intracellular distribution with a mean V^ of 1.17 ± 0.36 L/kg. 

Plasma L-dT and L-dC concentrations following oral administration were lower 
than those after intravenous administration. Absorption was slow with peak plasma 
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Figure 1. Plasma profile of L-dT (10 mg/kg) in woodchucks; mean (±SD) n=3. 
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Figure 2. Plasma profile of L-dC (10 mg/kg) in Woodchcucks; mean (±SD) n=3. 

concentrations {C^J of 8.58 ± 1.02 |iM and 1.37 ± 0.22 |iM for L-dT and L-dC, 
respectively, occurring three to four hours following dose administration. Both L-dT and 
L-dC were still detectable after 24 hours following drug administration. The elimination 
tj/2 values for both compounds were substantially higher than values observed after 
intravenous administration (Tables 1 and 2) due to prolonged oral absorption. L-dT 
exhibited good oral bioavailability (F), ranging from 34.9 to 43.4%. No metabolites 
of L-dT were detected in plasma. In contrast, absorption of L-dC was Hmited, with 
an average F of 9.57 ± 6.36%. 

The metabolic fate of L-dT and L-dC was examined after both intravenous 
and oral administration. Low levels (at the limit of detection of 0.1 |LIM) of the 
deaminated derivative of L-dC, -L-2'-deoxyuridine (L-dU), were detected in plasma 
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Table 1. Pharmacokinetics of L-dT (10 mg/kg) in woodchucks 

Woodchuck 

IV 

98255 

98262 

98331 

Mean 

(±SD) 

Oral 

98255 

98262 

98331 

Mean 

(±SD) 

Sex 

M 

M 

F 

M 

M 

F 

AUC 

(^M*h) 

246 

163 

239 

216 

(46.2) 

76.9 

57.7 

92.4 

75.7 

(14.4) 

^ / 2 

(h) 

3.57 

3.61 

4.78 

3.99 

(0.69) 

7.29 

6.95 

8.38 

7.54 

(0.75) 

C 
max 

(l̂ M) 

158 

172 

157 

162 

(8.75) 

7.35 

9.50 

8.90 

8.58 

(1.02) 

T 
max 

(h) 

0 

0 

0 

0 

4.0 

2.0 

3.0 

3.0 

(1.0) 

CL 

(L/h/Kg) 

0.17 

0.25 

0.17 

0.20 

(.47) 

Vd 

(L/Kg) 

0.88 

1.32 

1.20 

1.13 

(0.23) 

MRT 

(h) 

3.97 

3.47 

5.48 

4.31 

(1.05) 

10.5 

10.4 

12.5 

11.2 

(1.18) 

F 

(%) 

34.9 

36.6 

43.4 

38.3 

(4.5) 

Table 2. Pharmacokinetics of L-dC (10 mg/kg) in woodchucks 

Woodchuck 

IV 

98254 

98272 

98333 

Mean 

(±SD) 

Oral 

98254 

98272 

98333 

Mean 

(±SD) 

Sex 

M 

M 

F 

M 

M 

F 

AUC 

(MM*h) 

181 

288 

54 

174 

(117) 

9.61 

16.6 

7.76 

11.32 

(4.66) 

^\I2 

(h) 

3.55 

3.66 

1.35 

2.85 

(1.30) 

5.55 

7.72 

2.38 

5.22 

(2.69) 

C 
max 

(MM) 

108 

147 

82 

112 

(32.7) 

1.19 

1.32 

1.61 

1.37 

(022) 

T 
max 

(h) 

0 

0 

0 

0 

0 

2.0 

4.0 

3.0 

3.0 

(1.0) 

CL 

(L/h/Kg) 

1.23 

0.79 

1.50 

1.17 

(0.36) 

Vd 

(L/Kg) 

1.11 

0.68 

1.02 

0.94 

(0.23) 

MRT 

(h) 

4.64 

4.52 

1.32 

3.49 

(1.88) 

7.61 

11.59 

4.19 

7.80 

(3.70) 

F 

(%) 

5.60 

6.20 

16.90 

9.57 

(6.36) 
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after intravenous and oral administration of L-dC. To determine the metabolic pathway 
involved in the formation of L-dU, human liver cytosolic and plasma (sources of 
cytidine deaminase) were exposed to L-dC. Deamination of L-dC to L-dU did not occur 
at any time point examined (data not shown). Interestingly, when intact human liver 
cells were exposed to L-dC, deamination of its 5'-monophosphate derivative (L-dCMP) 
to the 5'-monophosphate derivative of L-dU (L-dUMP) with subsequent degradation to 
L-dU was demonstrated [16], suggesting that the low levels of L-dU detected in plasma 
may be derived from the intracellular deamination of L-dCMP. 

Formal urinary excretion was not determined in this study, however L-dT and L-dC 
were detected unchanged, and minor amounts of L-dU were also identified in the 
L-dC treatment group. 

Monkey 

Healthy non-naiVe cynomologus monkeys received 10 mg/kg of L-dT or L-dC with a 
radiolabeled tracer as a single intravenous dose. Following a six-week washout period, 
the same animals received an identical oral dose of L-dT or L-dC. Plasma and urine 
samples were collected and analyzed by HPLC. 

The mean plasma profiles of L-dT and L-dC in cynomologus monkeys after 
intravenous and oral administrations are illustrated in Figures 3 and 4. Both L-dT and 
L-dC concentrations in plasma declined rapidly following intravenous administration, 
with mean t̂ ^̂  values of 1.33 ± 0.04 h and 1.59 ± 0.09 h, respectively. In contrast to 
the woodchuck, both L-dT and L-dC were below the lower limit of quantitation after 
eight hours post-dose. Further studies will evaluate the terminal half-life in humans. 
The pharmacokinetic parameters of L-dT and L-dC after intravenous and oral administra
tions are presented in Tables 3 and 4. AUG and C^̂ ^ values for L-dC were slightly 
higher than those observed for L-dT following intravenous drug administration. 
Total CL was moderate, averaging 0.74 ± 0.10 L/h/kg for L-dT and 0.53 ± 0.04 L/h/kg 
for L-dC. Mean V^ values (Tables 3 and 4) indicate intracellular distribution for both 
compounds. Following oral administration, peak plasma concentrations of L-dT and 
L-dC were observed within two hours after administration. Apparent terminal iy^ 
values observed for Ld-T and L-dC following oral administration were not significantly 

100 100 

e 

Time (hr) 

Figure 3. Plasma profile of L-dT (10 mg/kg) in Monkeys mean (±SD) n=3. 
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Figure 4. Plasma profile of L-dC (10 mg/kg) in Monkeys mean (±SD) n=3. 

Table 3. Pharmacokinetics of L-dT (10 mg/kg) in cynomologus monkeys 

Monkey 

IV 

1001 

1002 

1003 

Mean 

(±SD) 

Oral 

1001 

1002 

1003 

Mean 

(±SD) 

Sex 

M 

M 

M 

M 

M 

M 

AUC 

(|iM*h) 

63.04 

55.83 

49.23 

56.03 

(6.91) 

48.77 

39.02 

36.46 

41.40 

(6.50) 

t,/2 
(h) 

1.37 

1.32 

1.30 

1.33 

(0.04) 

1.87 

1.78 

1.67 

1.77 

(0.10) 

C 
max 

(|nM) 

49.78 

40.67 

42.06 

44.35 

(4.80) 

12.35 

12.83 

13.71 

12.97 

(0.69) 

T 
max 

(h) 

0 

0 

0 

0 

0 

2.0 

2.0 

1.0 

1.67 

(0.58) 

CL Vd 

(L/h/Kg) (L/Kg) 

0.64 

0.75 

0.84 

0.74 

(0.10) 

1.27 

1.43 

1.58 

1.43 

(0.16) 

MRT 

(h) 

1.56 

1.59 

1.39 

1.51 

(0.11) 

3.60 

3.29 

2.87 

3.25 

(0.37) 

CL^ 

(L/h/kg) 

0.42 

0.53 

0.75 

0.57 

(0.17) 

fe 

0.65 

0.70 

0.89 

0.75 

(0.13) 

0.55 

0.29 

0.26 

0.37 

(0.16) 

F 

(%) 

69.38 

67.34 

69.05 

68.59 

(1.09) 

different from those observed after intravenous administration. L-dT was readily 
absorbed, exhibiting a mean F of 68.59 ± 1.09%. No metabolites of L-dT were 
detected in plasma after either intravenous or oral administration. As observed in the 
woodchuck, the oral absorption of L-dC was significantly lower than L-dT, with F 
averaging 16.38 ± 5.00%. As reported in the woodchuck studies, low levels (below 
quantitation) of L-dU were detectable in monkey plasma following both intravenous 
and oral administrations of L-dC. 
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Table 4. Pharmacokinetics of L-dC (10 mg/kg) in cynomologus monkeys 

Monkey 

IV 

2001 

2002 

2003 

Mean 

(±SD) 

Oral 

2001 

2002 

2003 

Mean 

(±SD) 

Sex 

M 

M 

M 

M 

M 

M 

AUG 

(|LiM*h) 

80.84 

75.55 

86.96 

81.12 

(5.71) 

18.31 

13.09 

9.72 

13.71 

(4.33) 

\ i i 

(h) 

1.48 

1.64 

1.65 

1.59 

(0.09) 

2.34 

2.04 

4.47 

2.95 

(1.32) 

C 
max 

(|iM) 

85.37 

91.55 

110.05 

95.66 

(12.84) 

4.82 

2.54 

2.79 

3.38 

(1.25) 

T 
max 

(h) 

0 

0 

0 

0 

0 

2.0 

4.0 

1.0 

2.33 

(1.53) 

CL Vd 

(L/h/Kg) (L/Kg) 

0.53 

0.57 

0.50 

0.53 

(0.04) 

1.13 

1.35 

1.19 

1.22 

(0.11) 

MRT 

(h) 

1.34 

1.32 

1.29 

1.32 

(0.03) 

4.15 

4.63 

7.00 

5.26 

(1.53) 

CL, 

(L/h/kg) 

0.31 

0.33 

NA* 

0.32 

(0.01)2 

f 
e 

0.83 

0.89 

. NA 

0.86 

(0.04)2 

0.08 

0.11 

0.08 

0.09 

(0.02) 

F 

(%) 

21.40 

16.33 

11.40 

16.38 

(5.00) 

* NA Not Available. 

2 Mean of two animals. 

Urinary excretion of L-dT was rapid, with the majority of the recovered dose being 
excreted within 24 hours following intravenous administration. The mean fraction of 
L-dT excreted in urine within 24 h was 0.75 i 0.13 and 0.37 i 0.16 after intravenous 
and oral administration, respectively. L-dT was detected unchanged in the urine, and no 
metabolites were detected. Apparent renal CL (CLĵ ) averaged 0.57 ± 0.17 L/h/kg after 
intravenous administration. CLĵ  accounted for 77% of total CL of L-dT, suggesting that 
renal excretion is the major route of elimination for this L-nucleoside. Urinary excretion 
of L-dC was also rapid, with the majority of the recovered dose being excreted in 
urine within 24 hours following intravenous administration. Due to incomplete urine 
sampling, the fraction excreted unchanged in urine (f̂ ) and CLĵ  after intravenous 
administration for animal #2003 could not be determined. The mean fraction of L-dC 
excreted within 24 hours was 0.86 ± 0.04 (n = 2) and 0.09 ± 0.02 (n = 3) after 
intravenous and oral administration, respectively. Mean CLĵ  was 0.32 ± 0.01 L/h/kg 
following intravenous which accounts for 60% of total L-dC CL, suggesting that renal 
excretion is the major route of elimination. 

Deamination to L-dU was detected in urine after both oral and intravenous 
administration of L-dC. However, over the entire two-week urine collection period, 
L-dU accounted for only 2.87 ± 0.56% of the total recovered dose after intravenous 
administration and 2.76 ± 0.64% of the total recovered dose after oral administration. 
These observations further suggest that L-dU is generated from the deamination of 
L-dCMP with subsequent breakdown to L-dU, accounting for such low levels of the 
latter in both plasma and urine. 



278 E. Cretton-Scott, et al. 

Summary 

Pharmacokinetic studies in woodchucks and monkeys indicated that the disposition of 
L-dT is comparable to the pharmacokinetic characteristics of other nucleoside analogs 
after administration to these animals. The compound has good oral bioavailability and 
is eliminated, unchanged, in urine. In contrast, L-dC exhibited lower oral bioavailability 
in both species. Several pro-drugs, which improve the oral bioavailability of L-dC, 
are currently under evaluation. It should be noted, however, that despite an oral 
bioavailability of approximately 10% in woodchucks, efficacy studies conducted in 
woodchucks chronically infected with WHV indicated that L-dC (10 mg/day/kg for 
four weeks) reduced viral load 4-6 logs and was considered a potent antiviral agent [9]. 
In this same study, L-dT reduced viral load up to 8 logs. In conclusion, potent in vitro 
and in vivo efficacy coupled with favorable pharmacokinetic disposition make both L-dT 
and L-dC promising antiviral candidates for the treatment of chronic HBV infection, 
warranting their further development. 
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Introduction 

Dose-limiting toxicities and viral resistance have fueled the search for novel, structurally 
diverse nucleoside analogues for the treatment of HBV. Advances in synthetic 
methodology and the application of modem separation technologies have made it 
possible to study chirality and its influence on the pharmacology of antiviral drugs. 
As a result, a number of nucleosides possessing the unnatural 1-P-L stereochemistry 
have been synthesized and reported to have anti-HBV activity [1-10]. Some of these 
L nucleosides are more potent and less toxic than their enantiomers that possess the 
natural 1-p-D stereochemistry [1-3, 7, 8]. 

Ma et al. [11] reported the synthesis of a series of 2'-fluoro-substituted 1-p-L 
2'-deoxyarabino pyrimidines including l-(2-deoxy-2-fluoro-P-L-arabinofuranosyl)-5-
methyluracil (L-FMAU, clevudine. Figure 1). Clevudine possesses potent activity 
against HBV and EBV in vitro [8, 11-14] and against hepatitis virus in vivo [15-19]. 

O 

1/ 
O^N;^Oyr.oH 

JM^^^u t)H 

Figure 1. Clevudine, l-(2-deoxy-2-fluoro-p-L-arabinofuranosyl)-5-methyluracil [7]. 

Prior to the synthesis of clevudine a series of l-P-D-2'-deoxy-2'-fluro-arabino pyrimi
dines, including D-FMAU (l-(2-deoxy-2-fluoro-5-methyl-P-D-arabinofuranosyl)uracil, 
D-FEAU (l-(2-deoxy-2-fluoro-5-ethyl-p-D-arabinofuranosyl)uracil) and D-FTAU (l-(2-
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deoxy-2-fluoro-5-iodo-p-D-arabinofuranosyl)uracil), had been shown to possess potent 
activity against herpesvirus (D-FMAU) and HBV (D-FEAU and D-FIAU) [7, 8, 12]. 
D-FMAU and D-FTAU entered chnical trials, D-FMAU for the treatment of cancer [20] 
and FIAU for treatment of HBV infection [21]. Both caused significant morbidity and 
mortality. Because of this experience there has been concern regarding the safety of 
2'-deoxy-2'-fluoro arabinofuranosyl nucleoside analogues in general. However, all of the 
available preclinical antiviral and toxicological data suggest that, because of the change in 
chirality, clevudine is readily distinguishable from its enantiomer D-FMAU. The profound 
impact absolute stereochemistry can have on biological activity and toxicology has been 
observed in other classes of drugs [22]. In this report we present an extensive review of the 
antiviral data that has motivated the further development of clevudine and the toxicological 
data that has supported the introduction of the compound into the clinic. Clevudine is in 
Phase I clinical trials and will soon enter a Phase I/II multiple dose trial. 

In vitro anti-HBV activity 

Clevudine produces a dose-dependent inhibition of HBV replication in the 2.2AS, 
subclone P5A cell line, a HepG2 derivative. Results of in vitro testing by several 
groups are compiled in Table 1. 

Table 1. Comparison of the anti-HBV activity of clevudine with other nucleoside analogues. 

Compound Anti-HBV Activity in 2.2.15 Cells ^ 

EC50, |iM EC90, MM 

Clevudine 0.1,0.49 1.55 

D-FMAU 2.0 ND 

(-)-FTC 0.05 0.15 

DAPD 0.06 0.23 

DXG 0.25 1.1 

Penciclovir 1.04 3.5 

3TC 0.08 0.19 

Data taken from reference 7, 8, 11, 12 

The EĈ Q value of 0.1 |LiM determined for clevudine against HBV is 20-fold lower 
than the EC^^ value determined for D-FMAU [7, 8, 11, 12]. Using the method of Korba 
and Gerin [23], the anti-HBV activity of clevudine was compared directly with that of 
3TC, penciclovir, FTC, DAPD and DXG. A somewhat higher median EC^^ of 0.49 |LiM 
was determined using this method, and the EC^Q value was found to be 1.55 |iM 
(Table 1). These values are approximately tenfold higher than the corresponding values 
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obtained for 3TC, FTC, and DAPD, and three- to fourfold lower than the EC50 and EC^Q 
values obtained for penciclovir. The EC^Q and EC^Q values of clevudine are comparable 
to those obtained for DXG. 

The effects of clevudine in combination with other anti-HBV compounds were 
investigated in the 2.2.15 assay. Analysis of synergism, additivity, or antagonism was 
performed using the CalcuSyn^^ program (Biosoft, Inc.) and isobologram analysis. 
Results showed clevudine to be synergistic with FTC, DAPD, penciclovir, adefovir 
and lamivudine [24]. 

The inhibitory effect of clevudine on viral replication has also been investigated 
using cultures of primary hepatocytes from chronically DHBV-infected ducklings [15]. 
Quantitation of virion DNA released into the culture supernatant by dot blot hybridiza
tion showed a concentration dependent inhibitory effect of clevudine with an EC^^ of 
0.1 |iM. At concentrations above 1 jilM, the effect reached a plateau of 80-90% 
inhibition. Southern blot analysis of intracellular duck hepatitis B virus DNA using 
a ^^P-labeled DNA probe for the complete viral genome showed a dramatic decrease 
in the amount of replicative intermediates at the end of treatment. However, DHBV 
cccDNA was still detectable, which suggests that clevudine did not directly affect 
cccDNA in the primary culture. Removal of clevudine from the medium resulted in a 
rebound in the level of replicative intermediates; however, the level did not return to 
that seen in the control cultures. This pattern was most apparent in cells treated with the 
highest dose used in the study, 10 |iM. 

Inhibition of HBV resistant to lamivudine 

Treatment of HB V-infected patients with lamivudine for greater than 12 months has been 
associated with the development of resistance [25]. In a recent study. Chin et al. [26] 
compared the activity of clevudine against wild-type HBV and the lamivudine-resistant 
mutants, L5261V1, 1V1550I and L526M/M550V. The EC^^ value for both clevudine and 
lamivudine against wild-type HBV, determined by measuring the dose-response of drugs 
on viral replicative intermediates and extracellular virus, was calculated to be 0.1 iLilM. 
Against the L526M variant the EC^^ for clevudine, determined by the reduction in 
extracellular virus, was similar to that of wild-type virus (0.5 jLiM). However, the EC^Q 
value for the same mutant, based on quantification of replicative intermediates, increased 
to greater than 100 |LiM, indicating strong resistance. EC^Q values for the M550I mutant, 
determined using extracellular virus and replicative intermediates increased to 57 |iM 
and greater than 100 jiM, respectively. In the stably transformed AD79 cells, which 
express HBV containing only the M550V mutation, no resistance was seen to clevudine 
compared to wild type. Fu et al. [27] found in a transient transfection assay that HBV 
containing lamivudine-resistant mutations in the polymerase gene (L5261VI, V553I, and 
A546V alone or in combination with M550V/I) was also resistant to clevudine. These 
results, based on quantification of replicative intermediates, are in agreement with the 
results of Chin et al. [26]. Thus, there is the possibility of partial cross-resistance of 
clevudine to certain lamivudine-resistant viruses. Additional studies need to be done 
to clarify this issue. 
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In vivo activity 

The anti-hepatitis virus activity of clevudine in vivo has been extensively examined in the 
woodchuck [7, 8, 16, 17]. In a dose-escalation study [7, 8, 16, 17], 28 adult woodchucks 
chronically infected with WHV were randomly assigned to groups of four animals. 
Six of the seven groups were treated orally with clevudine at doses ranging from 0.03 
to 10.0 mg/kg/day for four weeks. The seventh group received sterile water as placebo. 
Serum WHV DNA was quantitated by slot blot hybridization and PCR analysis on 
samples taken on days 0, 1, 2, 3, 5, 7; weekly for the remainder of the treatment periods 
and at 1, 2, 4, 6, 8, 10, and 12 weeks posttreatment. During treatment, there was a 
marked, prompt and dose-dependent reduction in serum WHV DNA. At the 10 mg/kg 
dose, viremia was depressed 10- to 200-fold from baseline levels in 24 hours, and 5 x 10^ 
to 10^-fold by the end of treatment. At low doses, following drug withdrawal, a dose-
dependent return in viremia was observed. However, at the two highest doses, WHV DNA 
in some animals remained significantly below pretreatment levels for the duration of 
the post-dose follow up period. Viremia in two of the four animals receiving 10 mg/kg 
remained 1000- to one millionfold below pretreatment levels for as long as 25 weeks 
posttreatment. This observation, along with the rapid rate of decline in viremia, is one of 
the most compelling virologic reasons for the clinical development of clevudine. 

In a subsequent study [7, 8, 16, 17], four chronic WHV carrier adult woodchucks 
were dosed orally for 12 weeks with clevudine at 10 mg/kg/day. Serum WHV DNA was 
measured by slot blot hybridization weekly for the first month of therapy and biweekly 
thereafter until the end of treatment. Biweekly WHV DNA quantification was continued 
for a total of 56 weeks following drug withdrawal, after which the animals died due 
to hepatocellular carcinoma. Within seven days of initiating treatment, a greater than 
1000-fold reduction in serum WHV DNA was observed. Viremia in three of the four 
animals remained at levels that were greater than 100,000-fold below pretreatment levels 
throughout the post-dose period. Viremia in the fourth animal remained suppressed 
for approximately 20 weeks posttreatment. By the end of treatment, WHV replicative 
intermediates were reduced more than 10,000-fold and WHV RNA was reduced more 
than 100-fold. Serum WhsAg began to decline after four to six weeks of treatment 
in all four animals and remained suppressed during the posttreatment period at levels 
that were 100- to 1000-fold below pretreatment values. Whc and Whs antigens in 
liver biopsy specimens also declined to levels that were essentially undetectable by 
immunohistochemical staining by 12 weeks posttreatment. By the end of the 12-week 
treatment period, serum ALT and GGT had dropped to normal levels in all four 
animals, and marked histologic improvement in the degree of hepatitis was observed. 
An analysis of WHV cccDNA in the terminal liver samples showed a marked reduction 
when compared to pretreatment levels in the three animals with sustained low levels 
of viral replication. 

Zhu et al. [18] also examined the impact of clevudine on cccDNA in vivo. 
In their study, chronically infected woodchucks were dosed orally with 10 mg/kg/day of 
clevudine for 12 weeks. The effect on replicative DNA levels, cccDNA, and the percent 
of infected hepatocytes were evaluated. DNA replication intermediates were virtually 
undetectable after the first six weeks of therapy. In contrast, cccDNA levels declined 
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more slowly with a half-life of approximately 33 to 50 days. PCNA staining indicated 
a correlation between the decline in cccDNA levels and hepatocyte turnover. The loss 
of cccDNA occurred at a rate comparable to that expected from the estimated half-life 
of hepatocytes in woodchucks, suggesting that death of infected hepatocytes was one of 
the major routes for clearance of cccDNA. 

Jacob et al. [19] showed in a similar study that clevudine (10 mg/kg/day) caused a 
rapid decrease in WHV replicative intermediates, from an average of 2800 copies/cell to 
essentially undetectable after 12 weeks of treatment. However, compared to the results 
of Zhu et al. [18], the impact of drug treatment on cccDNA levels appears somewhat 
more rapid. The hepatic WHV cccDNA in the clevudine-treated animals decreased 
from an average of 30 copies/cell to 4 copies/cell after 4 weeks of treatment and 
to approximately one copy/cell after eight weeks of treatment. The t^^ for hepatic 
cccDNA was about 11 days during the 12 weeks of treatment. In the absence of hepatic 
cccDNA, WHV RNA was not detected. It was concluded that the sustained antiviral 
effect of clevudine after drug withdrawal in chronic WHV carriers was the result of 
the significant reduction in cccDNA. 

The in vivo efficacy of orally administered clevudine has also been studied in 
experimentally DHBV-infected ducklings [15]. Five-day old Pekin ducklings were 
inoculated intravenously with infectious DHBV-containing serum. Each duckling 
received 1.5 x 10^ viral genome equivalents. Clevudine was administered starting at 
three days post-infection. Animal weight and lactic acid levels were monitored daily 
during the study period. In an experiment designed to determine the appropriate dosing 
frequency, clevudine was administered orally for four days at 20 mg/kg b.i.d. and 
40 mg/kg-qd [15]. Both doses gave a similar antiviral effect, as evidenced by decreases 
in extracellular DHB V DNA. A rebound of viremia after cessation of treatment occurred 
in both treatment groups. Whether the rate and extent of rebound was dependent on 
dosing regimen was not discussed. 

In the second phase of the study, antiviral efficacy of a more prolonged administration 
of clevudine was examined [15]. Four ducklings received a 40 mg/kg qd oral dose for 
five days; four received the same dose for eight days, and four served as untreated 
controls. Administration of clevudine for five days resulted in a 55% inhibition of 
DHBV viremia, followed by a weak, transient rebound of viremia five days after 
cessation of treatment. Eight days of treatment resulted in a 72% inhibition of DHBV 
viremia, with no rebound of viremia during the two-week posttreatment follow-up. 
The mean area under the curve for viremia in the eight-day treatment group was 
significantly reduced for the clevudine treated animals compared to the control animals 
(P = 0.0482; Wilcox-Mann Whitney test, Monte Carlo modification for small numbers). 
DNA sequence analysis of the DHBV polymerase gene showed no amino acid sequence 
variation in the viral polymerase isolated by PCR from virus at the end of the eight 
days of clevudine treatment. Analysis for viral replicative intermediates 16 days after 
cessation of treatment showed the persistence of DHBV single-stranded and relaxed 
circular DNAs, as well as viral cccDNA. These results indicate that short-term treatment 
with clevudine does not clear DHBV infection from the liver of ducklings, but does 
produce a substantial drop in the level of viremia. Western blot analysis performed 
on liver samples showed a similar reduction in the expression of DHBV core proteins 
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in clevudine-treated and control ducklings. An ELISA assay for anti-pre-S antibody 
did not show the appearance of antibody, indicating that an immune response was not 
responsible for clearance of circulating virus. Determination of lactic acid levels in the 
plasma of animals clevudine for eight days showed no significant increase compared 
with the levels in the control animals, indicating a lack of effect on mitochondria. 

Mechanism of action 

Using HBV particles isolated from the medium of 2.2.15 cell cultures, Pai et al. [14] 
demonstrated that the 5'-triphosphate of clevudine inhibits the activity of the endogenous 
HBV polymerase in a concentration-dependent manner. Liu et al. [28] reported that 
clevudine 5'-triphosphate acts as a potent inhibitor of HBV DNA polymerase with 
aK.of0.12|iM. 

Taken as a whole, the available data indicate that clevudine is a specific inhibitor of 
viral DNA synthesis. Studies with DHBV polymerase expressed in a reticulocyte lysate 
system showed an inhibitory effect of clevudine 5'-triphosphate on the incorporation of 
radiolabeled thymidine 5'-monophosphate during viral minus-strand DNA synthesis [15]. 
Inhibition of thymidine 5'-monophosphate incorporation suggests that clevudine 
5'-triphosphate is an inhibitor of reverse transcription [15]. Clevudine 5'-triphosphate 
was also shown to cause a time-dependent inhibition of the synthesis of the short DNA 
primer required for DHBV replication. In a transient transfection assay in which DNA 
replicative intermediates were isolated from HBV-infected HuH7 cells and separated 
using gel electrophoresis, clevudine proved to be a weak inhibitor of single-strand 
DNA synthesis, and a strong inhibitor of double-strand DNA synthesis [29]. Thus the 
5'-triphosphate of clevudine may act as an inhibitor of viral replication by specifically 
inhibiting the DNA-dependent DNA polymerase activity of HBV polymerase. 

Although clevudine is a potent inhibitor of HBV DNA replication, it does not 
inhibit the generation of the various species of HBV RNA [14]. A six-day treatment 
of 2.2.15 cells with either 0.5 or 1.0 jiM clevudine had no significant effect on the 
transcription of HBV or host cell genetic information, as judged by comparison with the 
level of transcription of a cellular housekeeping enzyme, glyceraldehyde-3-phosphate 
dehydrogenase [14]. Measurement of HBV surface antigen in the medium of treated 
cells showed that clevudine had no significant dose-dependent inhibitory effect on 
HBsAg or HBcAg in the treated cultures, as determined by Western blot analysis [14]. 
These results support the conclusion that the effect of clevudine is specific for the DNA 
synthetic component of HBV replication. 

In vitro metabolism 

Clevudine, which is phosphorylated to its 5'-triphosphate by host cell kinases [14, 28], 
acts (vide supra) as a competitive inhibitor of HBV polymerase. The enzymes respon
sible for the first step in the phosphorylation of clevudine have been identified [28]. 
Unlike other thymidine or deoxycytidine analogues, clevudine is phosphorylated 
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by cytosolic thymidine kinase, cytosolic deoxycytidine kinase, and mitochondrial 
deoxypyrimidine kinase. When the efficiency (V^^^/K^) of clevudine as a substrate for 
all three enzymes was examined, it was found to be within the same order of magnitude 
as those of natural substrates. 

Pai et al. [14] examined the metabolism of clevudine in hepatoma cells. HepG2 
2.2.15 cells were treated with tritium-labeled clevudine, lysed with perchloric acid and 
the acid soluble sample fractionated by high performance liquid chromatography for 
identification of metabolites. Treating the cells for 24 hours with 5 jiiM [^H]-clevudine 
resulted in the rapid intracellular formation of the 5'-mono-, 5'-di-, and 5'-triphosphates. 
Formation of phosphorylated clevudine species occurred as early as two hours after 
treatment, with maximal metabolite levels being reached at eight hours after treatment. 
The major metabolite was the 5'-triphosphate. In washout experiments to determine the 
half-life of the 5'-triphosphate, cells were treated with clevudine for 24 hours. Following 
removal of compound, the decline in the levels of 5'-mono-, 5'-di-, and 5'-triphosphate 
did not appear to follow first-order kinetics. In the initial phase, the levels of the 
metabolites dropped rapidly, with about 50% of the 5'-triphosphate disappearing in 
four to five hours, and 90% of the 5'-triphosphate disappearing in the first eight hours. 
In the subsequent 16 hours, the 5'-triphosphate levels declined at a slower rate, with 
a small amount still present at 24 hours. 

Cytotoxicity 

The cytotoxicity of clevudine has been evaluated in several in vitro growth inhibition 
assays [7, 8, 11-14]. In each of the cell lines tested, clevudine has shown no cytoxicity 
(Table 2). However, the 1-p-D enantiomer D-FMAU is cytotoxic as indicated by the 
substantially lower CC^^ values 
Table 2 for comparison. 

The CĈ Q values of FTC and 3TC are included in 

Table 2. Comparison of the cytotoxicity of clevudine with other nucleoside analogues. 

Compound 

Clevudine 

D-FMAU 

3TC 

FTC 

2.2.15 

>200, 984 

50 

2007 

2137 

Cell Line (CC^g, 

MT2 

100 

8-9 

ND 

>100 

|iMj^ 

CEM 

>100, >200 

-
>100 

>1000 

HI 

913 ±70, 1000 ±80 

<10 

ND 

ND 

a. Data taken from references 7, 8, 11, 12 

Because of the apparent correlation between toxicity to bone marrow progenitor cells in 
vitro and bone marrow suppression in vivo seen for other nucleosidde analogues clevudine 
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was assayed for bone marrow toxicity using a colony formation assay. Cells were exposed 
to compound (0.1-100 |iM) for 14 to 18 days. The CC^Q values for clevudine were greater 
than the highest concentration tested for both progenitor cell types (Table 3), indicating 
clevudine was not toxic to bone marrow progenitor cells. CC^̂  values for AZT, 2'-CDG, 
FTC and 3TC are included in Table 3 for comparison. 

Table 3. Effect of clevudine on human bone marrow progenitor cells. 

Compound BFU-ECCJ^M) CFU-GMCC^JiuM) 

Clevudine >100 >100 

A Z r 0.3 ± 0.06 10 ± 0.3 

2'-CDG^ 4 ± 2 0.4 ± 0.3 

FTC 220 ± 8 300 ± 40 

3TC^ 180 ± 2 250 ± 8 

^ Data taken from reference 4 

Several of the toxicities associated with nucleoside analogs can be attributed to their 
incorporation into nuclear DNA [30, 31, 32]. In addition, long-term treatment with these 
drugs can interfere with mitochondrial DNA synthesis, resulting in delayed toxicity 
[32, 33]. The liver toxicity of D-FIAU, for example, has been attributed to mitochondrial 
toxicity [32, 33]. The incorporation of clevudine and D-FMAU into cellular DNA was 
studied by Yao et al. [13]. HI cells were exposed to [^H]-clevudine (10 |iM) or [i'̂ C]-D-
FMAU (0.2 |LiM), and the nucleic acid was isolated and analyzed for incorporation 
of either compound using cesium sulfate isopycnic ultracentrifugation. A substantial 
amount of D-FMAU (greater than 10 pmol/10^ cells) was incorporated into DNA, 
while little or no clevudine (less than 0.1 pmol/10^ cells) was incorporated into DNA. 
In addition, treating HI cells with 1 mM clevudine for six days resulted in no decrease 
in mitochondrial DNA content. 

In a study performed by Pai et al. [14], 2.2.15 cells were treated with 1 |LiM clevudine 
or with 1 jLiM 2', 3'-dideoxycytidine (ddC) as a positive control for mitochondrial DNA 
damage. Clevudine had no effect on the mitochondrial DNA content. In a separate 
study, the effect of clevudine on mitochondrial function in 2.2.15 cells was examined 
by measuring the concentrations of lactic acid in extracellular medium, measuring 
mitochondrial DNA content, and by examining the cells using electron microscopy to 
detect structural abnormalities. The results of this study showed that clevudine had 
no effect on cell growth or lactic acid production up to the highest concentration 
tested, 10 |iM (Table 4). Mitochondrial DNA content was not affected by clevudine 
at concentrations up to and including 10 |iM (Table 4). Finally, electron microscopic 
evaluation indicated that no morphological changes in mitochondria occurred following 
exposure of cells to clevudine. 
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Table 4. Effect of clevudine on cell proliferation, and mitochondrial function and morphology in HepG2 

cells. 

Clevudine 

(l̂ M) 

0 

0.1 

1 

10 

Cell Density 

(xlO^/ml) 

17.9 ± 0.6 

18.3 ±1.2 

17.7 ± 0.6 

17.8 ±0.5 

L-Lactate 

(mg/lO^ Cells) 

2.47 ±0.11 

2.39 ±0.14 

2.46 ± 0.04 

2.45 ± 0.05 

%ofmtDNA 

Content to Control 

100 

106 ±11 

96 ±10 

101 ± 14 

Lipid Droplet 

Formation 

ae 

ND 

ND 

ae 

Mitochondrial 

Morphology 

normal 

ND 

ND 

normal 

One of the principal mechanisms by which nucleoside analogues interfere with 
cellular and/or mitochondrial DNA synthesis is their 5'-triphosphate acting as an 
alternative substrate inhibitor for endogenous polymerases. Yao et al. [13] and 
Kukhanova et al. [34] examined the ability of human DNA polymerase a, p, y and 
5 to utilize the 5'-triphosphates of clevudine and D-FMAU as substrates for DNA 
replication. Both clevudine 5'-triphosphate (1-100 |iM) and D-FMAU 5'-triphosphate 
(0.5-10 |LiM) were analyzed for their incorporation into the 3'-terminus of a phage 
DNA primer-template complex. The 5'-triphosphate of clevudine was not incorporated 
into the template primer by any of the four human DNA polymerases. In contrast, 
D-FMAU 5'-triphosphate was utilized efficiently as a substrate by the four human 
DNA polymerases. The results are consistent with the lack of impact on cellular and 
mitochondrial DNA levels, and the lack of cellular and mitochondrial toxicity for 
clevudine as shown by the data in Tables 2, 3 and 4. 

Toxicology 

Severe preclinical [21, 35, 37, 40] and fatal clinical toxicities [36] were encountered in 
the development of the nucleoside analogue D-FIAU for the treatment of HB V infection. 
Multiorgan toxicity was observed in subchronic toxicology studies in woodchucks [37], 
dogs and rodents [21]. The toxicity, manifested as microvesicular hepatic steatosis, 
was attributed to apparently irreversible effects on mitochondria [33, 38, 39]. Two 
comprehensive reports produced by an FDA-appointed panel [40] and the Institute of 
Medicine [21] provide a thorough review of D-FIAU development. 

Because of this experience, clevudine was tested extensively in preclinical safety 
studies prior to the first clinical trial. Numerous additions to standard toxicology 
protocols were made to detect potential adverse effects on mitochondria. Results of 
chronic treatment with clevudine, six months in both rats and monkeys, supported the 
administration of single escalating doses in the first Phase I trial [43]. Nevertheless, the 
chronic toxicology studies were continued, so that dosing of rats for nine months and of 
monkeys for 12 months was completed before the trial was initiated. Finally, the results 
of pharmacokinetic, safety pharmacology, mutagenicity, and single-dose toxicology 
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Studies were also available in advance of the first human exposure and were uniformly 
negative. 

Pharmacokinetic studies 

Pharmacokinetic parameters were carefully examined in the rodent and non-rodent 
species employed in the toxicology studies to insure that exposure levels would be 
adequate to achieve appropriate multiples of the proposed human dose. Extensive 
pharmacokinetic work had previously been reported [43, 44, 45]. 

Two groups of male CD rats (24 per group) were given an oral or intravenous dose 
of 50 mg/kg clevudine. Cynomolgus monkeys (four males) also received 50 mg/kg 
clevudine by the oral route and by the intravenous route after a two-week washout. 
Timed blood samples were collected for determination of plasma clevudine levels. 
Calculated pharmacokinetic parameters are presented in Table 5. 

Table 5. Summary of pharmacokinetic parameters in rats and cynomolgus monkeys after administration 

of 50 mg/kg clevudine. 

Route 

Rats 

i.v. 

P.O. 

Cynomolgus 

i.v. 

P.O. 

C 
max 

(|ig/mL) 

76.4 

11.8 

> Monkeys 

58.4 

6.8 

T 
max 

(h) 

0.08 

2.0 

0.08 

1.6 

AUC,.^ 

(h«|ig/mL) 

64.7 

43.8 

60.1 

26.5 

^ / 2 

(h) 

6.8 

5.9 

4.1 

9.7 

CI 

(L/h/kg) 

0.77 

-

0.85 

-

F 

(%) 

-
67.7 

-
43.7 

Abbreviations: AUCQ^, area under the concentration vs time curve; CI, clearance; C^^, maximum plasma 

concentration; F, bioavailability; i.v., intravenous; p.o., oral; t̂ ^ 

maximum plasma concentration 

The results show that adequate plasma levels of clevudine can be achieved in rats 
and monkeys by the oral route. 

Safety pharmacology and receptor binding studies 

In vivo (single dose administration) and in vitro studies were performed with clevudine 
to test for undesirable pharmacological effects on general behavior, and on neurologic, 
autonomic, central nervous system, pulmonary, cardiovascular, renal, gastrointestinal, 
and smooth muscle function. Clevudine caused no significant secondary pharmacologic 
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effects. Clevudine was also tested in a panel of in vitro receptor binding assays, 
the Spectrum Screen from PanLabs, and found to have no affinity for any of the 
receptors tested. 

Genetic toxicology studies 

Clevudine was tested in three standard assays for mutagenicity: the bacterial reverse 
mutation (Ames) assay, the chromosomal aberrations assay in Chinese hamster ovary cells, 
and the micronucleus assay in rats. Clevudine was not mutagenic in these experiments. 

Acute toxicity 

The approximate oral LD^^ was greater than 5000 mg/kg in mice and greater than 
3000 mg/kg in rats. These were the highest doses tested. 

Dose-range-finding toxicology studies 

Four groups of five male and five female CD-I rats were given oral doses of clevudine 
of 0, 100, 300 and 900 mg/kg/day for nine days. Due to lack of toxicity, the rats dosed at 
300 mg/kg/day were necropsied on day 10, and the 100 and 900 mg/kg/day doses were 
increased to 1500 and 3000 mg/kg/day, respectively, from day 10 to study completion 
on day 21. Clinical chemistry and hematology were evaluated on day 10 and prior to 
necropsy on day 21. Histopathology was performed on all rats. Toxicokinetics sampling 
demonstrated linear and dose-proportional increases in exposure to clevudine, with no 
significant differences between female and male rats, or between the first and last dose 
day at a given dose. The AUC^ 24 at the 3000 mg/kg/day dose averaged 1344 |LLg«hr/mL, 
and the C^̂ ^ averaged 104.3 |ig/mL. No toxicity was observed. 

In the non-rodent species, four groups of two cynomolgus monkeys, each group con
sisting of one female and one male, were given oral doses of clevudine of 0, 100, 300 or 
900 mg/kg/day for 14 days. Again, due to lack of toxicity, monkeys given 300 mg/kg/day 
were necropsied on day 14, and the 100 and 900 mg/kg/day doses were increased to 
1500 and 3000 mg/kg/day, respectively. This dosing regimen was continued from day 
14 to completion of the study on day 25. Serum biochemical and hematological tests 
were performed on day 14 and prior to necropsy on day 25. Timed plasma samples 
for toxicokinetics were collected on days 1, 14, and 24. Systemic exposure was dose-
dependent, with no significant differences between sexes, or between the first and last 
dose day at a given dose. At 3000 mg/kg/day the AUCQ 4̂ averaged 505 |ig»hr/mL and 
the C^^ averaged 57.5 |ig/mL. Signs of toxicity were limited to the two monkeys given 
3000 mg/kg/day from day 14 to day 25 and included loose white stools (presumed to 
contain unabsorbed clevudine), anemia, increased values for serum enzymes (male only), 
and extrameduUary hematopoiesis in liver. The male monkey also had an enlarged 
spleen and splenic extrameduUary hematopoiesis. 
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Chronic toxicology studies 

Chronic toxicology studies conducted for 39 weeks in rats and 52 weeks in monkeys 
were designed to detect effects of clevudine on mitochondria in addition to monitoring 
conventional endpoints for toxicity. Determination of lactic acid was included in 
the biochemistry screens. Electron microscopy was performed on sections of heart, 
skeletal muscle, Hver and kidney to look for changes in mitochondrial morphology. 
Electrophysiology assessments were conducted to detect peripheral nervous system 
toxicity. There was no toxicity seen in rats given clevudine at daily oral doses of 0, 25, 
100 and 400 mg/kg for nine months. Toxicokinetics sampHng at regular intervals indicated 
systemic exposures that were dose-dependent and similar between male and females. 

Clevudine was well tolerated when given for six months to cynomolgus monkeys at 
daily oral doses of 0, 25, 100 and 400 mg/kg. However, one high-dose (400 mg/kg/day) 
female exhibited persistent anorexia and related body weight loss that was first noted 
at dose week 17. This monkey was sacrificed in poor physical condition during week 
26; histopathology revealed moderate bilateral nephrosis of uncertain relationship to 
treatment with clevudine. In the remaining high-dose monkeys, there was no evidence 
of treatment-related effects on physical condition, electrocardiograms, ophthalmologic 
examinations, clinical pathology values, organ weights, the incidence of gross or 
histopathologic lesions, or the morphology of mitochondria in heart, liver and skeletal 
muscle. Although the difference, as compared to control values, was not significant, 
body weight gains were slightly retarded in high dose males after 26 weeks of dosing. 
The only other observation after six months of dosing was a slight decrease in the 
amplitude of the peroneal nerve response in high-dose monkeys. Amplitudes were normal 
in the median motor and sural nerves, and nerve conduction velocities were normal. 

Electrophysiology measurements were repeated during week 39 and revealed 
decreased amplitude for the peroneal nerve response in monkeys at the mid-dose 
(100 mg/kg/day), and a further decrease from week-26 values for the high-dose 
group (400 mg/kg/day). Nerve conduction velocities remained normal. The continued 
decrease in peroneal amplitude prompted a neuropathology study in one high-dose male. 
Due to signs of overt toxicity, this particular monkey was selected for perfusion fixation 
and subsequent neuropathological evaluation. Representative histologic sections of 44 
sites in the peripheral and central nervous systems were examined by light microscopy. 
No treatment-related neuropathologic lesions were observed. 

Anorexia, lethargy, a decline in body weight, altered clinical pathology values and 
poor physical condition necessitated a dose reduction in the high-dose (400 mg/kg/day) 
monkeys during week 39. In four monkeys (two male, two female) dosing was 
suspended, and in the remaining four monkeys (two male and two female) the dose 
was reduced to 200 mg/kg/day for the remainder of the 52-week study. The 25 
and 100 mg/kg/day doses were not changed. The four monkeys judged to be in the 
poorest physical condition at week 39 were the ones for which dosing was suspended. 
These monkeys were selected to study the reversibility of the toxicity and were 
subsequently re-dosed. The re-dose phase was essentially a second chronic toxicology 
study at 200 mg/kg/day clevudine as described below. A third high dose monkey 
(female) was sacrificed because of deteriorating physical condition during week 39. 
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This monkey had multiple internal abscesses in liver, spleen and other sites. The poor 
physical condition was attributed to septicemia, confirmed by light microscopy, and was 
considered unrelated to treatment with clevudine. 

After the change in the dosing regimen at week 39 in the high-dose group, feed 
consumption resumed within days, both in the monkeys being administered the reduced 
dose of 200 mg/kg/day and in those for which dosing was suspended. Body weight gains 
and a prompt return to normal physical activity were observed in both groups. Clinical 
pathology values also returned to normal by 7 weeks after the dose modification. 

All monkeys were sacrificed during week 52, with the exception of the control animals 
and the high-dose monkeys for which dosing was suspended at week 39. There were 
no consistent treatment-related findings in laboratory values, electrocardiograms, 
organ weights, or morphology of mitochondria in heart, liver, kidney, and skeletal 
muscle examined by electron microscopy. Concentrations of myelin basic protein in 
cerebrospinal fluid collected from control and high-dose (400/200 mg/kg/day) monkeys 
were comparable. The only treatment-related histopathologic alteration in tissues was 
minimal skeletal muscle myopathy. The incidence appeared to be dose-related and 
was observed in skeletal muscle from three of six low-dose monkeys, and in six 
of six monkeys in the mid- and high-dose groups. A small increase in AST was 
observed in high-dose monkeys. Widely scattered necrosis of individual myofibers, 
lack of inflammatory response and the presence of occasional myocytes with multiple 
nuclei clustered at the sarcolemma characterized this subtle myopathy. The latter were 
interpreted as regenerating myocytes. 

To investigate the potential mechanism for the skeletal muscle myopathy observed at 
one year in the chronic monkey study, in vitro experiments were performed in rat smooth 
and skeletal muscle cell cultures to study the potential for direct effects of clevudine on 
muscle. Rat cardiac and striated muscle cells were incubated in the presence of 100 |iM 
clevudine for four weeks (seven passages), followed by 200 |LiM for one week (one 
passage). Clevudine had no effect on cell growth or viability, mitochondrial DNA 
synthesis, or total nucleic acid content. 

The control and high-dose monkeys not sacrificed at week 52 are being treated 
as follows. After a 30 week post-dose observation period, dosing was reinitiated at 
200 mg/kg/day. Laboratory values were normal and comparable to control values at 
weeks four and 26 and 32 of the new dosing period. In addition, the activity, body 
weights and physical condition of the re-dose monkeys has been normal for 34 weeks. 
This re-dosing phase will be extended to nine months of dosing at 200 mg/kg/day. 

Importantly, as was true for woodchucks dosed with clevudine for 12 weeks [16], 
there was no sign of microvesicular hepatic steatosis in any monkeys at any observation 
period in the chronic toxicology study. Values for ALT and serum lactate were 
marginally increased for high-dose monkeys, but only associated with inappetence and 
overt toxicity observed during week 39. Values for bilirubin, lipase and amylase were 
normal at all sampling intervals, regardless of the dose of clevudine administered or 
the duration for which it was given. There were no treatment-related liver lesions 
(histopathology and electron microscopy) at either six months or one year. 

To conclude, doses of 25 and 100 mg/kg/day were essentially no-effect doses when 
given to monkeys for 12 months. The 400 mg/kg/day dose produced overt toxicity 
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at week 39, but there was prompt recovery on dose reduction to 200 mg/kg/day for 
the balance of a one year exposure. The exposures produced by these doses of clevudine 
were dose-proportional in female and male monkeys and comparable at weeks 13, 26, 39 
and 52. At week 26 the average AUC^ 24 at the 400 mg/kg/day dose was 176.9 |Lig«hr/mL, 
and the average C ^ was 24.3 |Lig/mL. 

Phase I clinical trial 

The objectives of the phase I trial were to establish the safety and tolerability of a single 
escalating dose of clevudine, and to determine the single-dose pharmacokinetics [46]. 
In addition, a preliminary evaluation of the effect of food on the bioavailability of 
clevudine was made. 

Twelve healthy male subjects received single, escalating oral doses of 10, 300, 600, 
900 and 1200 mg of clevudine, with a minimum one-week washout interval between 
doses. At all dosing levels except 600 mg, nine subjects were randomized to receive 
active drug and three subjects to receive placebo in a double-blind fashion under 
fasting conditions. At the 600 mg dose, subjects were randomized to take the 600 mg 
dose following an overnight fast or a high-fat breakfast. For each dose, clevudine 
pharmacokinetics were evaluated for 24 hours post-dose, with collections of blood 
samples pre-dose and 0.25, 0.50, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, 16 and 24 hours post-dose. 
Urine was collected over the intervals of 0-6, 6-12 hours and 12-24 hours post-dose. 
Standard clinical assessments, including vital signs and ECG, were made pre-dose 
and at approximately 1, 2, 4, 8, 12 and 24 hours post-dose. Standard laboratory 
assessments (hematology, clinical chemistry and urinalysis) were made pre-dose and 
24-hours post-dose. 

The pharmacokinetic parameters from the study are shown in Table 6. 

Table 6. Clevudine pharmacokinetic parameters by dose^. 

Dose 

(mg) 

150 

300 

600 

600 fed 

900 

1200 

^ mean 

Subjects 

9 

9 

12 

12 

9 

9 

I (%CV) 

^ % dose excreted 

c 
max 

(Hg/mL) 

0.62 (34) 

1.11 (47) 

2.60 (32) 

1.93 (16) 

3.10(36) 

4.66 (18) 

as unchanged i 

max 

(hr) 

1.4(53) 

1.9(56) 

2.1 (37) 

2.9 (36) 

1.6(57) 

1.9(55) 

clevudine 

AUC„,„, 

(hr*|Lig/mL) 

2.3 (21) 

5.3 (35) 

17.4 (30) 

16.8 (18) 

23.6 (30) 

34.3 (14) 

^1/2 

(hr) 

12.4 (43) 

10.3 (26) 

8.4 (14) 

8.1 (24) 

10.6 (19) 

9.9 (14) 

CL/F 

(mL/min) 

1137(23) 

1052 (34) 

636 (38) 

614(17) 

688 (30) 

594 (15) 

Urinary 

Recovery'' 

20.8 (33) 

21.7 (32) 

29.9 (24) 

29.0 (17) 

31.1 (28) 

31.0(7) 
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Strict dose proportionality is observed between 600 and 1200 mg. Reasonable 
linearity in AUC^ .̂ ^ and C^̂ ^ is observed over the entire dose range. As demonstrated by 
the 600 mg dose, a high-fat meal did not affect the extent of absorption. Even though t̂ /̂  
may be underestimated due to the short evaluation period (24 hours), the reported values 
are sufficiently long to support a once-daily dosing schedule. 

Clinical and laboratory evaluation indicated that clevudine was well tolerated. 
Adverse events and laboratory toxicities (grade 2 and above) are shown in Table 7. 
Four subjects reported a total of five adverse events. All were mild and resolved 
spontaneously. Four grade 2 laboratory toxicities were reported. A grade 3-lipase 
elevation was reported in one subject following the 150 mg dose. No other abnormalities 
were observed for this patient at the higher doses. 

Table 7. Safety results. 

Adverse Events 

Subject 

1 

1 

7 

9 

10 

Laboratory Toxicities. 

Laboratory Test 

Creatine Kinase^ 

Triglycerides 

Lipase 

Adverse Event 

Blood spot in stool 

Swollen lymph node 

Headache 

Run of 3 ventricular beats 

Loose stool 

Grade 2 

3 

1 

0 

Onset Day Relative to Dose 

5 days after 150 mg 

3 days after 1250 mg 

On day of placebo dose 

On day of placebo dose 

On day of placebo dose 

Grade 3 Grade 4 

0 0 

0 0 

lb 0 

^ Elevated in 1 subject after the 150-mg dose, and in 2 subjects after the 300-mg dose. 

b Grade 3-lipase elevation following 150 mg dose; normal values after all other doses. 

In summary, clinical and laboratory evaluations indicate that clevudine was well 
tolerated following single-dose administration at doses up to and including 1200 mg. 

Discussion 

The overall activity and chronic toxicological profile of clevudine supports the rapid 
development of this compound. The ability of the drug to arrest HB V replication, most 
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probably by inhibition of the DNA-dependent DNA polymerase activity, and produce a 
significant drop in viral load has been clearly demonstrated [15, 16, 17, 29]. Two of 
the most intriguing properties of clevudine are the rate at which viral load is reduced 
and the low level at which circulating WHV DNA can be maintained over extended 
dosing periods in the woodchuck model. It has become very clear from the clinical 
experience with HIV that to control disease progression and the emergence of resistant 
virus, viral replication must be held in check at extremely low levels. The ability to 
maintain suppression results is related to the durability of response. Clearly clevudine 
holds the promise of fitting this criterion. 

Another significant result of treatment with clevudine in animal-model studies has 
been the lack of recrudescence [16, 17]. In some woodchuck studies, serum WHV 
DNA levels have been observed to remain as much as 1000- to one millionfold below 
pretreatment levels for as long as 25 weeks after drug treatment was stopped. This effect 
may be another manifestation of the powerful antiviral activity of clevudine. The work 
of Zhu et al. [18] and Jacobs et al. [19] suggests that when the rate of viral replication 
is lower than the rate of hepatocyte turnover, then there is an apparent reduction 
in cccDNA due to dilution. This loss of cccDNA could account for the sustained 
antiviral effect. The hope is that this type and level of activity will also be observed in 
humans, and will translate into a longer interval of suppression before the emergence 
of resistant virus. 

Before introducing clevudine into clinical trials it was imperative to clearly and 
definitively differentiate the toxicological profile from that of D-FMAU and D-FIAU. 
The results of comprehensive preclinical in vivo testing have provided a large body 
of data that confirms clevudine to be different. In chronic toxicology studies there 
was no toxicity in rats dosed for nine months. Monkeys also tolerated a high dose for 
six months. When toxicity appeared in chronic studies at week 39, it was unlike the 
toxicity encountered with substantially lower doses of D-FIAU or D-FMAU. It reversed 
very rapidly with dose reduction or cessation. All of these features clearly separate 
clevudine from both D-FIAU and D-FMAU, where irreversible multiorgan toxicity 
appeared with very low doses in multiple species well before 12 weeks. Thus the data 
give reasonably strong assurance about the safety of clevudine and support the idea that 
the L enantiomer represents a distinct class of nucleoside analogue. 

Although it is very early in the development program, the initial clinical experience 
with clevudine is very promising. The pharmacokinetic profile is dose proportional, and 
the exposure levels are more than adequate to anticipate good antiviral activity based 
on preclinical in vitro and in vivo data. In addition, the drug is thus far well tolerated. 
These results are extremely compelling when one considers that the minimum cumula
tive dose that each subject received was 2500 mg, more than twice the average 
cumulative dose of FIAU that led to morbidity. The outcome of the Phase I trial and 
the extensive preclinical toxicology program support the initiation of the Phase I/II 
program. If the level of suppression and durability of response seen in the woodchuck 
model is observed in the human trials, clevudine could become an important new drug 
for the treatment of HBV infection. 
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Abstract 

The morphogenesis of hepatitis B vims (HBV) and Bovine Viral Diarrhea Virus (BVDV) 
is more dependent upon the glucosidase step of glycoprocessing than are most host 
functions. Since BVDV is similar, with respect to its morphogenesis, to hepatitis C virus 
(HCV), it is speculated that inhibitors of glucosidases will have broad therapeutic value. 

Introduction 

It appears that inhibition of as little as 6% of cellular glycoprocessing, with either 
the glucosidase inhibitors nonyl or n-butyl DNJ (NN-DNJ, NB-DNJ), causes a 99% 
decrease in HBV gene product secretion. Under these conditions there is a negligible 
impact upon host glycoprotein secretion. Unlike the situation with other antiviral agents, 
the frequency of viruses that have gained resistance to these compounds may be low, 
or even zero. Indeed, NN-DNJ resistant BVDV and HBV could not be generated by 
either continuous passage in the presence of compound (for BVDV) or by site directed 
mutagenesis [for HBV, see 31]. Glucosidases mediate the first step of glycoprocessing, 
which is necessary for the proper folding and trafficking of some glycoproteins. 
We speculate that most, if not all, viruses that acquire their envelopes from intracellular 
membranes will be selectively sensitive to glucosidase inhibitors. Indeed, NN-DNJ has 
been shown to be effective in reducing the levels of enveloped woodchuck hepatitis 
virus in vivo [5]. The precise molecular reasons for the selective sensitivity of certain 
viruses to these inhibitors is discussed. The possibility of developing a class of well-
tolerated antivirals to which resistance is rare has enormous implications for the future 
of therapy for chronic viral disease. 
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The problem of HBV & HCV 

Worldwide more than 400 million people are chronically infected with the hepatitis 
B and C viruses [HBV, HCV, see 1]. HBV and HCV are the etiological agents of a 
progressive liver disease in which 5-20% of those chronically infected may eventually 
develop life-limiting cirrhosis and hepatocellular carcinoma [22]. There is an immediate, 
desperate need for HCV therapeutics, and there is a significant need for effective HBV 
drugs which will complement nucleoside analogues. 

Current therapeutic options 

For both HBV and HCV, interferon alpha (an immune system modifying cytokine) has 
been shown to be effective in inducing patients to achieve "milestones" (not cures) in 
5 to 30% of those treated [22]. At present, the only specific treatment for chronic 
hepatitis C is interferon alpha therapy, either on its own or in combination with the 
guanosine analogue ribavirin [22], However, (a) parenteral administration is necessary, 
(b) the adverse side effects are use-limiting and (c) only half of the patients respond to 
treatment. Moreover, relapse in responder populations is common following cessation 
of therapy [22]. For HBV, the nucleoside analogue lamivudine is now available and 
is a highly effective anti-polymerase agent, achieving reductions of HBV viremia in 
almost all users [22]. 

However, there are problems associated with monotherapy in which the target of the 
compound is a virus-specified enzyme. As with HIV patients treated with AZT mono
therapy, HBV patients treated with lamivudine alone acquire resistant mutants [6, 27]. 
For example, it is estimated that resistant mutants were present in as may as 34% of 
those treated with lamivudine, after two years [16, 27]. Given the problems associated 
with HIV monotherapy, many clinicians even wonder about the wisdom of monotherapy 
for HBV; if resistant mutants emerge, these patients will not even be eligible for liver 
transplantation — their final option. Although the pathogenecity of resistant mutants is 
unknown (and could be less than that of the wild type), the occurrence of mutants could 
seriously undermine and limit the usefulness of nucleoside therapy. 

Role of glycoprocessing in host function 

N-linked glycosylation of glycoproteins occurs via the action of oligosaccharide 
transferase, in the endoplasmic reticulim (ER). However, in the ER, mammahan cells 
begin to degrade (process) the 14-residue oligosaccharide immediately after its addition 
to the nascent, polypeptide backbone at specific amino acid sequences, called "sequons" 
(see Figure 1 [13]). This trimming reaction is temporally and spatially regulated, 
beginning with the removal of terminal and penultimate glucose residues by ER 
glucosidases I and II. After additional trimming, the glycoprotein is transferred to 
the Golgi complex, where the oligosaccharide is reconstructed into its characteristic 
glycoform. Although the enzymology of processing is well understood, the reason that 
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Figure 1. N-linked glycosylation and processing. The process of N-linked glycosylation is shown as the 

combination of the pitchfork-like oligosaccharide structure with the ribbon-like polypeptide (progressing 

from an unfolded to folded state) by the action of oligosaccharyltransferase (OST). This step is inhibited 

by tunicaymicin (Tun). Glucosidase enzymes (GLU) mediate removal of terminal glucose residues 

(shown as circles attached to the oligosaccharide). Calnexin (shown as a wrench) is thought to bind nascent 

polypeptides via monoglucose residues and mediate protein folding. Mannosidases (MAN) process the 

N-linked oligosaccharide further. GLU and MAN enzymes are inhibited by DNJs and DMJs, respectively. 

the N-linked glycan is degraded soon after its transfer, only to be rebuilt in the Golgi 
had been an enigma [see 18]. 

The reasons for the tremendous cellular investment in glycan processing are even 
more surprising when considering that the process, in the ER, is nonessential (for tissue 
culture growth) [43]. Removal of the terminal glucose is apparently necessary for the 
transport of some, but not all, glycoproteins from the ER to the Golgi [28; 36; 34; 34a]. 
It has been proposed that the mono-glucosylated glycoprotein (the product of glucosi
dase) binds to cell chaperones such as calnexin [17]. Calnexin is hypothesized to help 
in protein folding and subsequent protein-protein interactions (oligomerization), and 
transport from the ER [18, 35]. Misfolded glycoprotein is either retained in the ER or 
continuously cycles between the ER and Golgi, possibly in association with with other 
cellular chaperones or transport proteins [12, 17]. 

Dependence of HBV and BVDV, and possibly HCV, to glucosidases 

We have previously shown that the secretion of enveloped HBV DNA is sensitive to 
glucosidase inhibition. HBV is thought to bud by the rolling of its nucleocapsid into 
the ER or post-ER intracellular membranes [24]. Further mechanisms of glucosidase 
inhibitor action studies led us to propose that viruses that acquire their envelopes 
from intracellular membranes might be extremely sensitive, as a class, to glucosidase 
inhibitors. HCV and the Flaviviridae family, as a whole, are also thought to bud 
nucleocapsids through the ER or other internal membranes. Since HCV is difficult to 
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grow in tissue culture, bovine viral diarrhea virus (BVDV) was used as its surrogate. 
BVDV is a flavivirus containing a positive stranded, infectious, 10 kb RNA genome 
that is translated into a 4,000-amino-acid polyprotein [23, 34]. Unlike HCV, however, 
methods for evaluation of its growth in tissue cultures are well defined. 

Under conditions of modest inhibition of cellular glucosidases (which mediate a step 
in glycoprocessing), host glycoproteins are secreted at near normal levels (see Figure 2). 
However, nearly 100% of the secretion of HBV and bovine viral diarrhea virus (BVDV) 
is prevented (Figure 2). 

Secretion of HBV and BVDV infectious virus is thus sensitive to glucosidase 
inhibitors. We have previously shown that HBV DNA accumulates within cells treated 
with glucosidase inhibitors such as NB-DNJ [31]. It was hypothesized that defective 
and not infectious forms of HBV were accumulating, transiently, within glucosidase-
inhibited cells. This, however, could not be formally tested, since infectivity assays 
for HBV are difficult to perform. 

The possibility that glucosidase inhibition caused an accumulation of infectious 
virus to be trapped within the cellular compartment was explored with BVDV. Briefly, 
BVDV-infected cells were left untreated or incubated with the glucosidase inhibitor, 
NB-DNJ. At three days after infection at an moi of less than one, the amount of infectious 
virus in the culture medium and within cell lysates was compared. As shown in Figure 3, 
in untreated cells, approximately two-thirds of the infectious virus remained cell 
associated, although a considerable titer was detectable in the medium. Cells treated 
with glucosidase inhibitors had nearly no detectable virus in either the cell medium or 
within the cellular compartment. These data suggest that glucosidase-inhibited cells do 
not accumulate infectious virus within the cellular compartment. 

Glucosidase function is necessary for virus maturation 

The glucosidases were shown to be the vulnerable step in glyco-processing by a series of 
pharmacological dissections. For example, inhibition of mannosidases with DMJ, which 
inhibits the glycoprocessing step immediately following glucose removal (see Figure 1), 
had no impact upon enveloped HBV or BVDV secretion (Figure 4). 

Acylated DNJs 

Previous studies have been performed with the simple imino sugar NB-DNJ (see Figure 5). 
Although it is orally active with excellent bio-availability and has been shown to be 
well tolerated in monkeys and humans [15], the high (millimolar) doses required to 
achieve an anti-HB V effect in tissue culture made the pursuit of more potent analogues 
desirable. Therefore, a survey of imino sugars with different biochemical structures 
and properties were tested for anti-HBV activity, with the hope of finding clues to 
structure-activity relationships that would provide a platform from which to develop a 
more realistic therapeutic compound. 
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Figure 2. HBV and BVDV secretion is selectively sensitive to glucosidase inhibitors. The secretion of 

enveloped HBV and cellular polypeptides albumin (Alb, a nonglycosylated protein) and alpha 1 antitrypsin 

(aTrp, a glycosylated protein) from HepG 2.2.15 cells in the absence and presence of the glucosidase inhibitor 

NB-DNJ (4 mM) is shown. Briefly, after six days incubation of HepG 2.2.15 cells in the absence (UN) or 

presence (4 mM) of NB-DNJ, the amount of enveloped HBV, albumin and a l antitrypsin secreted into the 

culture medium was determined. The value of the amount of HBV or polypeptide secreted in the absence 

of NB-DNJ is taken as 100%. HBV was measured by an immunoprecipitation (IP)-PCR. The intensity of 

the PCR product was detected by ethidium bromide staining, quantified by densitometry, with the raw OD 

value provided in the box. For polypeptide secretion, cells were labeled for 30 minutes with 35-S methionine. 

Three hours after labeling, culture medium was immunoprecipitated with specific antibody, followed by 

resolution through SDS PAGE. The bands specific for the polypeptide of interest were quantified by densitometry 

and raw values are presented in the box. Details of the assay can be found in Lu et al. (1996). Data presented 

here are from unpublished observations. 
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Figure 3. BVDV does not accumulate within the intracellular compartment of glucosidase-inhibited cells. 

BVDV-infected MDBK cells were grown in the absence (UN) or presence (NB) of 1 mg/ml (~4 mM) 

of NB-DNJ for three days. Media and cells were separated and the amount of virus (PFU) present was 

determined following freeze-thawing by standard methods. Infection was performed at a low (less than 1) 

multiplicity. 

Each compound was tested for anti-HBV activity and cytotoxicity. A DNJ derivative 
possessing a 9 carbon alkyl side chain (called nonyl DNJ or NN-DNJ), shown in 
Figure 5, was selected for further study, since it possessed anti-HBV and anti-BVDV 
activity in the low micromolar range and could be easily produced [Dwek, unpublished]. 
The selectivity index of NN-DNJ was determined to be between 50 and 100, using a 
mitochondrial dehydrogenase (MTT) assay [21]. Curiously, NN-DNJ and NB-DNJ had 
a similar Ki for the glucosidase enzyme (Table 1), suggesting that the enhanced antiviral 
activity of NN-DNJ in cell-based assays was due to increased cellular association or 
uptake. This possibility was determined, in part, by analysis of tissue accumulation 
of radio-labeled compound in mice following oral administration, where NN-DNJ 
appeared to have an enhanced hepatotropism [47]. 

Treatment of chronic woodchuck hepatitis virus infection with NN-DNJ 

With micromolar active glucosidase inhibitors, it was realistic to consider in vivo experi
ments. NN-DNJ was determined to be orally available and well tolerated in rodent studies, 
using in excess of 150 mg/kg (not shown). Therefore, the ability of NN-DNJ to reduce 
the levels of enveloped WHV DNA within the serum of chronically infected woodchucks 
was tested. The results were reported in Block et al. (1998). Briefly, 20 one-year-old 
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Figure 4. Inhibition of complex glycan formation with DMJ does not prevent HBV or BVDV secretion. 

MDBK cells were grown to confluence in six well plates and infected with 500 pfu of cp BVDV (NADL 

strain) per well for one hour at 37 degrees. The inoculum was then replaced with medium containing the 

indicated concentration of DMJ. After three days culture, medium supematants were removed, and virus 

yields were determined by plaque assay. After three days the plaques resulting from this secondary infection 

were counted, and the results were expressed as percentage of the number of plaques resulting from infection 

with the inhibitor-free plaque assay supernatant (=100%). DMJ was used at concentrations of up to 1.5 mM, 

an inhibitor concentration sufficient to protect treated cells from killing by a complex-sugar binding lectin 

(ECA) (data not shown). Data and methods are as in Zitzmann et al. (1999). 

Figure 5. Structure of NN-DNJ and NB-DNJ. Chemical structures of the simple imino sugars nonyldeoxyno-

jirimycin (NN-DNJ) and n-butyl deoxynojirimycin (NB-DNJ) are shown. 
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chronically infected woodchucks were divided into five treatment groups. Placebo or 
four different doses of NN-DNJ were administered orally, twice daily. All animals 
in all treatment groups thrived, showing no evidence of toxicity, using standard 
noninvasive means of evaluation (weight, liver function tests). The amount of total 
and enveloped WHV DNA in the serum was compared at zero and four weeks. 
Total DNA levels did not vary with dose group. However, the amount of enveloped 
WHV in woodchucks four weeks after treatment declined in a dose-dependent fashion 
(see Figure 6), with some animals lacking all detectable enveloped viral DNA. 

9t 
O 

191) e 
C8 

Serum [Drug] in ^g/ml 

Figure 6. NN-DNJ-fed woodchucks experience a decline in enveloped WHV that correlates with unprocessed 

glycan. Woodchucks chronically infected with woodchuck hepatitis virus (WHV) were fed placebo or 

NN-DNJ by oral gavage. The amount of enveloped WHV in the serum was determined. The amount at 

four weeks after treatment is shown as a percentage of the amount prior to treatment (right Y-axis) and is 

plotted as a function of the amount of serum NN-DNJ (at four weeks after treatment), along with the amount 

of unprocessed glycan in the serum at four weeks of treatment. These methods and details are described 

in greater detail in Block et al., 1998. 

The decline in enveloped viral DNA was shown to correlate with increasing amounts 
of serum NN-DNJ concentrations (see Figure 6 and Block et al., 1998). It was also of 
interest to determine if the decline in enveloped WHV DNA correlated with the extent 
to which the target enzyme, ER glucosidase, was inhibited. Since it was not possible to 
directly measure glucosidase enzyme activity in the treated animals, a surrogate marker 
for inhibition was developed. It was reasoned that the degree to which ER glucosidase 
was inhibited would be reflected in the accumulation of serum N-linked tri-glucosylated 
glycan. As shown in Figure 2, ER glucosidase mediates removal of terminal glucose 
residues from the nascent N-linked oligosaccharide. Therefore, inhibition of the enzyme 
would be expected to cause a buildup of tri-glucosylated structures. An HPLC assay 
to detect tri-glucosylated structures derived from serum glycoproteins was developed. 
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and the results are summarized in Figure 6. Serum from animals fed placebo contained 
no detectable glc3man7 structures and did not experience any reductions in enveloped 
viral DNA. However, the amount of enveloped viral DNA in animals treated for four 
weeks with NN-DNJ decreased with increasing levels of glc3man7 structures. That is, 
there was a clear dose relationship between the level of glycoprocessing inhibition 
and antiviral impact. Moreover, as little as 1% net inhibition of glycoprocessing was 
associated with a maximum (2 logs) drop in viremia. This suggested that overall, 
small amounts of inhibition of glycoprocessing were sufficient to cause large drops 
in enveloped viral DNA levels. 

This hypothesis was borne out by in vitro studies. The amount of enveloped HBV 
and hyperglucosylated N-linked glycan in the culture medium of 2.2.15 cells was 
measured as a function of NN-DNJ concentration. Figure 7 shows that the amount 
of hyperglucosylated glycan in the culture medium increases in an NN-DNJ-dose-
dependent fashion, plateauing at about 3.3%. The reason that increased amounts of 
NN-DNJ do not result in increased amounts of hyperglucosylated structure is uncertain, 
but is likely due to the action of other cellular processing enzymes (such as the 
golgi endomannosidase), which can process most glycan structures independently of 
glucosidase. Significantly, as was seen in vivo, as little as 3% inhibition of total 
glycoprocessing was sufficient to cause a greater than 99% reduction in the secretion 
of enveloped HBV. The apparent ability of NN-DNJ to achieve the same antiviral 
activity as NB-DNJ under conditions where glycoprocessing was less inhibited could 
also mean that NN-DNJ possesses an antiviral activity that uses a mechansim in addition 
to glucosidase inhibition. This possibility is under investigation. 

c^ 
(lo 

> 
0) 
^ 
> 
m X 

120 

100 

80 

60 

40 

20 

3,45 34.5 

nnDNJ concentration 

Figure 7. Correlation between inhibition of glycoprocessing and the NN-DNJ antiviral effect in tissue 

culture. After three days of incubation of HepG 2.2.15 cells, the indicated ug/ml concentration of either 

NN-DNJ culture medium was tested for the amount of enveloped HBV by immunoprecipitation (IP) PCR 

(as in Lu et al., 1995) or triglucosylated glycan, as in Block et al. (1998). The amount of HBV detected 

in untreated cells is considered to be 100%. Tri-glucosylated glycan (hyperglycan), derived by hydrazine 

release and fluor. labeling, from all secreted glycoproteins, was measured by normal phase HPLC (see Block 

et al., 1998) and accumulates when glucosidase is inhibited. It is considered to be proportional to the degree 

to which the enzyme has been inhibited. 
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Glucosidase-resistant mutants could not be isolated 

Since HBV cannot be passed continuously in tissue culture, it has been unrealistic to 
determine if mutants resistant to glucosidase inhibitor could be spontaneously generated. 
However, BVDV is sensitive to glucosidase inhibitors and can be passaged continuously 
in tissue cultures. Therefore, the possibility that mutant BVDV resistant to NN-DNJ and 
NB-DNJ could emerge was tested by the serial passage of 1 x 10̂  PFU in the presence 
of various concentrations of inhibitor. At selected passages, the progeny were tested for 
the ability to grow in the absence and presence of a concentration of inhibitor known 
to reduce titers by 99%. Complete resistance is defined as equal titer formation in the 
absence or presence of inhibitor. Partial resistance was defined as the acquisition of a 
greater IC-90 (concentration of compound required to reduce titers by 90%) than was 
seen for wild type, parental virus. 

As shown in Figure 8, after more than 20 passages, there is no evidence that resistant 
mutants of BVDV have emerged. In contrast, BVDV mutants resistant to a neutralizing 
monoclonal antibody appear within four passages (not shown). 
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Figure 8. Sensitivity to NB-DNJ before and after passage of BVDV in the presence of various concentrations 

of compound. MDBK cells were infected with BVDV strain NADL at an moi of 0.01 in the presence of 

the indicated concentration of glucosidase inhibitor. After approximately 90% of the culture was judged, by 

analysis under light microscopy, to be "cytopathic", the culture was harvested and a "passage" was considered 

achieved. This cycle was repeated for 20 passages, after which the degree of sensitivity (fold reduction) 

of the continuously passaged virus to an amount of glucosidase inhibitor that decreases wild type, parental 

vims by 99%, was determined and is shown. 
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Conclusions 

HBV and HCV are completely different viruses with strikingly similar natural histories 
of infection: both target the liver and cause chronic, probably immunopathological 
diseases [22]. Relevant to this discussion is the fact that their morphogenesis seems 
to be from the same intracellular organelles. Thus, although they are very different 
virologically, and drugs directed against HBV enzymes (such as lamivudine) are likely 
to be ineffective against HCV, we suggest that their shared intracellular morphogenesis 
profiles offer an exciting opportunity for intervention. 

A growing body of evidence suggests that viruses that acquire their lipid envelopes 
and glycoproteins from intracellular membranes, such as the ER and Golgi, are extremely 
dependent upon the ER glucosidase. For example, we have observed that the secretion 
of HBV as well as production of BVDV, in tissue culture is prevented by glucosidase 
inhibitors [47]. BVDV is considered to be a good tissue culture surrogate of hepatitis C 
virus (HCV) [19]. Moreover, inhibition of HBV and BVDV was achieved under conditions 
in which little, if any, toxicity to the host was observed. HBV, HCV and BVDV are all 
believed to bud from the ER. Therefore, we hypothesize that viruses that bud from the ER 
can be selectively inhibited with glucosidase inhibitors. It is worthwhile mentioning that 
precise IC 50 determinations vary somewhat with culture conditions. 

Clearly, certain classes of enveloped viruses are more sensitive to glucosidase mediated 
processing for their secretion than are most host functions. Moreover, mutant viruses 
refractory to the action of glucosidase inhibitors are rare. NN-DNJ is more potent than 
is NB-DNJ in the inhibition of HBV and BVDV secretion. This could be due in part 
to a preferential cellular uptake. It is also possible that NN-DNJ possesses antiviral 
mechanisms other than that of inhibiting glucosidases. This is being explored. 

Targeting a host enzyme for a beneficial effect is, of course, not new and is the 
basis of many of the therapeutics in clinical use, from diabetes and cholesterol lowering 
medications to hypertension medications. However, it is less conventional to propose 
targeting a host enzyme for the treatment of a viral infection. The ultimate usefulness of 
these compounds as therapeutics will depend upon their safety profiles. 
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Table 1. Antiviral profiles of NB-DNJ and NN-DNJ: 

Compound: EC-50 (uM) Ki (uM) CC-50 (uM) 

NB-DNJ 115 0.22 >5,000 

NN-DNJ 2.5 0.44 150 
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The amount of compound needed to inhibit 50% of the plaques produced by BVDV 
strain NADL in a single-step yield reduction assay (EC-50), 50% of rat liver glucosidase 
in a standard liquid enzyme assay, or kill 50% of the cells in culture, is shown. 
Data (for BVDV) are from R. Jordan (unpublished), with assay details as in Zitzmann 
et al., 1999. Data for glucosidase enzyme are from R. Dwek (U. Oxford, unpublished). 
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Abstract 

Ribozymes are enzymatic RNA molecules that can be engineered to cleave specifically 
a target RNA sequence and are thus applicable to targeting viral RNA as a means to 
inhibit viral replication. We have chemically modified ribozymes to yield molecules 
that retain catalytic cleavage activity but are stabilized to nuclease degradation, and we 
have designed such ribozymes to target and cleave the highly conserved 5'-UTR of the 
HCV genome. This region of HCV RNA forms an internal ribosome entry site (IRES) 
that is required for efficient translation of the HCV polyprotein. Ribozymes targeting 
the HCV RNA plus strand as well as the minus strand were synthesized. To test the 
antiviral activity of the stabilized ribozymes, a plaque assay was implemented using an 
HCV/pohovirus (HCV/PV) chimera in which the HCV IRES directs translation of the 
poliovirus polypeptide. Treatment with ribozymes targeting the HCV RNA plus strand 
(sites 165, 195, 196, 282, 306, or 330) demonstrated significant inhibition of replication 
of the chimeric HCV/PV (>70-90%, p < 0.01). Likewise, treatment with ribozymes 
targeting the HCV RNA minus strand (sites -161, -170, -199, or -297) also resulted in 
a significant inhibition of replication of the chimeric HCV/PV (>70-90%, p < 0.01). 
To investigate potential effects of simultaneously targeting the plus and minus strands, 
dose-response curves of combination treatments were analyzed using the HCV/PV 
system. The combination studies demonstrated an additive effect of the ribozymes 
targeting the plus and minus HCV RNA strands that was linear over a dose range from 
O-to-200 nM concentrations. A specific ribozyme mechanism of action was demonstrated 
by the lack of inhibitory effects on HCV/PV replication using either a scrambled 
binding arm attenuated control (SAC: tests for nonspecific activity of nucleotide 
content) or a binding arm attenuated control (BAC: tests for binding arm effects). 
These studies indicate that synthetic stabilized ribozymes directed against plus or minus 
strand HCV RNA demonstrate potent antiviral activity and have the potential to be 
effective therapeutic agents for the treatment of chronic hepatitis C. 
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Hepatitis C virus (HCV) is an enveloped, plus-strand RNA virus of the genus 
Flaviviridae [1,2]. HCV is an important pathogen worldwide, infecting over 150 million 
people [3]. Chronic infection with HCV can result in cirrhosis, liver failure and hepatocel
lular carcinoma [4, 5]. There is no vaccine for HCV, and current treatment with interferon 
and ribavirin is ineffective in a large percentage of patients [6, 7]. Interferon therapy is also 
associated with unpleasant side effects such as fever, diarrhea, lethargy and malaise [6, 7]. 
The poor growth of the virus in cell culture and the lack of an appropriate small animal 
model, however, have hampered development of new therapies. 

We have circumvented this hmitation by utilizing a chimeric poUovirus (PV) that 
contains the HCV RNA internal ribosome entry site (IRES) in place of the poliovirus 
IRES [8]. This chimeric HCV/PV replicates efficiently in cell culture and is dependent 
upon the HCV IRES. The IRES is required for translation of the viral polyprotein by 
a cap-independent mechanism [9, 10]. The 5' untranslated region (UTR) of HCV RNA 
that contributes to the IRES is highly conserved in sequence among HCV genotypes 
[11], and thus makes an excellent target for a ribozyme therapeutic. 

Ribozymes are catalytic RNA molecules that can be designed to cleave a specific 
RNA sequence. We have designed a number of ribozymes to cleave specific sites in 
the HCV 5'UTR and its complementary minus-strand sequence. To determine if any 
of these sites are accessible to ribozyme cleavage during viral rephcation within the 
cellular milieu, we screened these ribozymes for the ability to inhibit replication of the 
HCV/PV chimera in cells in culture. 

Materials and methods 

Cells and virus 

HeLa cells were maintained in DMEM (Gibco BRL, Grand Island, NY) supplemented 
with 5% fetal bovine serum. A cloned DNA copy of the HCV-PV chimeric virus was a gift 
of Dr. Eckard Wimmer (NYU, Stony Brook, NY). An RNA version was then generated by 
in vitro transcription and transfected into HeLa cells to produce infectious virus. 

Ribozyme synthesis 

Nuclease resistant ribozymes and control oligonucleotides containing 2'-0-methyl-
nucleotides, 2'-deoxy-2'-C-allyl uridine, a 3'-inverted abasic cap, and phosphorothioate 
linkages were synthesized as described [12, 13]. Ribozymes targeting cleavage of the 
5'UTR of HCV genotype lb and controls were described previously [14]. Attenuated 
core controls have nucleotide changes in the core sequence that greatly diminish the 
ribozyme's cleavage activity. The attenuated controls either contain scrambled binding 
arms (referred to as SAC) or maintain binding arms (BAC) capable of binding to the 
mRNA target. Ribozymes targeting the minus strand have the catalytic core shown in 
Figure 1 and have seven nucleotide binding arms that allow base-pairing to the minus 
strand at the designated cleavage site. 
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Figure 1. Ribozyme motifs. Ribozymes targeting UH (left panel) or CH (right panel) cleavage sites are 

shown base-paired to their target. Modifications are denoted as follows: upper case, ribonucleotide; lower 

case, 2'-0-methyl-nucleotide; s, phosphorothioate linkage; B, inverted 3'-3' deoxy-abasic; u, 2'-deoxy-2'-C-

allyl-uridine; I, inosine; H = A, C, or U. 

Ribozyme delivery 

The use of lipid cytofectin, RPL9778, was described previously [14]. HeLa cells were 
seeded in 96-well plates at a density of 9000-10,000 cells/well and incubated at 37°C 
under 5% CO^ for 24 hours. Transfection of ribozyme or control oligonucleotides (200 
nM) was achieved by mixing lOX ribozyme or control oligonucleotides (2000 nM) with 
lOX RPI.9778 (80 |Xg/ml) in DMEM (Gibco BRL) containing 5% fetal bovine serum 
(FBS) in U-bottom 96-well plates to make 5X complexes. Ribozyme/lipid complexes 
were allowed to incubate for 15 min at 'ITC under 5% CO^. Medium was aspirated from 
cells and replaced with 80 |il of DMEM (Gibco BRL) containing 5% FBS, followed 
by the addition of 20 |il of 5X complexes. Cells were incubated with complexes for 
24 hours at 37^C under 5% CO^. All experiments were repeated at least twice, and 
results reported were reproducible. After 24 hours, cells were lysed to release virus 
by three cycles of freeze/thaw. Virus was quantified by plaque assay. Viral yield is 
shown as mean plaque-forming units per ml (pfu/ml) + SEM. P values were determined 
by the Student's t test. 

Plaque assay 

Virus samples were diluted in serum-free DMEM (Gibco BRL) and 100 |il applied to 
Vero cell monolayers (-80% confluent) in 6-well plates for 30 minutes. Infected mono
layers were overlaid with 3 ml 1.2% agar (Sigma) and incubated at 37°C under 5% CO2. 
When plaques were visible (after two to three days) the overlay was removed, monolay
ers were stained with 1.2% crystal violet, and plaque-forming units were counted. 
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Results 

We synthesized ribozymes targeting 15 UH (H = A, C, or U) sites in the HCV 5' UTR. 
These ribozymes contained chemical modifications to inhibit RNase digestion but retain 
cleavage activity of the ribozyme (Figure 1). In addition, we synthesized ribozymes 
targeting either UH or CH sites in the minus strand. The UH and CH ribozyme motifs 
are shown in Figure 1. 

In order to examine the efficacy of ribozymes targeting the HCV 5'UTR in a 
replicating viral system, we employed an HCV/poliovirus (PV) chimera that contains 
the HCV IRES in place of the PV IRES [8]. This chimera rephcates efficiently in HeLa 
cells, but is dependent upon the HCV IRES for translation. Cleavage of the HCV IRES 
could inhibit either translation and/or replication of full-length HCV/PV RNA. HeLa 
cells infected with HCV/PV were treated with various ribozymes targeting the HCV 
5'UTR. After 24 hours, treated cells were lysed by three cycles of freeze/thaw to release 
virus, and infectious virus was quantified by plaque assay. 

As shown in Figure 2A, treatment with ribozymes targeting the HCV RNA plus 
strand (sites 165, 195, 196, 282, 306, and 330) demonstrated significant inhibition of 
replication of the chimeric HCV-poliovirus (>70-90%, p < 0.01) compared to cells 
treated with a nonspecific control (SAC). In order to characterize the nature of inhibition 
due to the ribozyme molecule, ribozymes to two sites (195 and 330) were chosen for 
further study. A paired SAC was designed for each ribozyme. The SAC cannot bind 
to the target site due to the scrambled binding arm sequence, but contains the same 
base composition as the active ribozyme molecule. Treatment with ribozyme to site 
195 significantly inhibited viral replication (Figure 2B) compared to paired SAC-treated 
cells, as we have previously reported [14]. In this experiment ribozyme to site 330 
was not as efficacious as the site 195 ribozyme (Figure 2B). The paired SAC for 
site 330 did not inhibit viral replication and behaved similarly to the site 195 SAC 
(Figure 2B). 

To confirm that a ribozyme catalytic mechanism was required for inhibition, we 
tested a binding competent, attenuated control (BAC) specific for site 195. The BAC 
retains the ability to bind to the same site as the ribozyme but contains two base changes 
in the catalytic core that greatly attenuate cleavage activity. As shown in Figure 2B, the 
BAC to site 195 did not inhibit HCV/PV replication, thus confirming that binding alone 
was not responsible for the inhibition observed. 

We also screened ribozymes targeting a number of sites in the minus strand 
complementary to the 5'UTR (Figure 3). We assigned site numbering to the minus strand 
based on the plus strand. For example, ribozyme targeting site -96 cleaves the minus 
strand 3' of the nucleotide complementary to nucleotide 96 in the plus strand. In other 
words, site -97 is 97 nucleotides upstream from the 3' end of the minus strand. Cleavage 
of the minus strand would be expected to reduce RNA replicative intermediates and 
inhibit synthesis of nascent viral RNA plus strands. As shown in Figure 3, treatment with 
ribozymes targeting the HCV RNA minus strand at several UH sites (-161 or -297) and 
CH sites (-170 or -199) also resulted in a significant inhibition of HCV/PV replication 
(>70-90%, p < 0.01) compared to treatment with a general SAC. For comparison, 
treatment with ribozyme to site 195 of the plus strand is also shown. 
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Figure 2. Inhibition of HCV/PV replication by ribozymes targeting HCV RNA plus strand. A) Ribozyme 

screen. B) Ribozyme inhibition is sequence dependent and requires the catalytic core. Plaque-forming units 

(pfu) ± SEM are shown from cells treated with ribozyme to the site as indicated. SAC, scrambled attenuated 

control. BAC, binding attenuated core control. 

In order to demonstrate a dose-dependent inhibitory effect of a ribozyme targeting 
the plus or minus strand, we treated HCV/PV-infected cells with increasing doses of 
ribozyme targeting site -1-195 (Figure 4A). To maintain the same transfection conditions 
across the dose response, we mixed the active ribozyme with an SAC to achieve a 
total oligonucleotide concentration of 200 nM in order to keep the same total nucleic 
acid-to-lipid charge ratio in each transfection. Treatment with increasing doses of site 
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Figure 3. Inhibition of HCV/PV replication by ribozymes targeting HCV RNA minus strand. Plaque-forming 

units (pfu) ± SEM are shown from cells treated with ribozyme to the site as indicated. SAC, scrambled 

attenuated control. +195 targets plus strand. 

+195 ribozyme resulted in a dose-dependent inhibition of viral replication (Figure 4A). 
We also observed similar dose-dependent inhibition in treatment with efficacious 
ribozymes targeting the minus strand. An example of a dose response with a less 
efficacious ribozyme targeting the minus (site -256) is shown in Figure 4B. 

To investigate potential effects of simultaneously targeting the plus and minus 
strands, dose-response curves of several combination treatments were analyzed using 
the HCV/PV system (Figure 5). Ribozyme targeting site 195 of the plus strand was 
mixed at different doses with ribozyme targeting a site in the minus strand to maintain 
a total ribozyme dose of 200 nM. As a control, ribozyme to site 195 was mixed 
with ribozyme targeting site -330 of the minus strand, a ribozyme observed not to 
be efficacious when given alone (Figure 3). The dose response of this combination is 
similar to that of site 195 mixed with a paired SAC (Figure 4A). In this experiment, 
the other ribozymes targeting the minus strand significantly inhibit HCV/PV repHcation 
(>95%, p < 0.01) when given alone (0 nM site 195 ribozyme points in Figure 5), as does 
ribozyme to site 195 alone (200 nM dose in Figure 5). The transitional combinations 
of the ribozymes targeting the plus and minus HCV RNA strands appear to generate an 
intermediate effect over a dose range from O-to-200 nM concentrations. 

Discussion 

Development of new therapies for patients with chronic HCV has been hampered by 
the poor growth of HCV in cell culture. This limitation could be circumvented by using 
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Figure 4. Ribozyme dose response. A) Ribozyme to site 195 of plus strand. B) Ribozyme to site -255 of 

minus strand. Plaque-forming units (pfu) ± SEM are shown from cells treated with the dose of ribozyme to the 

site as indicated. Active ribozyme was mixed with SAC to maintain a total dose of 200 nM. 

a HCV/PV chimera that replicates efficiently in cell culture, but is dependent upon 
the HCV IRES [8]. Both HCV and PV are plus-strand RNA viruses that repHcate 
in the cytoplasm of infected cells, and thus have analogous steps in their life cycles. 
The sequence of the HCV IRES is highly conserved among the various HCV genotypes 
[11], and therefore makes an excellent target for ribozyme therapy. 
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Figure 5. Combination treatment with ribozymes targeting plus and minus strand. Plaque-forming 

units (pfu) ± SEM are shown from cells treated with dose of ribozyme to site 195 of plus strand, as 

indicated. Ribozyme to site 195 was mixed with ribozymes to the minus strand, as shown, to maintain 

total dose of 200 nM. 

Because there may be only a limited number of RNA sites accessible for targeting 
within cells due to RNA secondary structure or protein binding, we have screened 
ribozymes to a number of sites in the HCV 5'UTR and its complementary minus strand 
sequence. Treatment with ribozymes targeting sites 165, 195, 196, 282, 306, or 330 of 
the plus strand of HCV RNA or -161, -170, -199, and -297 of the complementary region 
in the minus strand significantly inhibited replication of the HCV/PV chimera. The level 
of inhibition for ribozymes targeting the plus or minus strand were similar, although 
the ribozyme targeting site 195 in the plus strand was consistently the most efficacious. 

As previously reported [14] and shown in Figure 2B, the inhibition in viral replication 
by treatment with ribozyme to site 195 required a catalytic mechanism, since a 
catalytically attenuated ribozyme that maintained base-pairing did not inhibit viral 
replication. In addition, the inhibition due to treatment with ribozymes targeting the plus 
or minus strand was dose-dependent. Combination treatment with a ribozyme targeting 
the plus strand (site +195) and ribozymes targeting the minus strand appeared to give 
an intermediate level of inhibition. The potent antiviral activity of synthetic, stabilized 
ribozymes directed against the plus or minus strand of HCV RNA, as demonstrated 
here, support their potential to be effective therapeutic agents for the treatment of 
chronic hepatitis C. 
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Mechanism of laser therapy of viral hepatitis 

VICTOR OVSIANNIKOV 

D. V. Efremov Scientific Research Institute of Electrophysical Apparatus, 
Saint Petersburg, Russia 

The results of six-years' investigation in low-energy laser therapy for viral hepatitis 
are presented. A special infrared laser was used for this purpose. It was determined 
that laser therapy in combination with basic and detoxification therapies accelerated 
the recovery of patients and increased the quality of treatment. Different schemes 
for application of the laser were used for the treatment of patients with hepatitis B 
and hepatitis C virus. The safety of laser therapy was examined and, the mechanism 
of therapeutic effect was proposed based upon clinical observations and laboratory 
examinations. It was shown that the application of the laser action to the body led 
to activation (or stimulation) of adaptation reactions in the body: to normalization 
of peroxide oxidation of lipids, to normalization of immune system activity and, to 
activation of the blood production system. Laser therapy of viral hepatitis increases 
the quality of treatment, and there were no apparent relapses of diseases. 

Introduction 

Laser therapy of viral hepatitis has been used in St. Petersburg since 1993. It was 
proposed based on our clinical experience in laser treatment of some skin diseases [1] 
and some postoperative complications in oncology patients [2, 3], on investigation of 
laser activity on viruses in culture [4], on our theoretical notion about the mechanism 
of carcinogenesis [5-7] and interaction of laser radiation with tissue [1]. The parameters 
of laser radiation were determined from such observations as therapeutic effect, absence 
of negative side effects. 

A special infrared laser with wavelength 890 nm was developed. It works in a 
periodic-pulse mode with an average power of 10-60 mW. It is easily transportable and 
can be operated by trained medical workers. 

Method 

The method of laser therapy for viral hepatitis involves the laser irradiation of blood 
in cubital veins, liver and thymus (breast-bone area) [8]. All laser actions are produced 
transcutaneously without any tissue heating. Calculations show that the temperature of 
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tissue will not increase more than P C . The patients did not report feeling any heating 
during the period of laser treatment. 

Investigations into the efficiency of laser therapy for viral hepatitis were conducted in 
the infectious clinics of two Medical Academies of St. Petersburg [9, 10]. The clinical 
observations (including general condition, intoxication, jaundice, hepatomegalia) and 
biochemical testing [including bilirubin levels (determined by Inderassik et al. method), 
choletelin (determined by Ilea method), p-lipoprotein (determined by Burstem and 
Samaill method), alaminotransferase (ALT) (determined by Reitman and Franckel 
method), Sublimate titer (determined by Greensted method), cell immunity of CD-cells 
(determined by Bach method)] were determined. Ultrasonic investigations of liver, 
gallbladder, pancreas and spleen were also conducted. The level of the anti-oxidation 
defense system was determined by measuring the concentration of thiol groups SH 
and SS in serum, by determining the ratio SH/SS, and by determining the intensity 
of free radical oxidation. The last was investigated by the method of inductance 
chemiluminescence of cells and serum. 

Clinical efficiency of laser therapy 

In the first stage of our investigations, we specified parameters of laser activity and 
checked the efficiency of laser therapy (conducted by T. Sologub and N. Pustasheva). In 
the second stage, the efficiency of laser treatment for different forms and stages of viral 
hepatitis as well as the cell or humoral mechanisms of the therapeutic effect of laser 
treatment were determined (conducted by N. Kuznetsov and O. Masterova). 

Laser therapy was proposed to patients who had clear symptoms of hyperfermentemia, 
changes in biochemical indexes, presence of markers of viral hepatitis HBsAg, HBeAg, 
anti-HBV core antibody, anti-HCV, and absence of markers for hepatitis A virus 
(anti-HAVgGM) or hepatitis delta vims (anti-HDV). 

Laser treatment was appHed against a background of basic and detoxification 
therapies. In the first stage of investigation (64 patients: 21 women and 43 men; 56 
patients with acute viral hepatitis B and C, six patients with chronic viral hepatitis 
C, two patients with chronic viral hepatitis B with cirrhosis), it was shown that laser 
therapy led to positive results in acute and chronic forms of disease, but was ineffective 
in patients with chronic viral hepatitis with cirrhosis [9]. 

Laser therapy was prescribed to patients after five to seven days in clinic. Most of 
these (75%) were in the main period of disease, and 25% were in the period of early 
convalescence (with persistent hyperfermentemia). 

In the subsequent studies laser therapy was prescribed for all patients during the main 
period of disease. Identical groups of 20 patients (identical in sex, age, type of hepatitis) 
were used as control groups. They received the traditional treatment without any laser 
treatment. The course of laser therapy took five to ten days. All patients tolerated it very 
well, without any subjective (reported) complaints or objective complications. 

The general clinical condition of patients improved after two to four days of laser 
therapy. Symptoms of skin intoxication, skin itch and pain in the right hypochondrium 
vanished, and dimensions of the liver decreased. The symptom of intoxication in laser 
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patients vanished four to five days earlier than in patients in the control group, and their 
recovery was five to seven days earlier. 

The laboratory examinations showed that positive changes of all biochemical indices 
took place after five courses of laser therapy (on average). Examples of improvement of 
the general condition of patients are shown in Table 1. 

Table 1. Clinical observations in patients with acute viral hepatitis B 

Control group, days Laser group, days 

Duration of the symptom "General weakness" 13±2 10±1 

Duration of the symptom "Lowering appetite" 13 ± 1 9 ± 1 

Duration of jaundice 35 ± 2 29 ± 3 

Duration of hepatomegalia period 3 8 ± 2 3 3 ± 3 

The biochemical examinations of these patients at different stages of disease are 
shown in the Table 2. 

Table 2. Biochemical examinations of patients with acute viral hepatitis B 

Period of disease 

Main stage 

Jaundice period 

Early convalescence 

Convalescence 

Bilirubin 

Control group 

239 ± 10 

143 ± 10 

54 ± 5 

24 ± 2 

|amole/l.h 

Laser group 

244 ± 10 

123 ± 10 

36.4 ± 3.5 

17 ± 1 

ALT 

Control group 

1440 ± 20 

840 ± 40 

512 ±36 

116 ±24 

Un/1 

Laser group 

1512.±60 

780 ± 30 

504 ± 30 

112 ±13 

Thymol 

probe un 

Control group 

10 ± 1 

9 ±0.5 

7 ± 1 

7 ±0.5 

Laser group 

10 ± 1 

8.0 ± 0.5 

7 ±0.5 

7 ±05 

All data from the biochemical examinations of patients from the laser group indicated 
a faster improvement than in the control group. The time to normalization of these 
parameters was shorter in the laser group. 

The efficiency of laser therapy for patients with lingering forms of disease was 
investigated in the group of 50 patients with the acute form of viral hepatitis B (30 
patients in the laser group and 20 patients in the control group). The bilirubin amount 
after the course of laser therapy was 17.2 ± 0.66 |imole/l.h in the laser group and 
24 ± 2.4 (imole/l.h in the control group at the same time. The time to normalization was 
52.5 ± 2.4 days in the laser group and 58.3 ± 2.4 days in the control group. 
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The investigation of thiol groups showed that concentration of the SH group in serum 
after the laser treatment increased 25%-30%, and the ratio of SH/SS concentrations 
increased from one up to four. 

The investigation of the free radical oxidation processes by the method of inductance 
chemoluminescence of cells and serum led us to conclude that intensity of these 
processes in the blood of patients in the laser group was 30% less than in the control 
group. These results indicated an increased nonspecific resistance. 

The investigation of immune status of patients was conducted in a group of 60 
patients (30 — laser group and 30 — control group). After the course of laser therapy, 
CD-3 increased from 866 un. to 1238 un.; CD-4 increased from 546 un. to 781 un. 

The laser treatment of patients with viral hepatitis C was carried out using different 
protocols in the two different clinics, resulting in different results. Patients in the 
first clinic (31 patients laser group and 20 patients control group) received the laser 
irradiation of liver, blood and thymus-breastbone. Laser treatment produced positive 
results in this group. Patients in the second clinic (20 patients laser group and 20 
patients control group) received the laser irradiation of liver and blood in cubetal veins 
only. Laser therapy in this group led to apparent positive results, but the differences 
from the control patients were not statistically significant. 

We know that the replication of HCV takes place in different organs, and this leads 
to damage in the different tissues. Therefore, the stimulation of the whole immune 
system is needed for the successful treatment of this disease. Irradiation of blood and 
liver is not enough for this purpose. The first protocol of laser treatment produced an 
improvement in the overall immune status of the patients and led to positive results 
in the treatment of HCV. 

It is clear that the results of laser therapy depended on the stage of disease. We had the 
laser group of 48 patients: 20 patients with acute forms of hepatitis (eight — hepatitis B, 
12 — hepatitis C) and 28 patients with chronic forms of hepatitis (nine — hepatitis 
B, 19 — hepatitis C). Statistically significant results (reduction of jaundice period and 
cytolytic period) were obtained in 83% of patients with acute hepatitis and in 68% of 
patients with chronic hepatitis. 

The influence of laser treatment on the peroxide oxidation of lipids was investigated 
in a group of 150 patients with lingering forms of viral hepatitis B and C. For analysis 
purposes the patients were divided into two groups: the first with low indices of immune 
status (CD-3 — 866 ± 36 un., CD-4 — 546 ± 51 un., CD-8 — 308 ± 18 un.) before 
treatment, and the second with normal indices of immune status before treatment. Laser 
treatment led to increases in these indexes in the first group (CD-3 — 1238 ± 61 un., 
CD-4 — 781 ± 18 un., CD-8 — 501 ± 10 un.). In the second group these indices 
were lower at the beginning of treatment and increased to normal values in the period 
of early convalescence. 

More than 300 patients with viral hepatitis have received laser treatment, and for 
most of them it gave positive results. We did not observe relapses of disease after 
laser therapy. All these results indicate that laser therapy can normalize a morphologic 
structure of live tissue and increase immune reactivity of the patient. 
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Mechanism of laser therapeutic action 

For the purpose of discussion about the mechanism of laser therapeutic action, we take 
into account the results of laser treatment of HIV/AIDS patients [11-13]. 

There were several hypotheses about the primary action of low-energy laser radiation 
on a living tissue. They involved the effect of cell metabolism stimulation by activation 
of some cellular enzyme, conformation of intracellular fluid or biopolymers, activation 
of singlet oxygen, and temperature changes of cell membranes. 

We suppose that laser radiation action on living cells can stimulate (normalize) the 
energy cycle of cells in cases in which they have been changed as a result of disease 
[1]. Some cellular molecules can receive the needed energy by means of absorption of 
laser radiation energy. If the cells have normal metabolic processes, the laser energy 
is dispersed in the tissue. The total laser energy is not enough for thermal action on 
tissue. This assumption can explain most of the phenomena of laser therapy. It helped 
us to calculate the parameters of laser radiation that were needed for irradiation of any 
patient area and permitted us to propose the appropriate protocol of laser treatment for 
the different stages and forms of viral hepatitis. 

It is known that laser action on tissue can lead to increased microcirculation of blood 
in irradiated areas. The effect of increasing microcirculation can help to regenerate 
the damaged cells of the liver. At the same time, laser action on blood can lead to 
photo modification of the membranes of blood cells. It can lead to increased membrane 
permeability and to greater levels of biologically active substances in the blood stream, 
thereby affecting other organs, such as the adrenal gland. 

Our analysis shows that by means of our special laser we could input enough laser 
energy for normalization of metabolism in blood, liver and bone marrow cells. This 
could lead to improved regeneration of liver cells, but only in the thin layer of liver. 

Our investigation has shown that localized laser therapy could influence the immune 
and blood-production systems in patients [3]. During the laser irradiation of the thymus-
breastbone, we could stimulate (normalize) the function of the thymus, which regulates 
many processes in the body. At the same time laser activity on the bone marrow cells 
could result in increasing the production of new, healthy blood cells, bone marrow 
being the source of new blood cells and the thymus being the site of lymphocyte 
maturation. We observed rapid positive changes in patients' blood and an improvement 
in their immune status. 

Analysis of laser treatment of HIV/AIDS patients showed that normalization of 
blood components and immune status of patients takes place after a very short time 
— one course of laser therapy. 

Investigation of the anti-oxidation defense system showed stimulation under laser 
therapy and normalization of the processes of peroxide oxidation of lipids. Perhaps this 
effect plays an important role in therapeutic efficacy of laser treatment. N. Kuznetsov and 
O. Masterova were the first who recognized this relationship. 

We are not able to point out a single mechanism of therapeutic efficacy of laser 
treatment for viral hepatitis patients. Perhaps all the above-mentioned effects are 
present, and the real mechanism is as complex as the human organism itself. But now 
we can confirm that laser therapy can stimulate the defense mechanisms of the body. 
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and that this leads to a shortening of the patient's recovery period, and to increasing 
the quality of life. 

Innocuousness and safety of laser therapy 

Laser therapy is a new and not widespread modality. Thus, questions of safety and 
tolerance are very important. We did not observe untoward effects or results from laser 
therapy in our protocols. The wavelength was chosen from the conditions of disposition 
of an object of irradiation. Visible radiation can be used for action at the skin's surface, 
or for superficial damage, but radiation near the infrared spectrum is more convenient 
for action under the skin, at the level of tissue or organs. Ultraviolet laser radiation 
cannot be recommended for therapy, because it can change the genetic properties of 
living cells [5]. Infrared laser radiation did not affect the genetic properties of cells, 
and using it is safe in this respect. Laser irradiation must produce therapeutic effects 
and should not heat tissue, so its power is Umited from mW to n • 100 mw. Some 
investigation has shown that at higher laser intensities, the suppression of cellular 
metabolism can occur. 

Our research into laser effects on viruses in vitro has shown that virus infectivity 
remained unchanged under the low-energy laser radiation, if the initial virus activity 
was normal. Our practice of using laser treatment represents a new and different 
direction in the practice of medicine: infectious disease, surgery, oncology, neurology. 
Our results show that laser therapy does not lead to any negative side effects or any 
complications, provided the clinical application of lasers is made in conjunction with 
calculation of laser actions. 

It ought to be mentioned that laser therapy methods can lead to negative results 
or to complications if used incorrectly. Therefore we are prepared to collaborate on 
international projects using laser treatment methods. We could visit foreign clinics 
for teaching and demonstrating laser treatment for such diseases as viral hepatitis 
or HIV. 
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Abstract 

There is currently no universally accepted numbering convention for the antiviral drug-
related resistance mutations in the reverse transcriptase (rt) domain of the human HBV 
polymerase. The published inconsistencies have resulted from different HBV genotypes. 
A standardized numbering system for HBV polymerase is proposed. The new system 
is based on functional observations of HBV surface gene proteins (preSl, preS2, and 
HBsAg) and on the current convention used for HIV-1 polymerase proteins (protease, rt, 
and integrase), in which the amino acid numbering restarts at the first codon position of 
each domain. The HBV polymerase protein can be divided into four domains (terminal 
protein, spacer, rt, ribonuclease H), and each of these can be numbered separately. In 
this proposal, the HBV rt domain starts with the highly conserved EDWGPCDEHG 
motif, contains 344 amino acids, and the lamivudine-related resistance mutations are 
found at amino acid rtLlSOM (previously amino acid 528, 526, 515, or 525) and 
rtM204V/I (previously 552, 550, 539, or 549). The new consensus rt domain numbering 
system is genotype independent and allows investigators to number any previously and 
newly discovered antiviral-related amino acid change in a standardized manner. 
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Introduction 

An increasing number of treatment failures due to antiviral resistance have been 
recognized since the introduction of antiviral agents like lamivudine (3TC, Epivir) for 
the treatment of chronic hepatitis B virus infections [1-11]. In most cases amino acid 
variations in the reverse transcriptase (rt) domain of the HBV polymerase are apparent 
when compared with the pretreatment sequence [12, 13]. Confusion has resulted from 
the varying amino acid numbering systems used in the different published studies. 
At the International Conference on Therapies for Viral Hepatitis, held in Maui, 
December 12-16, 1999, it was decided to develop a uniform consensus numbering 
system for the rt domain of the HBV polymerase. In this manuscript, a guide is provided 
to the various numbering systems and their origin. In addition, a standardized system 
that is applicable to polymerases of all human HBV genotypes is proposed for adoption 
by the scientific community. 

HBV genotypes 

Inconsistencies in amino acid numbering of HBV polymerase result from the 
nature of the HBV genotypes. The family Hepadnaviridae contains two genera: 
the Orthohepadnaviruses (infecting humans, monkeys, apes, and rodents) and the 
Avihepadnaviruses (infecting birds). The type species for the family is HBV, a 
complex group of closely related viruses with narrow host specificity, namely 
hominoids. This complex group is characterized by a variety of genotypes, the 
definition of which is based on one of the following criteria: an inter-group divergence 
of 8% or more in the complete genome nucleotide sequence; or a 4.1% divergence 
or more of the surface gene [14, 15]. Consequently, HBV consists of at least seven 
different genotypes (A through G) [14, 16-20]. Additionally, another five HBV 
genotypes have been isolated from gibbons [21, 22], chimpanzees [23, 24], gorillas 
[25], and orangutans [26]. Until recently, these cases represented infected animals kept 
in zoos or research primate centers, but evidence is now available of HBV infections 
in wild-born animals [27]. Although cross-species transmission of hepadnaviruses 
among hominoids is possible [26], these ape viruses have never been detected in 
humans, so they have not been assigned a genotype number (Table 1). 

Genotyping is currently performed by phylogenetic analysis [28], by fragment length 
polymorphisms [29, 30], by PCR [31, 32], or by using differential hybridization 
technologies [33]. Genotypes are distributed geographically. Genotype A is found 
worldwide; genotypes B and C are most predominant in Asia; genotype D is found in 
South Europe, the Americas, and Australia; genotype E is most commonly found in 
Africa; genotype F is found in native Americans and Polynesians; and genotype G is 
found in the US and Europe [33, 34]. 

Typical characteristics of prototype members of the different viral genotypes are 
shown in Table 1, which includes differences in the length of HBcAg and preSl 
regions. Because the carboxyterminal portion of HBcAg and the complete ORF of 
the surface gene (preSl, preS2, and HBsAg) overlap with polymerase, these length 
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polymorphisms affect the total length of the polymerase protein (Table 1). Although 
analysis of published sequences reveals many HBV strains with deletions [35, 36], these 
isolates are not seen as representative members of their genotype, but as variants that 
emerged during the course of a chronic infection. 

In clinical settings, the genotype of the virus is usually unknown. Thus, the correct 
numbering of the amino acids in the rt domain is mostly speculative, and a source 
of considerable confusion. 

The HBV polymerase gene: genome organization and comparison with other 
retroviral polymerases 

During rephcation, a pregenomic RNA is produced which encodes for both HBcAg 
and polymerase [37, 38]. Polymerase is the second ORF on this mRNA and partially 
overlaps with the 3' end of the HBcAg cistron. In HIV-1, a comparable constraint exists, 
but polymerase translation occurs by ribosomal frameshifting [39, 40]. The precise 
mechanism for HBV polymerase translation is not known, although a leaky scanning 
mechanism [41, 42] or termination, backwards scanning and reinitiation [43] have 
been postulated. 

UnHke HIV-1, the HBV polymerase is not proteolytically cleaved to mature, 
enzymatically active proteins, but consists of four domains [44]: a terminal protein 
(tp domain), which becomes covalently linked to negative-strand DNA during initiation 
of reverse transcription [45, 46]; a spacer domain, which is very tolerant to mutations 
and can be partially deleted without affecting polymerase activity [47-49]; the reverse 
transcriptase/polymerase (rt domain), which contains the conserved regions A through F, 
characteristic of RNA-dependent RNA polymerase (RdRP) and RNA-dependent DNA 
polymerase (RdDP) [50, 51]; and the RNAse H domain (rh domain) [52] (Figure 1). 
In contrast to HIV-1, the HBV polymerase does not contain an integrase domain. 

In persistently infected patients, the daily HBV turnover is approximately 50 percent 
of the free virus population, with a total release of 10̂ ^ virus particles per day in the 
peripheral blood [53]. HBV rt lacks proofreading activity, resulting in high mutation 
frequencies of between 10"̂  to 10'̂  per site per year [54]. Consequently, there is 
an accumulation of multiple sequence variants (sequence evolution), some of which 
are selected during antiviral therapy. In addition, fluctuations in the intracellular 
[dTTP]/[dCTP] pools might give rise to a G to A hypermutation, which in some cases 
results in several Gs that are replaced by As throughout the entire genome [55, 56]. 

Numbering systems for HIV-1 polymerase and HBV surface gene 

In HIV-1, the polymerase gene contains different domains, namely the protease domain, 
the rt domain, and the integrase domain. Amino acid numbering for each of these 
domains restarts at the first codon position of each domain. 

For the HBV surface gene, amino acid numbering restarts at the first methionine of each 
of the subparts. The total length of the different gene products, preSl, preS2 and HBsAg, 
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is provided in Table 1 and Figure 1; only the preSl region has length polymorphisms. 
Consequently, the description of all functional parts in HBsAg (transmembrane regions, 
extracellular regions, major hydrophilic region, serological subtype determinants, antigenic 
variants) is identical for all genotypes. For example, the typical vaccine escape mutant is 
found at amino acid sG145R in all genotypes [57, 58]. 

A standardized nomenclature for HBV polymerase 

The organization of the HBV polymerase is shown in Figure 1. The four domains are 
indicated, including the conserved regions A through E. In genotype A, the amino 
terminal part of tp has two additional amino acids (tpG17 and tpT18). This affects the 
ORF for HBcAg (cD153 and cR154), but not HBeAg (not shown), since this length 
polymorphism is located immediately carboxyterminal of the HBeAg processing site. 
None of the other human or ape HBV genotypes have this 2 amino acid insertion, but 
remarkably, there is a 5 amino acid insertion present at the same position in rodent 
hepadnaviruses (woodchuck hepatitis virus (WHV) [59], Arctic ground squirrel hepatitis 
virus (AGSHV) [60], and ground squirrel hepatitis virus (GSHV) [61]; not shown). 
Since the efficiency of the backwards scanning mechanism depends on the distance 
between the 3' end of the core ORF and initiation of the polymerase ORF [43] (143 
nucleotides for genotype B - G, 149 for genotype A, 158 for rodent hepatitis viruses), 
these length polymorphisms might help control the translation of the polymerase protein 
from the pregenomic mRNA in a genotype dependent manner. The hydroxyl-group 
of the Y-residue needed for the protein-primed initiation of reverse transcription is 
indicated (Figure 1). 

The amino-terminal part of preSl is variable within genotypes (Table 1 and Figure 1). 
Because both the spacer domain and preSl protein start at approximately the same 
nucleotide position, but in different reading frames, the length polymorphism is found 
in the amino-terminal part of the spacer domain. The spacer domain covers the complete 
preSl domain, and most of the preS2 domain. The spacer domain is flexible and 
tolerates mutations and deletions [47-49]. It also explains, in part, the viability of 
non-genotype-specific preSl variations found in many chronically infected patients 
[35, 62]. 

Unlike the currently used separate functional domain numbering system for the 
surface gene, a continuous numbering system has been used for the HBV polymerase. 
As a result, the numbering of the lamivudine-treatment related variants methionine 
(sensitive) to valine or isoleucine (resistant) in the YMDD motif (conserved region C 
in the HBV polymerase) is genotype dependent (Figure 1). Thus, for genotype A, it is 
M552V/I; for genotype B, C, and F, it is M550V/I; for genotype D, it is M539V/I; and 
for genotypes E and G, it is M549V/I. 

Since the HBV polymerase is translated from one mRNA, independent initiation 
codons for the several domains (spacer, rt, and rh) are not present. There is no post-
translational maturation by proteolytic cleavage, and therefore, cleavage sites cannot 
be determined. Border values between these domains are as yet not defined, although 
structural studies shed some light on this matter [44]. In the absence of experimental 
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evidence, a putative initiation site based on amino acid sequence alignments covering 
all genotypes (data not shown) is proposed, and indicated in Figure 1. In this proposal, 
the rt domain starts with the highly conserved 'EDWGPCDEHG...' motif, making the 
total length of the hominoid HBV rt domain 344 amino acids long. There is no rt 
length variability observed for the 12 HBV genotypes (Figure 1). In the woolly monkey 
hepatitis virus (WMHV) [63] and rodent hepatitis vims rt domains, there is length 
variability between conserved regions A and B, resulting in 346 and 342 amino acids 
for the respective rt domains (data not shown). 

We propose that a functional domain numbering be adopted for the hominoid HBV 
polymerase. In this numbering system, tp domain and spacer domain numbering are 
genotype-dependent, but numbering of the rt and rh domains is genotype-independent. 
Consequently, the lamivudine-resistant amino acids are found at position rtl80 (rtLlSOM 
in conserved region B; Figure 1) and, in the rtYMDD motif, at position rt204 (rtM204V/I 
in conserved region C; Figure 1) for all 12 genotypes. Note that possible tp and spacer 
mutants (if they emerge at all) will still be genotype-dependent, and that the rt domain 
numbering for the non-hominoid hepatitis viruses (WMHV, rodent hepadnaviruses, and 
Avihepadnaviruses) will be different (data not shown). To date, variability present in 
the rt of the non-human lentiviruses have not posed significant problems in drug-related 
amino acid numbering in clinically obtained HIV-1 strains. 

Antiviral-resistance related amino acids in the rt conserved regions of 
HBV and HIV-1 

Summaries of the drug-selected amino acid changes in the HBV rt domain have been 
published [12, 13]. From these papers and also from the published retroviral resistance 
table [64], it is clear that amino acid changes associated with rt inhibitors (nucleoside 
analogue and non-nucleoside inhibitors) are mostly present in the conserved regions 
A through E of the RdDP. In addition to these five regions, another conserved region, 
F, emerged after crystal structure analysis of the HCV RdRP [50]. This region F is 
also present in the HIV-1 rt (amino acids 68 to 78) and, based on sequence alignments, 
is also likely to be present in HBV (amino acids 37-47; Table 2). The positions of 
the reported drug-related mutations are shown in Table 2 [12, 13, 65]. There are 
no mutations reported for the HBV conserved region F, in contrast to HIV-1 where 
several AZT, DDI, DDC, and multi-drug resistance mutations are grouped together [64]. 
Adefovir dipovoxil (bis-POM-PMEA), a drug in clinical evaluations for HBV [66] and 
HIV-1 [67], selects for a codon K70E mutation in HIV-1, but has not been linked to any 
domain F changes in HBV polymerase [68]. 

Huang et al. described the interaction between the HIV-1 rt enzyme and its substrate 
(rt»primer:template«dNTP complex) [69]. Several of the amino acids involved with these 
interactions are located in the conserved regions (Table 2). A remarkable homology is 
observed at those positions for HBV (standardized numbering) and HIV-1, respectively, 
at: rtR41 and R72; rtD45 and D76; rtD83 and DUO; rtA87 and A114; rtG172 and 
G152; rtP177 and P157; rtY203M204D205D206 and Y183M184D185D186; and the 
"primer grip" motif rtM250G251 and M230G231. Additionally, interaction sites that 
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were reported to be drug resistant in HIV-1 are found in sequences from untreated 
HBV patients (respectively for HBV (untreated) and HIV-1 (mutant): rtV43 and V74; 
rtF88 and F115; rtMlTl and M151]. 

Consequences for HBsAg 

Viral strains selected during antiviral treatment with resistant motifs in rt often show 
amino acid changes in the HBsAg ORF. For example, rtLlSOM would be responsible for 
changing the sS171W172 sequence of the HBsAg ORF into sL171W172, sS171X172 
(with X a translational stop), or sP171W172 [70]. rtM204V can cause sI195W196 
to change into either sM195W196, or sK195W196; and the rtM204I might result in 
SI195X196, SI195L196, sI195S196, or sT195L196 [70]. It is clear that the different 
nucleotide changes selected during lamivudine therapy might affect HBsAg differently. 
The importance of these HBsAg amino acid changes needs further investigation, since 
mutations in HBsAg could have a significant impact on immune recognition, replication 
capacity and virulence. 

Consensus proposal for HBV polymerase nomenclature and viral load 

For future antiviral studies with HBV, the HEP DART International Committee 
recommends the following: 

1. HBV is highly mutable and replicates to high levels, resulting in a great genetic 
variation, both within an individual and among populations. Careful selection of the 
appropriate words to describe the nature of the observed changes is recommended. 
Some useful examples are listed below: 

Natural polymorphisms. Variations observed within an individual and between 
populations, as compared with the reference sequence. The sequences given in 
Table 1 might be used as reference. 
Variant Sequence variations observed during therapy, as compared with the 
pre-therapy sequence obtained from the same patient. In some cases, these variants 
can confer drug resistance. 
Drug-resistant mutant. A sequence variant that is observed to emerge under a 
selective antiviral pressure, and that is confirmed to confer the phenotypic change 
in drug susceptibility assays. A less robust level of confirmation can be found 
in a statistically increased prevalence of this variant in treated versus untreated 
patients. Variants should only be claimed or proposed to be drug-resistant mutants 
if they qualify accordingly. 

2. Resistance-related amino acids should be numbered with the standardized genotype-
independent numbering system. Each mutation is preceded with the abbreviation of 
the protein name in lower case (rt, pt, rh, s, c, x; more details about this will be 
published by Lok et al.). This includes the lamivudine-associated amino acids 
at position rtl80 (previously 528, 526, 515, and 525) and rt204 (previously 552, 
550, 539, and 549); as well as the famciclovir-associated amino acids at position 
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rtl73 (previously 521, 519, 508, and 518), rtl80 (previously 528, 526, 515, and 
525), and rt207 (previously 555, 553, 542, and 552). A guideline for using the 
standardized numbering system and for better understanding the drug-resistance 
mutations published in the past is shown in Table 2. 

3. Amino acid changes related to antiviral resistance are indicated as follows: 
pretreatment (sensitive) amino acid - number - emerging (resistant) amino acid; 
for example rtM204V. The use of the term 'YMDD mutant' or 'YMDD variant' is 
strongly discouraged, because (a) only the methionine residue is prone to changes 
during antiviral treatment; (b) the V and I alleles may have different consequences; 
and (c) the effects on HBsAg should not be overlooked. 

4. Different nucleotide changes in the rt domain might affect HBsAg differently. 
Therefore, the rt domain alterations should be mentioned both at the nucleotide and 
amino acid level, with indication of the consequences for the HBsAg ORF. 

5. Some amino acids (Table 2: rtV163, rtS238, rtH248, and rtI253 in standardized 
numbering) have been reported in relation to an HBV-resistant profile. Since these 
motifs are also present in the consensus untreated sequence, it is recommended that 
the rt domain obtained during the course of a treatment schedule should always 
be compared with pretreatment sequences from the same individual. This will 
avoid misinterpretation between genotype-specific variability, strain variability, and 
drug-selected variants. It will also permit recognition of possible transmission of 
drug resistance (see definitions and comments above). 

6. Viral load and changes in viral load should be expressed logarithmically (as log 
copies/ml). A log scale should be used for all graphs demonstrating viral load and 
activity of antiviral compounds in animal models and clinical studies. 

Conclusion 

This consensus document, which is adopted by the HEP DART International Committee, 
should provide a uniform method for numbering drug-related mutations in all HBV 
genotypes. This new numbering system will assume increasing importance as additional 
drugs become available to treat this disease. Data presented using this standardized 
format will provide consistency for numbering antiviral-related amino acid changes as 
they are discovered and enhance our understanding of drug resistance in HBV-infected 
individuals. 

Acknowledgments 

This work was previously published in Hepatology 2001;33:741-757. This work was 
supported in part by grants AI41980 (RFS), AI27670 (DDR), AI388858 (DDR), 
AI36214 (DDR) and grant AI29164 (DDR) from the National Institutes of Health and 
by the Research Center for AIDS and HIV Infection of the Atlanta and San Diego 
Veterans Affairs Medical Center. 



Nomenclature for drug-resistant HBV 347 

Appendix 

The HEP DART International Committee: Angeline Bartholomeusz, Australia; Adrian 
Di Bisceglie, USA; Robert A. de Man, the Netherlands; Geoffrey Dusheiko, UK; 
Phillip A. Furman, USA; Paolo La CoUa, Italy; Ching-Lung Lai, Hong Kong; Johnson 
Y.N. Lau, USA; Michael P. Manns, Germany; Hubert GM Niesters, the Netherlands; 
Masao Omata, Japan; Suzane Kioko Ono-Nita, Brazil; Michael J. Otto, USA; Deenan 
Pillay, UK; Thierry Poynard, France; Jean-Pierre Sommadossi, USA; Daniel Shouval, 
Israel; Vincent Soriano, Spain; Howard Thomas, UK; Hans Will, Germany; and Fabien 
Zoulim, France. 

References 

1. Benhamou Y, Bochet M, Thibault V, Di Martino V, Caumes E, Bricaire F, Opolon P, et al. Long-term 

incidence of hepatitis B vims resistance to lamivudine in human immunodeficiency virus-infected 

patients. Hepatology 1999;30(5): 1302-1306. 

2. Dienstag JL, Schiff ER, Wright TL, Perrillo RP, Hann HW, Goodman Z, Crowther L, et al. Lamivudine 

as initial treatment for chronic hepatitis B in the United States. N Engl J Med 1999;341(17): 1256-1263. 

3. Hunt CM, McGill JM, Allen MI, Condreay LD. Clinical relevance of hepatitis B viral mutations. 

Hepatology 2000;31(5): 1037-1044. 

4. Kao JH, Chen PJ, Lai MY, Chen DS. Hepatitis B genotypes correlate with clinical outcomes in patients 

with chronic hepatitis B. Gastroenterology 2000;118(3):554-559. 

5. Lai CL, Chien RN, Leung NW, Chang TT, Guan R, Tai DI, Ng KY, et al. A one-year trial of 

lamivudine for chronic hepatitis B. Asia Hepatitis Lamivudine Study Group [see comments]. N Engl 

JMedl998;339(2):61-8. 

6. Ling R, Mutimer D, Ahmed M, Boxall EH, Ehas E, Dusheiko GM, Harrison TJ. Selection of mutations 

in the hepatitis B virus polymerase during therapy of transplant recipients with lamivudine. Hepatology 

1996;24(3):711-713. 

7. Mutimer D, Pillay D, Dragon E, Tang H, Ahmed M, O'Donnell K, Shaw J, et al. High pre-treatment 

serum hepatitis B virus titre predicts failure of lamivudine prophylaxis and graft re-infection after liver 

transplantation. J Hepatol 1999;30(4):715-721. 

8. Ono-Nita SK, Kato N, Shiratori Y, Lan KH, Yoshida H, Carrilho FJ, Omata M. Susceptibility 

of lamivudine-resistant hepatitis B virus to other reverse transcriptase inhibitors. J Clin Invest 

1999;103(12):1635-1640. 

9. Perrillo R, Rakela J, Dienstag J, Levy G, Martin P, Wright T, Caldwell S, et al. Multicenter study of 

lamivudine therapy for hepatitis B after liver transplantation.Lamivudine Transplant Group. Hepatology 

1999;29(5):1581-1586. 

10. Pichoud C, Berby F, Stuyver L, Petit MA, Trepo C, Zouhm F. Persistence of viral repHcation after 

anti-HBe seroconversion during antiviral therapy for chronic hepatitis B. J Hepatol 2000;32(2):307-316. 

11. Tillmann HL, Trautwein C, Bock T, Boker KH, Jackel E, Glowienka M, Oldhafer K, et al. Mutational 

pattern of hepatitis B virus on sequential therapy with famciclovir and lamivudine in patients 

with hepatitis B virus reinfection occurring under HBIg immunoglobulin after liver transplantation. 

Hepatology 1999;30(l):244-256. 

12. Bartholomeusz A, Schinazi RE, Locamini SA. Significance of mutations in the hepatitis B virus 



348 L. /. Stuyver, et al. 

polymerase selected by nucleoside analogues and implications for controlling chronic disease. Viral 

Hep Rev 1998;4(3):167-187. 

13. Pillay D, Bartholomeusz A, Cane P, Mutimer D, Schinazi RF, Locamini S. Mutations in the 

hepatitis B virus DNA polymerase associated with antiviral resistance. International Antiviral News 

1998;6(9):167-169. 

14. Norder H, Courouce AM, Magnius LO. Complete genomes, phylogenetic relatedness, and structural 

proteins of six strains of the hepatitis B virus, four of which represent two new genotypes. Virology 

1994;198(2):489-503. 

15. Okamoto H, Tsuda F, Sakugawa H, Sastrosoewignjo RI, Imai M, Miyakawa Y, Mayumi M. Typing 

hepatitis B virus by homology in nucleotide sequence: comparison of surface antigen subtypes. J Gen 

Virol 1988;69(10):2575-2583. 

16. Fujiyama A, Miyanohara A, Nozaki C, Yoneyama T, Ohtomo N, Matsubara K. Cloning and structural 

analyses of hepatitis B virus DNAs, subtype adr. Nucleic Acids Res 1983;11(13):4601-4610. 

17. Galibert F, Mandart E, Fitoussi F, Tiollais P, Chamay P. Nucleotide sequence of the hepatitis B virus 

genome (subtype ayw) cloned in E. coH. Nature 1979;281(5733):646-650. 

18. Okamoto H, Imai M, Shimozaki M, Hoshi Y, lizuka H, Gotanda T, Tsuda F, et al. Nucleotide sequence 

of a cloned hepatitis B virus genome, subtype ayr: comparison with genomes of the other three subtypes. 

J Gen Virol 1986;67(11):2305-2314. 

19. Stuyver L, De Gendt S, Van Geyt C, Zoulim F, Fried M, Schinazi RF, Rossau R. A new genotype of 

hepatitis B virus: complete genome and phylogenetic relatedness. J Gen Virol 2000;81(l):67-74. 

20. Valenzuela P, Quiroga M, Zalvidar J, Gray P, Rutter WJ. The nucleotide sequence of the hepatitis B viral 

genome and the identification of the major viral genes. New York: Academic Press; 1980. 

21. Mimms LT, Solomon LR, Ebert JW, Fields H. Unique preS sequence in a gibbon-derived hepatitis B 

virus variant. Biochem Biophys Res Commun 1993;195(1):186-191. 

22. Norder H, Ebert JW, Fields HA, Mushahwar IK, Magnius LO. Complete sequencing of a gibbon 

hepatitis B virus genome reveals a unique genotype distantly related to the chimpanzee hepatitis B 

virus. Virology 1996;218(l):214-223. 

23. Vaudin M, Wolstenholme AJ, Tsiquaye KN, Zuckerman AJ, Harrison TJ. The complete nucleotide 

sequence of the genome of a hepatitis B virus isolated from a naturally infected chimpanzee. J Gen 

Virol 1988;69(6):1383-1389. 

24. Zuckerman A J, Thornton A, Howard CR, Tsiquaye KN, Jones DM, Brambell MR. Hepatitis B outbreak 

among chimpanzees at the London Zoo. Lancet 1978;8091(2):652-654. 

25. Grethe S, Heckel JO, Rietschel W, Hufert FT. Molecular epidemiology of hepatitis B virus variants in 

non-human primates. J Virol 2000;74(11):5377-5381. 

26. Warren KS, Heeney JL, Swan RA, Heriyanto, Verschoor EJ. A new group of hepadnaviruses naturally 

infecting orangutans {Pongo pygmaeus). J Virol 1999;73(9):7860-7865. 

27. MacDonald DM, Holmes EC, Lewis JC, Simmonds P. Detection of hepatitis B virus infection in wild-

bom chimpanzees (Pan troglodytes verus): phylogenetic relationships with human and other primate 

genotypes. J Virol 2000;74(9):4253-4257. 

28. Ohba K, Mizokami M, Ohno T, Suzuki K, Onto E, Lau JY, Ina Y, et al. Relationships between 

serotypes and genotypes of hepatitis B virus: genetic classification of HBV by use of surface genes. 

Virus Res 1995;39(l):25-34. 

29. Mizokami M, Nakano T, Orito E, Tanaka Y, Sakugawa H, Mukaide M, Robertson BH. Hepatitis 

B virus genotype assignment using restriction fragment length polymorphism patterns. FEBS Lett 

1999;450(l-2):66-71. 



Nomenclature for drug-resistant HBV 349 

30. Li JS, Tong SP, Wen YM, Vitvitski L, Zhang Q, Trepo C. Hepatitis B vims genotype A rarely 

circulates as an HBe-minus mutant: possible contribution of a single nucleotide in the precore region. 

J Virol 1993;67(9):5402-5410. 

31. Echevarria JE, Tenorio A, Courouce AM, Leon P, Echevarria JM. Polymerase chain reaction can resolve 

some undefined cases of hepatitis B virus antigenic subtyping. J Med Virol 1994;42(3):217-223. 

32. Norder H, Hammas B, Magnius LO. Typing of hepatitis B virus genomes by a simplified polymerase 

chain reaction. J Med Virol 1990;31(3):215-22L 

33. Van Geyt C, De Gendt S, Rombaut A, Wyseur A, Maertens G, Rossau R, Stuyver L. A fine probe assay 

for hepatitis B virus genotypes. In: Schinazi RF, Sommadossi J-P, Thomas H, editors. Therapies for 

Viral Hepatitis. London: International Medical Press; 1998. p. 139-145. 

34. BHtz L, Pujol FH, Swenson PD, Porto L, Atencio R, Araujo M, Costa L, et al. Antigenic diversity of 

hepatitis B virus strains of genotype F in Amerindians and other population groups from Venezuela. 

J Clin Microbiol 1998;36(3):648-651. 

35. Gerken G, Kremsdorf D, Capel F, Petit MA, Dauguet C, Manns MP, Meyer zum Buschenfelde KH, 

et al. Hepatitis B defective virus with rearrangements in the preS gene during chronic HBV infection. 

Virology 1991;183(2):555-565. 

36. PoUicino T, Campo S, Raimondo G. PreS and core gene heterogeneity in hepatitis B virus (HBV) genomes 

isolated from patients with long-lasting HBV chronic infection. Virology 1995;208(2):672-677. 

37. Nassal M, Schaller H. Hepatitis B virus rephcation~an update. J Viral Hepat 1996;3(5):217-226. 

38. Nassal M. Hepatitis B virus replication: novel roles for virus-host interactions. Intervirology 

1999;42(2-3):100-116. 

39. Bebenek K, Roberts JD, Kunkel TA. The effects of dNTP pool imbalances on frameshift fidelity during 

DNA replication. J Biol Chem 1992;267(6):3589-2596. 

40. Reil H, Kollmus H, Weidle UH, Hauser H. A heptanucleotide sequence mediates ribosomal frameshifting 

in mammalian cells. J Virol 1993;67(9):5579-5584. 

41. Lin CG, Lo SJ. Evidence for involvement of a ribosomal leaky scanning mechanism in the translation of 

the hepatitis B virus pol gene from the viral pregenome RNA. Virology 1992;188(l):342-352. 

42. Fouillot N, Tlouzeau S, Rossignol JM, Jean-Jean O. Translation of the hepatitis B virus P gene by 

ribosomal scanning as an alternative to internal initiation. J Virol 1993;67(8):4886-4895. 

43. Hwang WL, Su TS. Translational regulation of hepatitis B virus polymerase gene by termination-reinitiation 

of an upstream minicistron in a length-dependent manner. J Gen Virol 1998;79(9):2181-2189. 

44. Lanford RE, Kim YH, Lee H, Notvall L, Beames B. Mapping of the hepatitis B virus reverse 

transcriptase TP and RT domains by transcomplementation for nucleotide priming and by protein-protein 

interaction. J Virol 1999;73(3):1885-1893. 

45. Weber M, Bronsema V, Bartos H, Bosserhoff A, Bartenschlager R, Schaller H. Hepadnavirus 

P protein utilizes a tyrosine residue in the TP domain to prime reverse transcription. J Virol 

1994;68(5):2994-2999. 

46. Zoulim F, Seeger C. Reverse transcription in hepatitis B viruses is primed by a tyrosine residue of 

the polymerase. J Virol 1994;68(1):6-13. 

47. Radziwill G, Tucker W, Schaller H. Mutational analysis of the hepatitis B virus P gene product: domain 

structure and RNase H activity. J Virol 1990;64(2):613-620. 

48. Kim Y, Hong YB, Jung G. Hepatitis B vims: DNA polymerase activity of deletion mutants. Biochem 

Mol Biol Int 1999;47(2):301-308. 

49. Li JS, Fourel I, Jaquet C, Trepo C. Decreased replication capacity of a duck hepatitis B vims mutant 

with altered distal pre-S region. Vims Res 1991 ;20(1): 11-21. 



350 L. J. Stuyver, et al. 

50. Lesburg CA, Cable MB, Ferrari E, Hong Z, Mannarino AF, Weber PC. Crystal structure of the 

RNA-dependent RNA polymerase from hepatitis C virus reveals a fully encircled active site. Nat 

Struct Biol 1999;6(10):937-943. 

51. Poch O, Sauvaget I, Delarue M, Tordo N. Identification of four conserved motifs among the RNA-

dependent polymerase encoding elements. EMBO J 1989;8(12):3867-3874. 

52. Wei X, Peterson DL. Expression, purification, and characterization of an active RNase H domain of the 

hepatitis B viral polymerase. J Biol Chem 1996;271(51):32617-32622. 

53. Nowak MA, Bonhoeffer S, Hill AM, Boehme R, Thomas HC, McDade H. Viral dynamics in hepatitis B 

virus infection. Proc Nad Acad Sci U S A 1996;93(9):4398-4402. 

54. Orito E, Mizokami M, Ina Y, Moriyama EN, Kameshima N, Yamamoto M, Gojobori T. Host-

independent evolution and a genetic classification of the hepadnavirus family based on nucleotide 

sequences. Proc Natl Acad Sci U S A . 1989;86(18):7059-7062. 

55. Gunther S, Sommer G, Plikat U, Iwanska A, Wain-Hobson S, Will H, Meyerhans A. Naturally 

occurring hepatitis B virus genomes bearing the hallmarks of retroviral G->A hypermutation. Virology 

1997;235(1):104-108. 

56. Vartanian JP, Meyerhans A, Sala M, Wain-Hobson S. G~>A hypermutation of the human inmiunodeficiency 

virus type 1 genome: evidence for dCTP pool imbalance during reverse transcription. Proc Natl Acad 

Sci U S A 1994;91(8):3092-3096. 

57. Carman WF, Zanetti AR, Karayiannis P, Waters J, Manzillo G, Tanzi E, Zuckerman AJ, et al. 

Vaccine-induced escape mutant of hepatitis B virus. Lancet 1990;336(8711):325-329. 

58. Waters JA, Kennedy M, Voet P, Hauser P, Petre J, Carman W, Thomas HC. Loss of the common 

"A" determinant of hepatitis B surface antigen by a vaccine-induced escape mutant. J Clin Invest 

1992;90(6):2543-2547. 

59. Galibert F, Chen TN, Mandart E. Nucleotide sequence of a cloned woodchuck hepatitis virus genome: 

comparison with the hepatitis B virus sequence. J Virol 1982;41(l):51-65. 

60. Testut P, Renard CA, Terradillos O, Vitvitski-Trepo L, Tekaia F, Degott C, Blake J, et al. A new 

hepadnavirus endemic in arctic ground squirrels in Alaska. J Virol 1996;70(7):4210-4219. 

61. Seeger C, Ganem D, Varmus HE. Nucleotide sequence of an infectious molecularly cloned genome of 

ground squirrel hepatitis virus. J Virol 1984;51(2):367-375. 

62. Nakajima E, Minami M, Ochiya T, Kagawa K, Okanoue T. PreS 1 deleted variants of hepatitis B virus in 

patients with chronic hepatitis. J Hepatol 1994;20(3):329-335. 

63. Lanford RE, Chavez D, Brasky KM, Bums RBr, Rico-Hesse R. Isolation of a hepadnavirus from the 

woolly monkey, a New World primate. Proc Natl Acad Sci USA 1998;95(10):5757-5761. 

64. Schinazi RF, Larder BA, Mellors JW. Mutations in retroviral genes associated with drug resistance: 

1999-2000 update. International Antiviral News 1999;7(4):46-69. 

65. Hussain M, Lok AS. Mutations in the hepatitis B virus polymerase gene associated with antiviral 

treatment for hepatitis B. J Viral Hepat 1999;6(3):183-194. 

66. Gilson RJ, Chopra KB, Newell AM, Murray-Lyon IM, Nelson MR, Rice SJ, Tedder RS, et al. A 

placebo-controlled phase I/II study of adefovir dipivoxil in patients with chronic hepatitis B virus 

infection. J Viral Hepat 1999;6(5):387-395. 

67. Kahn J, Lagakos S, Wulfsohn M, Chemg D, Miller M, Cherrington J, Hardy D, et al. Efficacy 

and safety of adefovir dipivoxil with antiretroviral therapy: a randomized controlled trial. JAMA 

1999;282(24):2305-2315. 

68. Xiong X, Yang H, Westland CE, Zou R, Gibbs CS. In vitro evaluation of hepatitis B virus polymerase 

mutations associated with famciclovir resistance. Hepatology 2000;31(1):219-224. 



Nomenclature for drug-resistant HBV 351 

69. Huang H, Chopra R, Verdine GL, Harrison SC. Structure of a covalently trapped catalytic complex of 

HIV-1 reverse transcriptase: implications for drug resistance. Science 1998;282(5394): 1669-1675. 

70. Stuyver L, Van Geyt C, De Gendt S, Van Reybroeck G, Zoulim F, Leroux-Roels G, Rossau R. A Hne 

probe assay for monitoring drug-resistance in HBV-infected patients during antiviral therapy. J Clin 

Microbiol 2000;38(702-707):702-707. 



Complex genotypic changes during failure of HBV nucleoside 
analogue therapy 

DEENAN PILLAYi, DAVID MUTIMER^, NIGEL BURROUGHS^ 
DAVID COOPERS and PATRICIA CANE^ 

^ PHLS Antiviral Susceptibility Reference Unit, Division of Immunity and 
Infection, University of Birmingham Medical School, UK 

^ Liver and Hepatobiliary Unit, University Hospital NHS Trust 
(Queen Elizabeth Hospital), Birmingham, UK 

^ University of Warwick, Coventry, UK 
^ National Centre in HIV Epidemiology and Clinical Research, 

University of New South Wales, Darlinghurst, 
New South Wales, Australia 

Introduction 

A range of nucleoside analogues have activity against hepatitis B virus (HBV), including 
lamivudine, famciclovir and entecavir. In addition, adefovir is a potent nucleotide 
analogue inhibitor of this virus. Controlled studies of lamivudine in chronic HBV infec
tion and its prophylaxis against re-infection in liver transplantation have demonstrated 
its clinical efficacy. However, there is a risk of emergence of lamivudine resistance, 
with an estimated incidence of at least 14% per year in treated immunocompetent 
patients [5]. Variations in the incidence of resistance and chnical impact of resistance 
are also apparent between patient groups. 

This review focuses on our clinical experience of HBV antiviral drugs and the HBV 
genotypic correlates of success and failure. Infection in three groups of treated patients 
will be considered: a) liver transplant recipients given HBV to prevent re-infection; 
b) chronic HBV infected patients; and c) HBV/human immunodeficiency virus-1 co-
infected patients. Through ongoing clinical studies, we explore the virological nature 
of drug resistance, the apparent chnical properties of resistant viruses, and finally, the 
potential cross-resistance profiles of these viruses in a clinical setting. 

Virological relapse in lamivudine-treated patients, defined by a rising HBV viral 
load, is commonly associated with mutations in the HBV polymerase gene, specifically 
within the highly conserved YMDD motif (M550I or M550V) [9]. This is analogous 
to HIV resistance to lamivudine, which is caused by mutations within the same motif. 
Initially, the number of mutations observed within the HBV polymerase associated 
with resistance was limited, with M550V but not M550I being associated with 
L526M. These have been termed Type 1 (M550V, L526M) or Type II (M550I) 
mutations [1]. In contrast, famciclovir resistance was described as being associated 
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with V519L and L526M. Based on the crystallographic model of HIV reverse 
transcriptase, conserved domains A-E of HBV polymerase have been described 
(A: 421-436; B: 505-528; C: 546-557; D: 575-590; E: 592-600), whereby A, C and 
D may participate in nucleoside triphosphate binding and catalysis, and domains B 
and E may be involved in template and primer positioning. In this model, penciclovir 
and lamivudine resistance mutations can be ascribed to different enzyme domains 
(B domain, and B and C domains, respectively) (Pillay et al., 1998). 

The emergence of resistance is limited by genetic constraints related to loss of 
replicative capacity. It has been difficult to assess the fitness of resistant genotypes 
emerging in clinical practice, owing to the absence of a routine cell culture system 
for HBV. Transfection experiments suggest that the characteristic YMDD mutations, 
as well as others associated with lamivudine and famciclovir resistance, are variably 
associated with reduced replication and polymerase activity [8]. A further constraint on 
genetic variability is that the open reading frame (ORE) encoding the surface antigen 
overlaps that of the polymerase. Thus, resistance mutations may alter HBsAg amino 
acid sequence, possibly leading to alterations in their potential cell binding domains [3]. 
The precise impact of drug resistance mutations on HBsAg function remains to be 
determined, although it is essential that the implications of HBV drug resistance 
mutations for surface antigen structure are documented when characterising these 
polymerase changes. 

Another variable in the published series of HBV drug failure is the form in which 
HBV DNA levels are expressed. Eirstly, assays of variable sensitivity have been utilised, 
and secondly, results have been expressed either on a linear or logarithmic scale. 
It is apparent that sensitive assays are required in order to appreciate the dynamics and 
early detection of viral rebound on therapy. Further, given the huge amount of viral 
replication and production, it is advisable that these results are expressed in a log scale. 
We recommend against using the well-established hybridisation assay for quantitation 
of HBV DNA due to its lack of sensitivity, poor dynamic range and its expression of 
results in an inappropriate form (pg/ml rather than viral DNA copies/ml). 

Transplantation 

The nature of HBV drug resistance was explored by studying HBV viral load 
rebound in five transplant recipients, four of whom received lamivudine pre- and post
transplantation and one of whom received lamivudine prophylaxis shortly following 
transplantation. Detailed viral load measurements and HBV polymerase cloning and 
sequencing were undertaken in order to explore the precise characteristics of the 
rebound viruses. Resistant virus from all patients showed either the Type I or II changes 
involving the M550 codon. However, more detailed analysis identified the complexity 
of these apparently straightforward changes. 

The viral load changes and timing of treatment for one patient (Patient A) is illustrated 
in Figure 1. In addition, the allied population sequencing results are documented in 
Table 1. Drug resistance was associated with L526M and M550V relative to the 
pretreatment sequence. The latter change led to an HBsAg change of I195M, with an 
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Figure 1. HBV viral load changes in Patient A 

Table 1. Changes in HBV sequence relative to pretreatment for Patient A (pol amino acids 483-583, 

HBsAg amino acids 129-226) 

Days from 

start of 

treatment 

0 

412 

474 

592 

655 

pol 526 

TTG (L) 

ATG (M) 

ATG (M) 

ATG (M) 

A/TTG (M/L) 

pol538sAgl84 

CGT (R) V 

CGT/C (R) V/A 

CGT/C (R) V/A 

CGT/C (R) V/A 

CGT/C (R) V/A 

pol 550 sAg 195 

ATG (M) I 

GTG (V) M 

GTG (V) M 

GTG (V) M 

G/ATG/C (MA^/I*) IM 

pol 553 sAg 198 

GTG (V) M 

GTG (V) M 

GTG (V) M 

GTG (V) M 

G/TTG (V/L) M/I 

several possible combinations: see Table 2. 

apparent mixture of nucleotides at polymerase codon 538 (CGT/C) that were silent in 
the polymerase reading frame, but leading to a mixture of V and A at HBsAg position 
184. Within three months of cessation of lamivudine treatment, but not at 27 days 
post-cessation, there was a change in the HBV population, with new mixes detected 
at codons 526, 550 and 553 and with possible mixtures elsewhere. It was therefore decid
ed to examine this population more closely by sequencing of multiple clones. Fourteen 
clones from day 655 samples were sequenced, and the amino acids changes are identified 
in Table 2. It can be seen that there was no emergence of virus wild type at position 
550, but this position was now a mixture of ATC (I) and GTG (V). All clones showing 
M550V also had L526M, but one of four clones which had M550I also had L526M. 
Other changes in a minority of clones which had not been detected by the population 
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sequencing were also observed. In total, of only 14 clones sequenced, there appeared 
to be nine different genome populations represented. The relative fitness (or indeed, 
viability) of these variants is unknown, but our failure to detect wild type virus indicates 
that reversion does not invariably occur in the absence of drug pressure. It is likely that 
the apparent reversion observed in some patients represents an outgrowth of preexisting 
wild type virus that has persisted during drug treatment. In the transplant scenario, 
this preexisting population would be that which infected the new liver following 
transplantation. This is likely to be a far narrower range of species than the pre-existing 
population in an individual infected for many years with chronic infection; thus, virus 
evolution following transplantation may differ from that in chronic infection, and this 
deserves further study. 

Table 2. Deduced polymerase amino acid changes relative to pretreatment samples seen in clones derived 

from day 655 sample of Patient A 

Polymerase codon 

Clone: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
14 

494 

Y-F 

508 

I-L 

526 

L-M 

L-M 
L-M 

L-M 

L-M 

L-M 
L-M 

L-M 

L-M 

L-M 

L-M 

542 

P-L 

550 

M-V 

M-V 

M-V 

M-V 

M-P 

M-I 

M-V 

M-V 
M-V 

M-I 

M-V 

M-V 

M-V 

M-I 

553 

V-L 

V-L 

V-L 

V-L 

555 561 575 

Q-R 

L-M 

L-M 

L-M 

L-M 

L-M 

L-S 

All 1550 are encoded by ATC 

A different pattern was observed for a second patient (Patient B) who started on lami
vudine 116 days prior to transplantation. Resurgence of replication occurred 242 days 
following treatment (126 days after transplant), and this patient was subsequently unsuc
cessfully treated with famciclovir and ganciclovir (Figure 2). Emergence of virus on 
lamivudine was associated with the polymerase mutations L526M, M550V and S565A 
(Table 3). This virus did not respond to subsequent famciclovir therapy for 110 days, 
but the majority species remained the same, indicating that selective pressure was 
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Figure 2. HBV viral load changes in Patient B. 

maintained by this drug. Apparently complete reversion back to wild type polymerase 
at codons 526, 550 and 565 occurred within 148 days of stopping famciclovir, but 
the revertant virus also showed F567Y and L491M changes. This again suggests 
that this genome represented outgrowth of a minority archive species within the 
re-infected liver. 

In order to explore the potential predictors of emergence of drug resistance post
transplantation, we prospectively studied ten consecutive patients receiving lamivudine 
prophylaxis and progressing to transplant. Resistance developed in five of these patients 
eight to 15 months post-transplant (Table 4). Emergence of resistance was predicted by 
the HBV viral load prior to initiation of lamivudine pre-transplantation (>10 x 10^ c/ml). 
By contrast, the nadir of viral load achieved following initiation of lamivudine pre-
transplant did not appear associated with emergence of resistance. These observations 
are consistent with the pre-existence of minority species of HBV which have reduced 
susceptibility to lamivudine. The absolute frequency of these species will be higher in 
patients in whom steady state viral load is high, and this determines the likelihood that 
these species will remain present at the time of transplant, despite a very significant 
reduction in viral load by lamivudine. It is therefore more likely that these species will 
re-infect the liver following transplantation. 

There has also been speculation that lamivudine-resistant HBV species have 
reduced pathogenicity and/or replicative capacity. This has important implications for 
clinical practice. For instance, should lamivudine be continued as monotherapy despite 
emergence of drug resistance, should lamivudine be stopped, or should alternative 
therapies be initiated? During prospective monitoring of transplant recipients receiving 
lamivudine prophylaxis, four patients were identified with graft re-infection associated 
with lamivudine-resistant virus. All patients develop liver failure with onset of liver 
dysfunction associated with the emergence of genotypic resistance, thus suggesting that 
the proposed virological attenuation consequent on drug resistance may not manifest as 
such in vivo, particularly in the post-transplant immunocompromised patient [6]. 
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Table 4. Outcome of 10 HBV infected patients treated with lamivudine as prophylaxis prior to liver 

transplantation 

Patient 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Pre-lamivudine 

DNA titre 

(genomic 

copies/ml serum) 

>40 million 

>40 milHon 

>40 miUion 

11,569,640 

10,018,160 

3,004,280 

2,859,480 

5,960 

1,840 

<400 

Duration of 

treatment before 

transplantation 

(days) 

61 

113 

36 

56 

58 

52 

55 

170 

93 

150 

Pre-transplant 

DNA titre 

(genomic 

copies/ml serum) 

1,129 

2,280 

354,500 

14,360 

<400 

4,960 

4,800 

<400 

<400 

<400 

Post-transplant 

follow-up 

(days) 

610 

704 

480 

856 

505 

1,125 

1,557 

1,077 

851 

1,117 

Outcome 

alive/mutant infection 

dead/mutant infection 

alive/mutant infection 

alive/mutant infection 

dead/mutant infection 

alive PCR-negative 

alive PCR-negative 

alive PCR-negative 

alive PCR-negative 

alive PCR-negative 

Chronic infection 

As discussed above, the traditional view of HBV drug resistance mutations is that virus 
variants with M550V also show the L526M change, but that the latter is not observed 
in association with M550L Since it is believed that the L526M represents an important 
change associated with famciclovir resistance, we have tested the hypothesis that the 
Group II lamivudine-resistant variants (M550I) retain sensitivity to famciclovir in vivo. 
Five chronically infected patients with lamivudine-resistant HBV were identified with 
the M550I mutation (lacking L526M), and famciclovir was added to existing lamivudine 
therapy in these individuals. We reasoned that continuing lamivudine treatment would 
maintain a selective pressure for the M550I mutation already existing. Strikingly, no 
patients treated with combination therapy had a decline in HBV viral load >llogjQ. 
We also noted a continual evolution of the virus over greater than three-months 
follow-up of double therapy, whereby all but one patient had a detectable population 
of L526M, with the presence of M550I in three of these four cases. The classical 
Group 1 variant (L526M, M550V) appeared as the majority population in only one 
patient (Table 5). 

Sequencing of multiple clones from each of three patients failing lamivudine 
monotherapy demonstrated the pre-existence of these L526M/M550I species as minority 
populations prior to addition of famciclovir. 



360 D. Pillay, et al. 

Table 5. Sequential treatment of chronic HBV: HBV polymerase changes associated with clinical 

lamivudine and famciclovir resistance 

Polymerase amino acid positions 

Pretreatment genotype (all patients) 

Patient 1 

Patient 2 

Patient 3 

Patient 4 

Patient 5 

— LAM failure 

— LAM + FAM failure 

— LAM failure 

— LAM + FAM failure 

— LAM failure 

— LAM + FAM failure 

— LAM failure 

— LAM + FAM failure 

— LAM failure 

— LAM + FAM failure 

519 

V 

V 

V 

L 

L 

V 

V 

V 

V 

L 

L 

526 

L 

L 

L/M 

L 

L/M 

L 

L 

L/M 

L/M 

L/M 

M 

550 

M 

lA^ 

V 

Genotypic changes were identified by population sequencing. 13. LAM = lamivudine; FAM = famciclovir; 

I = isoleucine 

These data strongly support the hypothesis that the emergence of HBV drug 
resistancein chronic infection is associated with a large range of viral variants, albeit 
as minority populations [7]. This is significant in that rapid emergence of resistance to 
second-line therapy may occur, dependent on the precise genotypes represented within 
the quasispecies. Further, this reinforces the view, widely accepted within HIV clinical 
research circles, that sequential therapy for HBV infection is likely to be suboptimal 
compared to potent first-line combination therapy. 

A number of differences have been observed between the emergence of lamivudine 
resistance in transplant recipients compared to those patients with chronic infection. 
We therefore undertook detailed mathematical analysis of the dynamics of emergence 
of resistance in our transplant and chronic infection cohort of patients. Three patients 
with post-transplant emergence of drug resistance and six chronic HBV carriers with 
resistance were studied. Using Markov Chain Monte Carlo methods, we identified that 
the virus dynamics between these two sets of patients were significantly different. 
Firstly, lamivudine-resistant mutants grew faster in transplant patients compared to 
chronic carriers. Secondly, the mutant emerged significantly earlier in transplant patients 
(average 374 days relative to start of therapy) compared to non-transplant patients 
(average 570 days of therapy). These observations may be due to immunosuppressive 
therapy in transplant recipients or an increase in the number of susceptible cells at 
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transplant [2]. Thus, the availability of an uninfected liver allows a higher rate of growth 
following re-infection compared to the chronic infected states in which the continual 
infection of hepatocytes from newly produced virus is dependent on the turnover of 
infected hepatocytes and generation of new uninfected cells. 

The application of mathematical models to emergence of HBV drug resistance, as 
has been established for HIV, is important in order to inform the appropriate use of 
antiviral drugs in these different clinical settings. 

HBV/HIV-1 co-infection 

Co-infection with HIV-1 and HBV is not unconmion. The natural history of HBV 
infection is modified within this scenario. Higher HBV viral loads and a higher rate 
of HBV reactivation are observed in comparison with HIV-1-uninfected individuals. 
Furthermore, an exacerbation of HBV hepatitis has been observed in co-infected 
individuals treated with HAART, presumably reflecting the immunopathological basis 
of HBV-induced liver disease. It is therefore important to develop strategies for control 
of HBV replication in HIV infected patients. A number of case reports and small studies 
of co-infected individuals have demonstrated an anti-HBV effect of lamivudine in this 
context. More recently a large retrospective study of co-infected patients enrolled within 
the CAESAR Study has been reported. This was a randomised double-blind, placebo 
controlled trial of lamivudine (at a dose of 150 mg twice a day) or lamivudine plus 
loviride (a non-nucleoside reverse transcriptase inhibitor subsequently withdrawn from 
use) added to zidovudine-containing regimens for patients with advanced HIV infection. 
At 52 weeks of study, HBV DNA was reduced by a median of 2 log^^ c/ml in the 
lamivudine arm, compared with no reduction in the placebo-treated patients. A trend 
towards lower alanine transferase (ALT) levels and delayed progression of HIV disease 
were also observed in the lamivudine arms [4]. Since this represented a unique data 
set for co-infected patients, we explored the emergence of HBV drug resistance in 
this cohort. 

Of the 97 co-infected individuals receiving lamivudine in this study, approximately 
40% had high HBV viral load measurements at weeks 44 to 52 of study (>10,000 c/ml). 
Genotypic analysis of HBV from 13 of these 20 patients was undertaken, which 
demonstrated key lamivudine-resistance mutations in five patients by the final time point. 
This translates into a one-year incidence of resistance of approximately 14%, comparable 
to data from non-HIV infected patients. Thus, in this cohort, eight patients with high 
HBV DNA levels after 52 weeks of lamivudine had wild type HBV polymerase 
sequence. We then compared changes in ALT levels over the course of treatment 
between those failing with or without genotypic drug resistance. Of interest, those with 
mutations within HBV polymerase had a mean fall in ALT from baseline of 52 |i/l, 
compared to a mean rise of 12 |Li/l in those without emergence of drug resistance, 
despite similar baseline liver function (Table 6). This observation supports the theory 
that HBV polymerase mutants may be replication defective, as demonstrated in vitro. 
Nevertheless, we identified one patient with genotypic HBV resistance who developed 
a transient hepatitis flare, as has previously been observed following withdrawal of 
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lamivudine therapy for HBV. A further conclusion from this analysis is that for 
a significant proportion of lamivudine-treated patients, poor suppression of HBV 
(> 10,000 c/ml) is not necessarily associated with drug resistance, but more probably 
with inadequate potency of a monotherapy regimen against the background of an 
extremely high viral replication rate. 

Lamivudine is commonly prescribed for HIV infection, and it is very likely that 
a large number of co-infected patients have therefore received this drug. Our results 
suggest that the clinical and virological benefit of HBV lamivudine monotherapy in such 
patients should be balanced against a potential for emergence of drug resistance. 

Conclusion 

In summary, we have explored the emergence of HBV drug resistance against 
lamivudine in a range of patient groups. Differences in the dynamics of emergence 
of resistance between transplant and non-transplant patients have been identified 
through detailed virological monitoring, and genotypic analysis of HBV polymerase 
has demonstrated the quasispecies nature of this virus. Therefore, it is likely that 
monotherapy drug pressure selects for a wide range of viral species, the presence of 
which may compromise subsequent nucleoside analogue therapy. 

It is essential that new strategies for therapy of HBV are based on highly potent 
combination regimens, thereby reducing the risk of emergence of drug resistance. 
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current treatment issues 
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Introduction 

Lamivudine (P-L-2',3'-dideoxy-3'-thiacytidine) is an orally bioavailable L-cytidine 
analog which inhibits human immunodeficiency virus (HIV) and hepatitis B virus 
(HBV) replication in vitro at nanomolar concentrations. In recent years, lamivudine 
tablet formulations have been subjected to extensive clinical investigations in both 
HIV- and HBV-infected patients, leading to regulatory approvals for HIV infection 
(as part of combination therapies) from 1995 onward, and regulatory approvals for 
chronic hepatitis B (as a monotherapy) from 1998 onward. Currently, lamivudine is 
regulatory-approved for use in the treatment of patients with chronic hepatitis B in 
over 50 countries worldwide. 

The antiviral, pharmacologic, and human pharmacokinetic properties of lamivudine 
have been reviewed elsewhere [1]. This review focuses on the cumulative Phase II 
and III data from the worldwide clinical trial program for lamivudine in patients 
with chronic hepatitis B. As the first of a new generation of orally-bioavailable HBV 
therapeutics, the accumulated clinical data for lamivudine provide insights on what 
the future may hold for monotherapy and combination therapy with additional HBV 
antiviral agents. This review summarizes existing scientific and clinical data, primarily 
from GlaxoWellcome-sponsored clinical trials of lamivudine. This data review is not 
intended as prescribing information for treating hepatitis B patients; in this regard, 
clinicians should consult regulatory-approved product labels for lamivudine in their 
respective countries. 

Phase II clinical trial results 

The primary efficacy endpoint assessed in the Phase II dose-ranging trials of lamivudine 
in hepatitis B patients was reduction of serum HBV DNA levels, reflecting suppression 
of HBV replication. This endpoint was chosen because reductions in HBV DNA levels 
had previously been shown to be associated with improvements in HBV-associated liver 
inflammation, and possibly with HBeAg loss and seroconversion (i.e., gain of detectable 
anti-HBe). The results of Phase II dose-ranging trials indicated that lamivudine treatment 
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of patients with chronic hepatitis B consistently afforded marked reductions in serum 
HBV DNA levels, with maximal reductions at daily doses of 100 mg and above 
[2-5]. In the Phase II trials, estimates of lamivudine's anti-HBV effect were artificially 
lowered by two methodologic limitations: (a) the studies utilized a conventional solution 
hybridization assay used in earlier interferon trials, which could not detect HBV DNA 
reductions to levels below approximately 10^ genomes/ml; and (b) for data-analysis 
purposes, HBV DNA data from the Phase II trials were log-transformed, and 'negative' 
values were arbitrarily assigned a positive value of one-half of the lower limit of 
detection of the solution hybridization assay (typically 0.8 pg/ml, one-half of 1.6 pg/ml). 
The latter analytic convention truncated the observed HBV DNA reductions in the Phase 
II trials at this lower boundary of analysis (0.8 pg/ml), artificially limiting the observed 
HBV DNA reductions to about two log^^ in most patients. 

To address these methodologic limitations of the Phase II virologic data, sera from 
a Phase lib trial of extended lamivudine treatment were reexamined by sensitive 
quantitative PCR methods (Roche Monitor^^ assay) [6]. The PCR results from this 
trial indicated that the 23 patients experienced a median reduction in serum HBV 
DNA levels of 5.1 logj^ during the first six months of treatment [6]. In individual 
patients, treatment-related reductions in serum HBV DNA levels ranged from 2.7 to 
7.4 loĝ Q. Thus, all patients in this Phase lib trial experienced a >99% reduction in 
circulating HBV DNA with lamivudine treatment, and the typical viral load reduction 
was >10,000-fold. 

Phase III clinical trial results 

Four controlled phase III trials were conducted internationally in HBeAg-positive 
adult patients with chronic hepatitis B: a placebo-controlled, Asian multicenter study 
in treatment-naive patients; a placebo-controlled, U.S. multicenter study in treatment-
naive patients; an active comparator study (lamivudine vs. interferon vs. a 24-week 
combination regimen) conducted in Europe, Canada, and several other locales, where 
patients were also treatment-naive; and an international study (placebo vs. lamivudine 
vs. a 24-week combination regimen) involving patients who previously failed to respond 
to alpha-interferon. The results of these Phase III clinical trials, investigating primarily 
one-year treatment periods, have recently been published or reported in abstract form 
[7-10]. These four Phase III trials afforded primary (intent-to-treat) efficacy analyses 
for 958 patients treated with any of the following: placebo, lamivudine monotherapy, 
interferon alpha-2b monotherapy, or a 24-week combination regimen of lamivudine 
plus interferon. 

The results of the four Phase III trials indicated that lamivudine treatment consistently 
led to reduced hepatic necroinflammatory activity, reduced progression of hepatic 
fibrosis (in treatment-naive patients), enhanced HBeAg loss and seroconversion, 
and normalization of serum ALT levels [6-9]. These four efficacy endpoints were 
prospectively defined in the Phase III protocols. The results of the Phase III trials 
are summarized in further detail below, before the review of results in patients with 
HBeAg-negative CHB and other patient groups. 
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Changes in hepatic necroinflammatory activity and fibrosis 

Clinical outcomes in viral hepatitis patients are ultimately associated with the extent 
of progression of necroinflammatory damage in the liver. Chronic necroinflammatory 
activity, related to ongoing HBV or HCV replication, is ultimately responsible for end-
stage cirrhosis and may be an important tumor-promoting stimulus for hepatocellular 
carcinoma. Hence, in trials of antiviral agents for viral hepatitis, it is important to assess 
treatment effects on liver inflammation and fibrosis. 

As in hepatitis C trials with interferon, histologic responses were measured in the 
lamivudine trials as 2-point-or-greater reductions in the Knodell histologic activity 
index, i.e., the Knodell HAI score [11, 12]. The Phase III protocols required documenta
tion of histologic features of chronic viral hepatitis in pretreatment liver biopsies, and the 
availability of histologic slides from pretreatment and follow-up liver biopsies (the latter 
at Week 52 visits). For the Phase III histologic assessments, biopsy slide evaluations 
were performed by independent expert hepatopathologists. Slide readings were blinded 
with regard to patient identification, treatment assignment, date, and sequence (i.e., 
baseline vs. follow-up) [7-10]. Confirmatory histologic assessments included separate 
slide 'ranking' evaluations, in which paired biopsy slides (baseline and follow-up) 
from each patient were evaluated by the hepatopathologists for global severity of 
histologic features, separately for necroinflammatory and fibrosis features. In these 
'ranking' analyses, the pathologists were blinded to patient identifiers, treatment, date, 
and sequence of the biopsy slides (baseline vs. follow-up). The pathologists knew only 
that the two slides before them for the 'ranking' comparison were from the same patient. 
The task was to rank one slide as 'worse' or both slides as the 'same' (for necroinflam
matory features, then separately for fibrosis features). 

Across the Phase III trials, 17-26% of patients, distributed proportionately across 
the randomized treatment groups, lacked paired evaluable liver biopsies. In the intent-
to-treat analyses featured in most lamivudine publications, patients for whom two 
evaluable biopsies were not available were counted as histologic non-responders, thus 
conservatively controlling against bias in any missing data, but potentially leading to 
underestimates of histologic treatment effects. 

As summarized in Figure 1, in the three placebo-controlled Phase III trials, histologic 
responses were consistently more frequent in lamivudine recipients than in placebo-
treated patients (P < 0.01 for each trial) [7, 8, 10]. In the active-comparator trial, 
histologic responses were more common with lamivudine, but the difference compared 
to interferon was not statistically significant [8]. For unclear reasons, in this study 
histologic response was proportionally lowest in the combination treatment group [8]. 
In each trial, the results of the separate slide 'ranking' analyses confirmed the significant 
lamivudine treatment effect observed with Knodell HAI scoring. Also, subanalyses of 
the HAI component scores confirmed a significant treatment effect (2-point or greater 
reductions) in the sum of the first three components of the Knodell score, a sum which 
is usually termed the "necroinflammatory" HAI score. 

Another histologic endpoint prospectively incorporated into the lamivudine trials 
was analysis of progression of fibrosis, defined as the appearance of worsening in a 
patient's follow-up (Week 52) biopsy compared to the same patient's baseline biopsy. 
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Figure 1. Effect of treatment on liver histology. 

in the blinded slide-ranking evaluations. As shown in Figure 2, fibrosis progression in 
patients was significantly less common with lamivudine treatment, in the multicenter 
Asian and U.S. trials which enrolled previously untreated (i.e., interferon-naive) patients 
(P < 0.01 in comparison to placebo, in both trials). In contrast, the difference in fibrosis 
progression in the trial involving interferon non-responders did not reach statistical 
significance (4% for lamivudine vs. 7% for placebo), perhaps because patients in this 
trial already had advanced histologic disease at baseline (19% with cirrhosis, many 
others with grade 3 fibrosis). In the active comparator trial, as shown in Figure 2, 
fibrosis progression was observed in 17% of lamivudine patients, 30% of interferon 
patients, and 32% of patients in the combination therapy group (p = 0.051 for the 
lamivudine vs. interferon comparison) [10]. 
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Figure 2. Effect of treatment on fibrosis progression. 
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In contrast to fibrosis progression, improvement in fibrosis was not a pre-defined, 
statistically-evaluated endpoint in the lamivudine trial program. Hence the apparent 
improvement in preexisting fibrosis, evident for many patients in the Phase III trials, 
deserves further evaluation in future studies. Finally, although progression to cirrhosis 
was expected to be a relatively rare event in the one-year Phase III trials, an exploratory 
analysis of the Phase III histologic results revealed that, overall, 1.8% of lamivudine-
treated patients progressed to cirrhosis during the one-year Phase III trial periods, 
compared to 7.1% of placebo-treated patients (p = 0.04) [13]. 

HBeAg and HBsAg loss and seroconversion 

Histologic improvements correlate with suppression of HBV replication, i.e., with 
serum HBV DNA reductions, regardless of whether HBeAg or HBsAg seroconversion 
are observed [14]. However, HBeAg loss and seroconversion (HBeAg loss with gain 
of anti-HBe) are associated with multilog reductions in serum HBV DNA levels, 
reflecting a patient's transition to a generally durable state of markedly reduced HBV 
replication; and this state of reduced HBV replication is usually associated with 
histologic improvement, except in patients with preexisting advanced cirrhosis [14-16). 
The long-term histologic improvements associated with HBeAg loss/seroconversion 
appear to explain the observation that HBeAg responses are usually a good predictor 
of improved long-term clinical outcomes, i.e., improved survival and reduced incidence 
of cirrhosis-related liver failure [15, 16]. Therefore, observations regarding HBeAg 
responses (loss or seroconversion) are important for two reasons. First, HBeAg response 
provides a potential opportunity to discontinue nucleoside antiviral therapy (while 
continuing to observe the patient). And second, HBeAg response in a pre-cirrhotic 
patient provides some assurance, albeit preliminary, of the probability of an improved 
longer-term clinical outcome. 

In the Phase III trials in treatment-naive Asian and Western patients, lamivudine-
treated patients showed significantly enhanced rates of HBeAg response (loss and 
seroconversion) compared to placebo recipients. HBeAg loss rates at Week 52, for 
the various treatment regimens in the four Phase III trials, are illustrated in Figure 3. 
Three-component HBeAg seroconversion (loss of detectable HBeAg, loss of detectable 
HBV DNA, and gain of detectable anti-HBe) was the featured analysis for HBeAg 
responses in the Phase III trial program, although simple HBeAg loss and 2-component 
HBeAg seroconversion (loss of HBeAg with gain of anti-HBe) were also significantly 
enhanced with lamivudine [7, 8]. 

In the the active comparator trial, HBeAg loss (22% and 22%) and seroconversion 
(18% and 19%) were similar at one year for lamivudine and interferon, and proportion
ally somewhat better at one year with the combination regimen (lamivudine+interferon), 
as illustrated in Figure 3 [9]. The increment in HBeAg seroconversion with the 
combination regimen was not statistically significant in the primary (intent-to-treat) 
data analysis, but did achieve significance in two secondary efficacy-subset analyses. 
Therefore the issue as to whether the combination of lamivudine plus interferon 
will result in enhanced HBeAg seroconversion rates needs further prospective study. 
Furthermore, in this study it was notable that other efficacy endpoints (e.g., ALT nor-
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Figure 3. Effect of treatment on HBeAg loss. 

malization) and safety considerations favored lamivudine monotherapy over interferon 
monotherapy and the combination regimen. 

In the international trial with interferon non-responders, sustained HBV DNA 
response and ALT normalization were significantly better for lamivudine recipients, and 
3-component HBeAg seroconversion was proportionally best for the lamivudine group, 
but was not statistcally superior to placebo (18% vs 13%,p= ns), in part due to the high 
seroconversion rate in the placebo group in this trial [10]. In a secondary analysis of 
data from this trial, HBeAg loss was significantly better with lamivudine (33% vs. 13% 
for placebo, p < 0.04), and data from the follow-up period indicated that patients with 
HBeAg loss alone had responses that appeared equally durable post-treatment, compared 
to patients with 2- or 3-component HBeAg seroconversion [10]. As shown in Figure 3, 
in this study HBeAg loss with lamivudine monotherapy was proportionally better than 
results achieved with the combination regimen (21%). In this regard, it is important to 
note that this study exclusively enrolled interferon non-responders, in contrast to the 
active-comparator trial described above, which enrolled interferon-naiVe patients. 

The 3-component HBeAg seroconversion endpoint prospectively defined in the lami
vudine trials differs from the HBeAg loss endpoint used in most interferon trials [17]. 
HBeAg loss is more frequent than 3-component seroconversion, although most patients 
with HBeAg loss also exhibit undetectable serum HBV DNA (in hybridization assays), 
and most eventually develop detectable anti-HBe. This difference in the featured HBeAg 
response endpoint can give rise to confusion when comparing results across lamivudine 
and previous interferon trials [18]. In the placebo-controlled Western trials, i.e., the U.S. 
multicenter and international interferon non-responder trials, HBeAg loss was observed 
in 32-33% of lamivudine patients at Week 52, similar to the 20-40% HBeAg loss rates 
reported for interferon [14, 17]. 

Exploratory regression analyses of combined data from the Phase III lamivudine 
trials indicates that, with lamivudine treatment (as for interferon), HBeAg loss and 
seroconversion are proportional to pretreatment ALT levels, presumably signifying 
better treatment-related clearance of HBV replication in patients with ongoing immune 
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responses to HBV infection [14, 19]. The combined Phase III data indicate that, for each 
basehne ALT level, the frequency of HBeAg responses to lamivudine at one year is at 
least as high as that for interferon treatment [19]. In contrast to several reported analyses 
of interferon data, in multivariate regression analyses of the Phase III lamivudine data, 
pretreatment HBV DNA level did not reach statistical significance as a predictor of 
HBeAg responsiveness to lamivudine [19]. 

There are increasing data that, with extension of lamivudine therapy past one year, 
HBeAg loss and seroconversion can be cumulative [20-23]. To date, the only substantial 
longer-term data are from a multicenter follow-on study conducted in Asia, in which 
58 patients have had a continuous assignment to lamivudine treatment (100 mg/day). 
As shown in Figure 4, annual data updates on this continuous-treatment Asian cohort 
indicate an encouraging pattern of cumulative HBeAg loss and seroconversion during up 
to four years of lamivudine treatment to date, especially in patients with elevated ALTs 
pretreatment [20-23]. At four years, cumulative HBeAg loss was greater than 60% for 
patients with any elevated level of ALT pretreatment, and more than 70% for patients 
with pretreatment ALT levels greater than twofold above normal [23]. 

58 Asian Patients with Continuous Lamivudine Treatment 
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Figure 4. HBeAg loss over four years by pretreatment ALT level. 

For patients who experienced HBeAg loss and/or HBeAg seroconversion in the 
Western Phase III studies, such responses have generally been durable after discontinu
ation of lamivudine treatment, with posttreatment data now extending to two years 
or more [8, 10, 24-26]. Similar to observations on HBeAg seroconversion, it appears 
likely that HBsAg seroconversion will be cumulative over time in HBeAg responders. 
In a recent update of data from a posttreatment follow-up study, 9 of 43 (21%) previ
ous HBeAg responders to lamivudine had achieved durable HBsAg seroconversions 
(undetectable serum HBsAg and detectable anti-HBs) [26]. Thus, in immunocompetent 
hepatitis B patients with compensated liver disease treated for a year or more with 
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lamivudine, when HBeAg loss or seroconversion occurs (as documented on two or 
more successive clinic visits) appears to be a reasonable time to discontinue treatment, 
although clinical follow-up should continue routinely [8, 25]. 

HBV DNA reductions and ALT normalization 

Virologic response and ALT normalization were prospectively-defined secondary 
efficacy endpoints in the lamivudine Phase III trials. The Phase III results indicated 
that, as in the Phase II trials, lamivudine treatment consistently resulted in marked 
reductions in serum HBV DNA levels, with median values remaining undetectable for 
lamivudine-treated patients at the end of the one-year Phase III treatment periods [7-10]. 
Overall, in the Phase III trials about 30% of patients had detectable serum HBV DNA 
(in the solution hybridization assay) at the end of one year of treatment, although 
the quantitative HBV DNA values in such patients were typically substantially below 
their pretreatment levels. 

As might be expected in light of the treatment-related reductions in hepatic necroin-
flammatory activity described above, serum ALT levels were consistently improved 
with lamivudine treatment, with patients typically achieving normal ALT levels within 
four to 12 months after the start of lamivudine treatment in the Phase III trials [7-10]. 
As noted above, in the active comparator trial, serum ALT normalization was 
significantly better at one year for lamivudine, compared to either interferon or the 
24-week combination regimen [9, 27]. 

Phase III safety observations 

In the Phase III trials, the safety profile of lamivudine was consistently similar to placebo 
during the one-year treatment periods, with regard to both clinical adverse events and 
laboratory abnormalities [7-10, 28]. Posttreatment, more grade 3-4 ALT elevations were 
observed in patients discontinued from lamivudine, compared to placebo, but clinically 
severe posttreatment adverse events were rare (<1% of patients), and the incidence of 
such severe events was not different for patients discontinuing lamivudine or placebo 
[8-10, 28]. Despite these assurances from the controlled data, in patients who have 
not HBeAg-seroconverted prior to the discontinuation of lamivudine treatment, it is 
likely that replication-active hepatitis B will return, and it is recommended that patients 
who are discontinued from treatment should be periodically monitored for evidence 
of return of disease activity (clinically, and for HBV serologic markers and serum 
liver function tests). 

One report indicated that severe disease flares, including hepatic decompensation, can 
occasionally be seen in patients with disease breakthroughs on long-term lamivudine 
therapy, associated with the emergence of lamivudine-resistant, YMDD-mutant HBV 
(see below) [29]. None of the patients died, and the disease flare was associated 
with potentially beneficial HBeAg seroconversion in eight of 12 patients, including 
durable HBeAg seroconversions and disease remissions in the three patients with 
transient hepatic decompensation [29]. Due to these observations, further analyses of 
combined Phase II-IV lamivudine data were undertaken, leading to observations that: 
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(a) liver-related severe adverse events were significantly more common in placebo-
treated patients compared to lamivudine recipients; and (b) liver-related serious adverse 
events were rare (<1% per year) and were about equally common in patients with 
PCR-detectable YMDD-mutant HBV vs. residual wild-type HBV [30]. 

Drug-resistant HBV mutants: Impact on response 

Many reports now support the notion that mutations affecting the methionine codon 
in the conserved YMDD motif in the HBV polymerase/reverse transcriptase are the 
primary mutations for HBV resistance to lamivudine in vitro [31-36]. These mutations 
result in a variant HBV polymerase, with either valine or isoleucine substituted for 
the methionine residue in the YMDD motif, which is located within the catalytic 
domain of the polymerase. With other examples of antiviral resistance (e.g., HIV and 
herpesviruses), the emergence of viral strains with reduced antiviral susceptibility is 
not automatically associated with complete loss of clinical response, in contrast to 
assumptions from clinical experiences with microbial resistance during acute bacterial 
infections. In patients with chronic viral infections, this potential dissociation between 
viral resistance in vitro and clinical response in vivo occurs principally for two reasons: 
(a) viral strains with mutations associated with reduced drug susceptibility tend to 
exhibit reduced replication competence, because the primary resistance mutations 
structurally affect viral gene products that are critical for replication (e.g., polymerases); 
and (b) chronic immune responses contribute to an ongoing virus-host equilibrium. 
Such previous lessons in anitviral resistance appear fully applicable to the clinical 
resistance considerations for lamivudine in hepatitis B patients, as discussed below. 

Early reports indicated that the development of YMDD-mutant HBV, detected 
by PCR amplification of HBV DNA from patient sera, is associated with variably 
diminished virologic and clinical responses to lamivudine [31-33]. Hence, in the four 
Phase III trials, the incidence and clinical significance of YMDD-variant HBV were 
studied systematically by PCR amplification of HBV DNA from all available patient sera 
at Week 52 (and selected other timepoints), regardless of the patients' clinical and viro
logic status. With this approach, YMDD-mutant HBV were detectable after one year of 
therapy in 14-32% of lamivudine-treated patients in the individual Phase III trials, with a 
higher incidence in the Western studies (27-32%) compared to the Asian study (14-16%) 
[7-10]. In the Asian follow-on treatment study, the incidence of detectable YMDD 
mutants has been cumulative, with YMDD mutants detectable by PCR methods in 42% 
of patients at year two, 53% at year three, and 70% at year four [20-23]. 

While some patients with YMDD mutants in the clinical trials maintained undetect
able HBV DNA levels (in conventional assays) and normal ALT levels, most such 
patients exhibited a variably diminished therapeutic response. In each study, patients 
with YMDD-mutant HBV were found to have reduced HBeAg loss/seroconversion 
compared to lamivudine-treated patients with wild-type HBV [7-10]. Also, patients with 
YMDD mutants were less likely to show sustained ALT normalization and sustained 
non-detectable HBV DNA [7-10, 20-23]. However, patients with YMDD mutants 
tended to maintain improved median HBV DNA levels, ALT levels, and histologic 
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scores, compared to their pretreatment values and compared to placebo-treated patients 
[7-10, 20-23, 37]. 

At the time of emergence of YMDD-mutant HBV, a proportion of patients will 
experience return of elevated serum ALT levels, often associated with return of serum 
HBV DNA to levels >10^ genomes/ml. However, these elevated ALT and HBV DNA 
levels most often subside, or partially subside, over the subsequent two to eight months, 
after which patients tend to maintain improved or partially improved ALT and HBV 
DNA levels. For the subgroup of patients who do not maintain at least partial efficacy 
responses on long-term lamivudine therapy — e.g., patients whose serum ALT and HBV 
DNA levels return toward pretreatment values, or who exhibit clinical or histologic 
evidence of disease progression — discontinuation of therapy, or addition of other 
therapeutic agents should be considered. 

In the overall Phase III data, patients who developed YMDD mutants tended to 
have higher pretreatment HBV DNA levels compared to patients who lacked detectable 
YMDD mutants. After one year of treatment, HBV DNA in patients with YMDD 
mutants remained substantially reduced (median HBV DNA at one year = 22 pg/ml com
pared to 138 pg/ml at pretreatment baseline); but these results were not as good as those 
for patients without YMDD variants (median HBV DNA at one year = undetectable 
by hybridization) [37]. The two-, three-, and four-year results from the Asian follow-on 
treatment study indicated that patients who developed YMDD mutants typically 
continued to maintain substantially reduced HBV DNA levels on continued lamivudine, 
and median ALT levels remained improved by 50% or more in the same group [20, 21, 
23]. Cumulatively one third (13/39) of these Asian patients with YMDD-mutant HBV 
had HBeAg seroconverted with up to four years of treatment [23]. 

The observation that HBV DNA levels tend to remain improved with lamivudine 
treatment for prolonged periods in patients with lamivudine-resistant HBV variants 
indicates a potentially interesting and important contrast between HBV resistance 
and HIV resistance — i.e., a potentially slower and less frequent development of 
viral variants with "compensatory mutations" during HBV infection compared to HIV 
infection. HIV patients, after the development of YMDD-altered (codon 184-mutant) 
HIV variants, tend to exhibit initially depressed HIV RNA levels, but are likely to 
show a relatively early return or partial return of HIV RNA toward pretreatment 
levels, in association with the emergence of viral subpopulations with compensatory 
mutations restoring, or partially restoring, the replication competence lost with the 
YMDD-associated (codon 184) primary resistance mutation. Late secondary mutations 
involving HBV polymerase mutations outside the YMDD motif, possibly compensatory 
in their replication effects, have been reported in occasional hepatitis B patients on 
prolonged lamivudine therapy [38]. However, in the overall lamivudine clinical trial 
experience to date, these mutations appear to be unusual, at least in the first four years of 
lamivudine treatment. The clinical significance of YMDD-mutant and other lamivudine-
resistant HBV variants, with regard to diminution of clinical efficacy, remains to be 
elucidated through additional studies. 

De novo combination therapy remains strongly preferable in HIV patients due to 
the high mutability of HIV and the irreversible loss of memory CD4 lymphocytes 
with virologic breakthrough. The slower emergence of virologic resistance, and the 
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regenerative capacity of the liver (associated with substantially slower deterioration 
in target organ function in HBV patients) together support investigation of clinical 
strategies of monotherapy and sequential combination regimens, as well as de novo 
combination regimens, in patients with chronic hepatitis B. De novo combination 
treatment strategies may be particularly desirable in subgroups of hepatitis B patients 
for whom the medical risks of virologic breakthrough are high - e.g., patients with 
advanced cirrhosis or immunodebilitated organ transplant recipients. 

Clinical results for other patient groups 

Aside from patients with clinically compensated, HBeAg-seropositive chronic hepatitis 
B, several other patient groups comprise important components of the worldwide 
disease burden associated with chronic HBV infection — e.g., patients with HBeAg-
negative chronic hepatitis B due to pre-core mutant HBV, patients with decompensated 
cirrhosis, endstage patients requiring liver transplantation, and children with active 
chronic hepatitis B. Current results for each of these patient subgroups are summarized 
briefly below, with references for further details as needed. 

Over the past fifteen years, HBeAg-seronegative chronic hepatitis B, due to so-called 
pre-core mutant HBV, has been reported with increasing frequency, especially in the 
countries of the Mediterranean littoral and in Southeast Asia. For patients with HBeAg-
seronegative hepatitis B, the trials of lamivudine treatment include one large controlled 
study conducted in southern Europe, and several investigator-initiated studies. In the 
large controlled trial, 125 patients with HBeAg-negative chronic hepatitis B were 
randomized to lamivudine (100 mg/day) or matching placebo for six months [39]. After 
six months, patients with detectable HBV DNA were to be withdrawn from treatment, 
but kept in the study for further observation, while patients with undetectable HBV 
DNA were to continue treatment to month 12 followed by an additional six months of 
observation. The study results indicated that the combined efficacy response of clearance 
of detectable serum HBV DNA (using the Chiron bDNA assay) and normahzation of 
serum ALT levels was achieved at six months by 63% of lamivudine recipients, but 
only 6% of placebo recipients (p < 0.001) [39]. At 12 months, lamivudine recipients 
showed significant improvements in liver histology compared to baseline. However, 
data from the six-month posttreatment follow-up period indicated that only 30% of 
lamivudine recipients maintained undetectable HBV DNA off-treatment, and fewer still 
(17%) maintained normal ALT levels posttreatment [40]. Thus, as had previously been 
observed for interferon, most lamivudine-treated patients experienced return of active 
disease after discontinuation of one year of therapy. Current studies in this patient group 
are directed toward exploration of longer treatment periods and elucidation of efficacy 
parameters that might be useful in predicting durable posttreatment responses. 

In the liver transplant setting, lamivudine has been studied as a treatment for post-
transplant recurrences of hepatitis B and as a prophylactic agent for reducing post-
transplant recurrences through pre- and post-transplant suppression of HBV replication 
[41-44]. While efficacy for both uses has been reported from open-label studies, the 
issue of antiviral resistance appears especially important in such patients, who tend 
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to have high levels of HBV replication (with steroids and immunsuppression), and 
who are often debilitated, immunosuppresssed, and lacking in hepatic 'reserve' due to 
cirrhosis or rapidly progressive HBV infection. Patients in these clinical settings appear 
to generally experience initial treatment benefit, and post-transplant recurrences appear 
partially reduced by lamivudine treatment in historical comparisons [41-43]. However, 
patients in these settings sometimes develop return of severe or fatal disease due to 
loss of virologic control, whether with wild-type HBV or YMDD-mutant HBV [41-43]. 
For prevention of post-transplant HBV recurrences, the combination of lamivudine with 
hepatitis B immune globulin (HBIg) prophylaxis has been reported to offer substantially 
improved efficacy [44]. Of concern, some lamivudine-treated transplant recipients, after 
previous treatment with HBIg (and, in some cases, famciclovir) have had recurrences of 
HBV viremia and rapid disease progression associated with evolution of HBV mutants 
displaying both YMDD mutations and HBIg-associated polymerase mutations [45, 46], 
However, other post-transplant patients with YMDD mutants from the same clinical 
study site have not exhibited rapid disease progression [46]. Complex polypharmacy 
is often utilized in the organ transplant setting, and the potential for unique HBV 
mutational patterns in this setting, affecting HBV antiviral susceptibility and replication 
competence, remains subject to further study. 

Ongoing and future studies 

Ongoing sponsored lamivudine trials include: (a) Asian and Western follow-up trials of 
extended lamivudine treatment (i.e., treatment for up to five years, in non-seroconverted 
patients from the Phase III trials); (b) an international trial in children with chronic 
hepatitis B; (c) a multicenter, clinical-endpoints trial in Asia, investigating delay 
in hepatic decompensation in biopsy-documented HBV cirrhotics; and (d) several 
investigator-initiated studies. Further studies in patients with pre-core mutant HBV 
infection and patients with HIV/HBV co-infection are anticipated. Additionally, several 
trials investigating lamivudine in conjunction with other agents are underway or in late 
planning stages. Collaborative studies involving lamivudine and adefovir will address 
add-on therapy for patients with YMDD-mutant HBV and return of elevated ALTs, as 
well as de novo combination therapy in treatment-naive patients with chronic hepatitis B. 
Collaborative studies of lamivudine plus pegylated interferons will be initiating shortly. 
As other new anti-HBV agents reach phase II-III clinical development, it is likely that 
collaborative explorations of various sequential and de novo combination treatment 
regimens will be undertaken by clinical investigators and by pharmaceutical sponsors. 
A key question at this juncture is whether combinations of orally-bioavailable nucleoside 
analogs will enhance HBeAg response rates observed with lamivudine alone, or whether 
treatment regimens employing adjunctive immunomodulatory therapies will be needed 
to achieve this goal. 
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Current treatment issues 

The most important issue for chnicians trying to reduce the global disease burden 
associated with chronic HBV infection is the current worldwide lack of clinical recogni
tion of HBsAg carriers, and identification of carriers with active liver disease, most 
of whom are asymptomatic. With interferon and lamivudine widely available, many 
patients with chronic hepatitis B can now be clinically managed, and an appreciable 
fraction can achieve durable treatment responses. Unfortunately, in most countries more 
than 80-90% of HBsAg carriers are currently unrecognized. Perhaps because little 
could be done for hepatitis B patients until recently, very few countries have attempted 
broad screening programs to detect and clinically evaluate HBsAg carriers. Under the 
present circumstances in both Asian and Western countries, many HBsAg carriers with 
long-standing subclinical hepatitis will continue to develop advanced cirrhosis and 
decompensated liver disease by the time of initial clinical recognition, 

Non-response to interferon and treatment breakthrough on lamivudine are important 
issues, and a significant proportion of hepatitis B patients will need additional therapeutic 
options for successful long-term management of their disease. Nonetheless, substantial 
therapeutic progress has been made in the past 10-15 years with these two agents, 
and further progress is likely to be afforded with the availability of additional 
agents currently under investigation. It appears likely that chronic hepatitis B will be 
clinically manageable, if not curable, in most patients within the next seven to 10 
years. Such imminent therapeutic progress provides a strong stimulus for immediate 
attention to public campaigns directed toward increased disease awareness and HBV 
screening, globally. These efforts can go hand-in-hand with expansion of universal 
HBV vaccination efforts worldwide, to achieve long-term control of the massive burden 
of death and disease caused by chronic HBV infection. 

Conclusions 

For non-decompensated, non-immunosuppressed patients with chronic hepatitis B, the 
accumulating data for lamivudine support a clinical strategy of treating patients with 
HBV-replicative chronic hepatitis B until HBeAg loss or seroconversion is observed, 
followed by clinical observation for future signs of return of HBV replication and 
hepatitis disease activity. Longitudinal follow-on study results to date suggest continuing 
viral load reductions, ALT improvements, and histologic imrpovements in patients who 
do not achieve HBeAg responses in the first year of treatment. The Asian trial data 
indicate that a majority of hepatitis B patients with elevated ALTs may achieve HBeAg 
seroconversion with up to four years of lamivudine treatment [23]. The development 
of YMDD-mutant HBV is common with prolonged lamivudine therapy (about 70% of 
patients at four years), and is associated with variably diminished therapeutic efficacy; 
but most patients with YMDD mutants continue to experience improved ALT and 
HBV DNA levels compared to their pretreatment values, and some have achieved 
durable HBeAg seroconversions. New clinical studies with lamivudine will focus on 
add-on therapies for patients with virologic breakthrough and return of liver disease 
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(e.g., elevated ALTs), and investigations of de novo combination regimens in therapy-
naive patients. 
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Introduction 

To date, there are only two therapeutic agents, interferon and lamivudine, that have been 
generally approved by regional authorities for the treatment of chronic hepatitis B virus 
(HBV) infection. Lamivudine, unlike interferon-a, has equal efficacy for both Chinese 
and Caucasian patients with chronic HBV infection and negligible adverse effects. 

Lamivudine is the (-) enantiomer of the deoxycytidine analogue 2'-deoxy-3'-
thiacytidine. It acts mainly by suppressing the replication of HBV. However, it also has 
some indirect immunomodulatory effect. 

Lamivudine exhibits two modes of viral suppression [1]. First, the active metabolite 
lamivudine 5'-triphosphate mimics deoxycytidine triphosphate and is incorporated 
into newly synthesized HBV DNA to cause chain termination. Second, lamivudine 
5'-triphosphate demonstrates competitive inhibition of both the viral DNA-dependent 
DNA polymerase and the RNA-dependent DNA polymerase activity (i.e., reverse tran
scriptase activity). There are four possible sites of action for lamivudine (Figure 1) [2]. 
The most obvious site is at the step of reverse transcription of the pre-genomic mRNA 
into the nascent minus-strand DNA (Figure 1, pathway 1). This has been proven by in 
vitro assays. The second site of action interrupts the formation of plus-strand DNA from 
the nascent minus-strand DNA, which is dependent on viral DNA polymerase activity 
(Figure 1, pathway 2). This inhibition has also been demonstrated by in vitro assays. 
Lamivudine may also exert its effect by inhibiting the completion of double-stranded 
DNA, thereby interrupting cccDNA formation. This will inhibit the amplification and 
replenishment of this intranuclear store of cccDNA (Figure 1, pathway 3) and the 
formation of cccDNA during the initial infection (Figure 1, pathway 4). These sites of 
action, though difficult to prove, are highly likely. 

T-cell hyporesponsiveness to HBV antigens is well documented in patients with 
chronic HBV infection and may represent a critical pathogenic determinant of viral 
persistence. The mechanism is not known, but may be related to the high viral or antigen 
load typically observed in these patients. 

Boni, et al. have used the reduction of viral and antigen load by lamivudine as an 
experimental model to investigate the importance of these two factors in the immune 
response to HBV infection [3]. Twelve patients with hepatitis B e antigen-positive 
(HBeAg-positive) chronic, active hepatitis received lamivudine 100 mg daily for 12 
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Figure 1. The four possible sites of action of lamivudine in the replicative cycle of the hepatitis B vims 

(HBV = hepatitis B virus, cccDNA = covalently closed circular DNA, mRNA = messenger RNA, RT = 

reverse transcriptase, (-)-DNA = minus-strand DNA, DNA pol = DNA polymerase, HBsAg = hepatitis 

B surface antigen) (Diagram adapted from: Lai CL, MF Yuen. Profound suppression of hepatitis B virus 

replication with lamivudine. J Med Virol 2000;61:367-373) 

months and were then followed up for six months. The T-cell response to HBcAg and 
HBeAg before treatment initiation was low, but with lamivudine therapy the responses 
to both antigens showed a rapid and significant increase that persisted throughout the 
treatment period. After seven to 14 days of lamivudine therapy, significant and sustained 
enhancement of the proliferative CD4-mediated response to HBeAg and HBcAg was 
noted in 10 patients (83%). These patients also showed an increased frequency of 
HBeAg-specific T cells and enhanced responses to mitogens and recall antigens, such as 
phytohaemagglutinin, tetanus toxoid and mouse anti-human CDS monoclonal antibody. 
A temporal association was noted between recovery of T-cell reactivity to viral antigens 
and a reduction in viraemia. The enhanced proliferative responses to HBV proteins and 
the increased frequencies of circulating HBeAg-reactive T cells were generally preceded 
by, or temporally associated with, a decline in serum HBV DNA. An enhancement of 
CD8-positive CTL frequency and reactivity was also observed. These findings indicate 
that lamivudine therapy overcomes T-cell hyporeactivity. This effect is probably related 
to a reduction in the level of viraemia. 

Experience of lamivudine in Asian patients with HBV infection 

Treatment of chronic HBV infection 

A multicenter, one-year trial of lamivudine involving 358 Chinese patients with chronic 
HBV infection showed that lamivudine reduced hepatitis activity (in 54%, 49% and 
25% of patients on lamivudine 100 mg daily, lamivudine 25 mg daily and placebo. 
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respectively), decreased progression of fibrosis (which occurred in 3%, 6% and 15% for 
the same respective drugs), increased HBeAg seroconversion (in 16%, 13% and 4%, 
respectively) and improved normalization of alanine aminotransferase (ALT) (in 72%, 
65%, 24%, respectively) [4]. All the percentages for lamivudine 100 mg daily were 
significantly better than those for the patients on placebo. However, 15% of patients 
after one year of either dosage of lamivudine developed mutation in the tyrosine, 
methionine, aspartate and aspartate (YMDD) motif of the catalytic domain of the HBV 
DNA polymerase (see below). 

For the patients who do not achieve HBeAg seroconversion in the first year, 
lamivudine will have to be given for a longer period. There are three questions concern
ing the long-term use of lamivudine. Firstly, will the improvement in HBeAg seroconver
sion and histology continue with longer periods of lamivudine treatment? Secondly, 
is lamivudine-induced HBeAg seroconversion stable and sustained when lamivudine 
is stopped? Thirdly, what are the long-term implications of YMDD-variant HBV? 

In the Asian study mentioned above, a proportion of the patients were randomized 
to continue receiving the same dosage of lamivudine at the end of the first and second 
year. After the third year, all the patients were offered open-label lamivudine 100 mg 
daily for two more years. In all, 58 out of the 358 patients received lamivudine 100 
mg daily continuously for three years; 44 of these 58 went on to receive a fourth year 
of lamivudine 100 mg daily. In these 58 patients, the rate of HBeAg seroconversion 
was 22%, 29%, 40% and 47% at the end of the first, second, third and fourth years 
respectively. It is well documented that elevated pretreatment ALT level is a major 
determinant for HBeAg seroconversion [5]. The HBeAg seroconversion rates for the 
patients with elevated pretreatment ALT and for those with pretreatment ALT of 
greater than twice above the upper limit of normal are shown in Figure 2. At the 
end of four years of continuous lamivudine, 73% of patients with pretreatment ALT 
levels greater than twice the upper limit of normal had HBeAg seroconversion. In the 
Asian population, there is thus a cumulative increase in HBeAg seroconversion with 
continuous lamivudine therapy, especially in patients with elevated ALT levels. 

1 2 3 4 
Duration of therapy (years) 

Figure 2. The percentage of patients with elevated pretreatment alanine transaminase levels achieving HBeAg 

seroconversion on four years of continuous lamivudine therapy. The blank bars represent the patients with 

alanine transaminase levels above the upper limit of normal at baseline. The shaded bars represent the patients 

with alanine transaminase levels greater than twice the upper limit of normal at baseline. 
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In 26 patients who were taken off lamivudine after HBeAg seroconversion, out of 
the original 358 patients, 21 (81%) remained positive for antibody against HBeAg 
(anti-HBe) with a median follow-up period of over 12 months. The stability of 
HBeAg seroconversion is comparable to that observed in Caucasians who are taken 
off lamivudine after HBeAg seroconversion. In Asian patients with chronic hepatitis B, 
seroreversion to HBeAg after spontaneous HBeAg seroconversion is relatively common. 
In a study by Lok and her colleagues, ten out of 31 Chinese patients with spontaneous 
HBeAg seroconversion had reversion back to HBeAg-positivity, usually within six 
months [6]. Spontaneous HBeAg seroconversion was only stable in 21/31 (68%) of 
Chinese patients. Lamivudine-induced HBeAg seroconversion is therefore at least as 
stable as (probably more stable than) spontaneous HBeAg seroconversion in Chinese 
patients with chronic hepatitis B infection. 

Eighty-one of the 358 patients had a third liver biopsy at the end of the third year 
(Table 1). In the 38 patients who did not develop the YMDD-variant HBV, 63.2% 
had continued histologic improvement, and only 13.2% had histologic deterioration. 
(Histologic improvement, and deterioration are defined as a change in the histologic 
activity index score of two points or more.) 

Table 1. The improvement or worsening in histology in 81 patients on three years of continuous 

lamivudine therapy with biopsies at baseline and at the end of the third year. Improvement 

or worsening in histology is defined as a change in the total histologic activity index (HAI) 

score by two points or more. 

Improved No change Worsened 

n (%) n (%) n (%) 

Non-YMDD (38 pts) 24 (63.2) 9 (23.7) 5 (13.2) 

YMDD (43 pts) 21 (48.8) 12 (27.9) 10 (23.3) 

YMDD > 2 yr (7 pts) 4(57.1) 2(28.6) 1(14.3) 

YMDD 1-2 yr (17 pts) 8 (47.1) 4 (23.5) 5 (29.4) 

YMDD< lyr(19pts) 9(47.4) 6(31.6) 4(21.1) 

YMDD-variant hepatitis B virus 

The major site of mutation of HBV associated with lamivudine therapy is the tyrosine 
methionine asparate aspartate amino acid (YMDD) motif. The YMDD motif is a 
highly conserved motif in the catalytic domain of the reverse transcriptase (RT)/DNA 
polymerase and is shared by all hepadnaviruses as well as retroviruses. The variants 





388 C.-L. Lai and M.-F. Yuen 

CO 

CM 

< > (U O 

O (U 

"I 
(D c 

.S -5 '^ 

D M J3 •S o 

^ VU» 1 ^ - r H | -J 

-fi '^ «« -^ ri 
^ ^ o 

• r j 4̂-1 ^ 
td O ^ 

' t . § | 
<1> «-v ^ 

• ^ " ^ ^ 

too S C 
3^ o 
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Lamivudine in liver transplantation in Asian patients 

In the Caucasian population, lamivudine monotherapy has been used successfully in 
both the prevention [9] and the treatment [10] of recurrence of hepatitis B after liver 
transplantation. 

The Liver Transplant Team (University Departments of Medicine and of Surgery), 
Queen Mary Hospital, Hong Kong, had been using lamivudine as a single agent 
for the prevention of recurrence of hepatitis B as well as for de novo hepatitis B 
after liver transplantation since 1995. Patients with end-stage hepatitis B cirrhosis 
were given lamivudine 100 mg daily at least one month before transplantation. For 
patients presenting with acute fulminant hepatitis B or de novo hepatitis B after liver 
transplantation, lamivudine 100 mg daily was given as soon as possible. 

Up to April 2000, there were 54 liver transplant patients requiring lamivudine: 
47 with end-stage hepatitis B cirrhosis (36% HBeAg positive and 64% anti-HBe 
positive at the time of transplantation), three with acute fulminant hepatitis B and 
four with de novo hepatitis B after liver transplantation. Five patients died soon after 
the transplantation; six died later from unrelated causes, one patient with de novo 
hepatitis B died of fibrosing cholestatic hepatitis within two weeks of acquiring the 
hepatitis B infection. 

The 42 surviving patients had a median follow-up of 24 months (range four to 
56 months). Thirty patients lost the hepatitis B surface antigen (HBsAg) after the 
transplantation, the majority within two months of the operation. Of these 30 patients, 
eight subsequently developed antibody against HBsAg (anti-HBs). In ten patients who 
were still positive for HBsAg, nine became anti-HBe positive, and only one patient was 
still positive for HBeAg. The two remaining patients developed the YMDD-variant HBV 
at 14 and 18 months after the liver transplantation. The first patient required a second 
liver transplantation, the explanted liver showing fibrosing cholestatic hepatitis. Both 
patients received adefovir dipivoxil, which successfully suppressed the YMDD variants. 

An incidence of 4.8% for the development of YMDD variants with a median follow-
up of 24 months is low compared to the incidence in the post-transplant patients in the 
Caucasian series and to the incidence in Chinese patients with asymptomatic hepatitis 
B infection. The reason for the low incidence of YMDD variants in the Chinese post-
transplant patients is not known, but may be related to the low level of viral replication 
in Chinese patients requiring transplantation, in whom the HBV infection would have 
lingered on for several decades. 

Conclusions 

Long-term lamivudine monotherapy in the Chinese patients with chronic HBV infection 
results in incremental increases in HBeAg seroconversion, especially in patients with 
elevated ALT levels. There is also continued improvement in histology in the majority 
of patients. HBeAg seroconversion is stable after discontinuation of lamivudine. 
However, the incidence of YMDD-variant HBV also increases with the long-term use 
of lamivudine. But, in spite of the development of the YMDD-variant HBV, the HBV 
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DNA and ALT levels in the majority of patients remain below the pretreatment levels, 
indicating that the YMDD-variant HBV is probably less replication competent and less 
aggressive than the wild type HBV. Up to 49% of patients with the YMDD-variant 
still show histologic improvement. 

Lamivudine monotherapy is also useful in preventing the recurrence of hepatitis 
B infection and in treating de novo hepatitis B infection after liver transplantation in 
Chinese patients. The incidence of YMDD-variant HBV is low in these patients. 

The future for the treatment of chronic hepatitis B infection probably lies in combina
tion therapy. But whether lamivudine should be combined with an immunomodulator 
such as interferon or therapeutic vaccines, or with other nucleoside analogues remains 
to be determined. 
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Abstract 

In the USA, the prevalence of hepatitis C virus (HCV) infection is higher among 
African-Americans than among Caucasians. The aim of this study was to determine 
the response rate to interferon (IFN) treatment for chronic HCV infection in these 
two racial groups. 

Thirty-one African-Americans and 62 Caucasians with chronic hepatitis C were 
studied. The patients were matched for age, gender, severity of liver disease, and 
viral genotype. They were treated with IFN (5 mU/day) for 12 months. The following 
endpoints were chosen to evaluate the response rate to IFN treatment: on-therapy, after 
six months of IFN; and end-of-therapy, at the end of the 12 months of treatment. 
African-Americans had a significantly reduced response to IFN as compared to 
Caucasians at all endpoints. No differences in pretreatment serum ALT, HCV-RNA, 
iron and ferritin levels or hepatic iron contents between the two groups were found. 
Our results indicate that African-Americans have a reduced response to high-dose IFN 
treatment as compared to Caucasians. Both environmental and genetic factors may be 
implicated in this impaired ability to clear HCV infection. 

Introduction 

Interferon-alpha (IFN) is an effective treatment for hepatitis C virus (HCV) infection. 
A sustained response to IFN in chronic hepatitis C is achieved in 15% to 20% of 
cases when IFN is used alone, and in 30 to 40% when Ribavirin is added to IFN [1]. 
Both virus and host-related factors have been associated with an elevated likelihood of 
response to anti-viral treatment in patients infected with HCV [3]. These factors include 
younger age, absence of cirrhosis, etc. A recent study suggested that African-Americans 
may have an impaired response to IFN treatment as compared to Caucasians [6]. 
The prevalence of HCV infection is higher among African-Americans than it is in 
Caucasians [4]. Thus, it is likely that a higher number of individuals from this racial 
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group will seek medical care for HCV-related liver disease and will develop, in a 
medium- to long-term future, complications related to HCV chronic infection. 

The aim of the present study was to examine the response to high-dose IFN treatment 
(5 mU/day) in a case control study comparing African-American and Caucasian 
individuals with chronic hepatitis C. 

Materials and methods 

Patients 

The present study is a retrospective, case-control study wherein the response rate to 
IFN for chronic HCV infection was evaluated in African-Americans (study group) and 
compared to Caucasians (control group). The patient population consisted of consecutive 
African-American subjects seen at the West Penn Hospital in Pittsburgh, PA, and at the 
Loyola University Medical Center in Maywood, IL, for HCV-related chronic hepatitis 
between January 1995 and October 1998. They were treated with IFN 5 mU/day for 12 
months. All African-Americans were American citizens bom in the United States. Two 
Caucasian subjects for each African-American, seen during the same time frame at both 
centers, were used as controls. Before starting the treatment, all subjects had an evaluation 
consisting of blood cell count, indicators of liver injury, such as AST, ALT, alkaline 
phosphatase, y-GTP, total bilirubin, a quantitation of serum HCV-RNA, the analysis 
HCV genotype, a panel of hepatitis B markers (HBsAg, anti-HBs, anti-HBc) and serum 
HB V-DNA, a panel of autoantibodies titers (anti-mitochondrial, anti-nuclear, anti-smooth 
muscle, anti-microsomal and anti-LKM-1), serum iron and ferritin levels, total iron 
binding capacity and calculated transferrin saturation. A pretreatment liver biopsy for 
histology, HCV-RNA and HBV-DNA determination was obtained for each patient. 
Each patient was also evaluated for history of alcohol abuse (defined as use of more than 
40 mg alcohol/day for at least six months) or intravenous drug abuse. The criteria for 
inclusion in the study were: serum anti-HCV and HCV-RNA positivity; age between 18 
and 75 years; absence of confounding factors, such as active hepatitis B, autoimmune 
markers, active alcohol abuse, metabolic disorders, or human immunodeficiency vims 
positivity; WBC count below 2,000 x lOVmm ;̂ platelets count below 50,000/|Lil; no 
history of ascites, bleeding varices, or hepatic encephalopathy. 

Thirty-one African-Americans were included in the study and were matched in 
terms of age, gender ratio, cirrhosis index, modified Knodell score and viral genotype 
with a control group of 62 Caucasians (Table 1). The selection of the control group 
was based solely on the presence of matching entry criteria. No differences in the 
pretreatment semm ALT levels, iron and ferritin levels, or hepatic iron content between 
the two groups were found. 

Liver morphology 

Two observers read all liver biopsies and scored them using a modified Knodell score, 
wherein each of the four parameters assessed (periportal necrosis, intralobular necrosis. 
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Table 1. Characteristics of the study and control groups 

African-Americans (n = 31) Caucasians (n = 62) 

52.1 ± 1.2 

30/32 

245 ±21.4 

152 ±13.0 

18/44 

36% 

5% 

54% 

10% 

8.0 ± 0.6 

1.7 ±0.2 

1.6 ±0.2 

2.5 ± 0.2 

2.5 ± 0.3 

101.4 ±10.6 

87.7 ± 16.3 

115.5 ±7.7 

735.3 ± 260.8 

248.8 ± 49.4 

754.5 ± 136.1 

379.6 ±41.6 

Age (years) 

Male/Female 

Weight (lbs) 

Male 

Female 

Cirrhosis/Non-cirrhosis 

History of: 

ETOH 

IVDU 

Diabetes 

Genotype: 

la 

lb 

Others 

Knodell score 

periportal necrosis 

lobular inflammation 

portal inflammation 

fibrosis 

ALT 

HCV-RNA 

Iron - serum 

Ferritin 

Male 

Female 

Iron - liver 

Male 

Female 

53.5 ±1.6 

15/16 

215.3 ± 14.1 

160.8 ± 12.0 

9/22 

43% 

39% 

10% 

36% 

56% 

8% 

8.0 ± 0.4 

1.9 ±0.2 

1.5 ±0.1 

2.4 ±0.1 

2.2 ± 0.2 

87.9 ± 15.4 

53.6 ±8.8 

112.5 ±11.7 

458 ±91.6 

169.1 ±35.3 

999.6 ±131.0 

522.0 ±104.1 

ETOH: alcohol abuse; IVDU: intravenous drug use 

portal inflammation, and fibrosis) was scored from 0 (normal) to 4 (worse case) [7]. 
A score of 2 or less indicates normal liver morphology; scores of 3-6 are considered 
as mild chronic hepatitis; scores of 7-11 as moderate hepatitis; scores of 12-16 are 
considered as severe hepatitis with cirrhosis. 

IFN treatment protocol 

IFN was administered at a dose of 5 mU/day subcutaneously for 12 months. The patients 
were monitored utilizing routine blood cell counts, ALT, AST, alkaline phosphatase. 
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y-GTP and total bilirubin levels. Serum HCV-RNA was assessed monthly. The response 
to IFN treatment is defined as ALT normalization and HCV-RNA disappearance from 
the serum. The response to IFN was evaluated "on therapy" (after six months of 
treatment) and at the "end of therapy" (at the end of the 12 months of treatment). 
IFN administration was discontinued in those individuals who, at the end of a 12-month 
course of treatment, were persistently HCV-RNA negative in their serum with at least 
three consecutive monthly negative results. Those individuals who still had HCV-RNA 
detectable in their serum at the end of the 12 months of IFN administration were 
considered for other forms of treatment. 

Quantitative PCR for HCV-RNA 

HCV-RNA quantification was performed at the Central Blood Bank of Pittsburgh 
utilizing reverse transcriptase-polymerase chain reaction (rt-PCR). RNA was extracted 
from serum or frozen hepatic tissue using RNAzol B (Biotech Lab, Houston, TX). 
Complementary DNA was synthesized from the RNA using Moloney murine leukemia 
virus reverse transcriptase (Gibco BRL, Long Island, NY) and the downstream primer 
HCV 102 (nucleotide 276-244 of the 5' nontranslated region). Primers HCV 101 
(nucleotide 26-49) and HCV 102 were then used to amplify the entire complimentary 
DNA preparation. The amplified product was detected by liquid hybridization with 
probe HCV 104 (nucleotide 157-188) followed by polyacrylamide gel electrophoresis 
and autoradiography. All samples were assayed in duplicate and were only reported 
as positive or negative when the duplicate agreed. DupHcates that did not agree were 
reported as indeterminate. Several negative controls were included with each run, none 
of which was ever positive. 

Measurement of HBV-DNA 

HBV-DNA levels were measured in serum and liver samples. Liver tissue was 
homogenized with zirconium beads and a beadbeater in phosphate-buffered saline. 
DNA was extracted using the QIAamp blood kits (Qiagen, Chats worth, CA). PCR 
was performed with 10 pmoles each of primers HBV 201 (nt 455-474) and HBV 202 
(nt 713-694) corresponding to the HBsAg sequence, as reported by Ono et al. [8], in 
2.5 mM MgCl2, 4 mM dNTP, 1 unit Taq enzyme and Taq buffer. Cycling conditions 
consisted of 94°C (30"), 50°C (15") and 30°C (30"), with a final extension for seven min 
at 72°C. Amplified product was detected by liquid hybridization with probe HBV 203 
(nt 599-628), followed by polyacrylamide gel electrophoresis and autoradiography. 
All samples were assayed in duplicate and reported as positive or negative only when 
duplicates agreed. Results were deemed interpretable only when the 600 copy/ml control 
was read as positive and all negative controls were negative. All PCR reactions were 
performed in the presence of uracil-N-glycosylase to prevent amplicon contamination 
[9]. To verify that negative results were not due to the absence of DNA or to 
amplification inhibition, amplification of a fragment of the human factor V gene was 
performed on liver samples. 
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Human research approval 

All of the subjects enrolled in this study gave an informed written consent before each 
procedure as well as before starting IFN treatment. The study conforms to the ethical 
guidelines of the 1975 Declaration of Helsinki. 

Statistical analysis 

The results are expressed as mean values ± SEM. The univariate analysis was made 
by Student's T test or by Yates' corrected chi-square test. A p-value less than 0.05 
was considered to be significant. 

Results 

The treatment was tolerated well by all patients. The reported side effects consisted of 
fever, muscle pain and a flu-like syndrome shortly after IFN administration. 

The response rate to high-dose IFN treatment at the two endpoints is reported in 
Table 2. Twenty-nine of the 31 African-Americans and 59 of the 62 Caucasians reached 
the second endpoint and completed the treatment course. In two cirrhotic individuals, 
one African-American and one Caucasian, IFN was suspended before the end of the 
treatment due to the deterioration of mental status and sepsis, respectively. Two patients, 
one African-American and one Caucasian, were lost to follow-up before the completion 
of the treatment course. One Caucasian patient underwent liver transplantation after 
six months of IFN therapy. 

Table 2. Response rates to IFN treatment in the study and control groups 

All subjects 

African-Americans 

Caucasians 

all subjects 

45/93 

(48%) 

8/311 

(26%) 

37/62 1 

(60%) 

On-therapy 

CAH 

36/66 

(55%) 

7/221 

(32%) 

29/44 1 

(66%) 

cirrhotics 

9/27 

(33%) 

1/9 

(11%) 

8/18 

(44%) 

End-of-therapy 

all subjects 

34/88 

(39%) 
3/292 

(10%) 

31/592 

(53%) 

CAH 

30/65 

(46%) 
3/212 

(14%) 

27/44 2 

(61%) 

cirrhotics 

4/23 

(17%) 

0/8 

(0%) 

4/15 

(27%) 

Break

through 

all subjects 

10/43 

(23%) 
5/8 3 

(63%) 

5/353 

(14%) 

CAH: chronic hepatitis without cirrhosis 

1 = p < 0.01 

2 = p < 0.0004 

3 = p < 0.004 
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The African-American group presented a significantly reduced response rate at 
both endpoints as compared to the Caucasian group. In particular, after six months 
of therapy, only eight African-American subjects were HCV-RNA negative and had 
normalized their serum transaminase levels as compared to 37 Caucasians (p < 0.01). 
The difference between groups at the second endpoint was even more evident: only 10% 
of African-Americans were still HCV-RNA negative at the end of a 12-month course 
of IFN treatment, while 53% of Caucasians were HCV-RNA negative and showed 
normal ALT levels (p < 0.0003). 

The difference between the two racial groups was still evident, even considering 
only individuals with chronic hepatitis without cirrhosis (p < 0.0003). By comparing 
the "end-of-therapy" response rates to those at the intermediate "on-therapy" endpoint, 
it appears that African-Americans had a higher virus "breakthrough" rate than did 
the Caucasian group (63% versus 14%, respectively, p < 0.004). 

Discussion 

In the present study, a reduced response rate to IFN therapy in African-Americans with 
chronic hepatitis C is demonstrated. At the end of IFN treatment, only 10% of African-
American individuals had a biochemical and virological response to the therapy as 
compared to 53% of the individuals in the Caucasian group. African-American patients 
showed both an impaired response at the "on-therapy" endpoint as compared to the 
Caucasians (26% versus 60%, respectively, p < 0.01), and a higher viral "breakthrough" 
rate, having five out of eight individuals returning HCV-RNA positive after a temporary 
HCV-RNA negativity (63%) as compared to 14% Caucasian individuals. 

The reason for the impaired response to IFN treatment among African-Americans 
chronically infected with HCV is not readily apparent. Both socioeconomic and genetic 
factors could be responsible for this observation. A simple factor that might play a 
prominent role is that a difference in compliance with therapy may exist for the two 
groups studied. However, the strict monitoring of the patients in the present study with 
a follow-up schedule requiring frequent interactions between patients and investigators 
make this an unlikely possibiHty. 

In a large epidemiological study on mortality and morbidity among races in the 
USA, it has been shown that, even after adjusting the statistics for group income in 
order to avoid any potential economic bias, African-Americans still have a higher 
mortality and morbidity rate for most causes of illness and death as compared to 
Caucasians [12]. This finding indicates that either some behavioral or environmental 
factor of the African-American population is unfavorable as compared to Caucasians, 
or that a genetic factor is involved. Among the environmental factors that potentially 
influence the response to IFN treatment, diet needs to be considered. Chronic hepatitis 
C is thought to be a disease process in which free radicals are produced and oxidative 
stress plays a pathogenic role [13, 4]. Anti-oxidant compounds such as vitamins have 
been reported to have a protective effect on the course of chronic viral hepatitis and 
may enhance the response to IFN [15]. Therefore, differences in the amount of 
vegetables consumed daily by the different racial groups may need to be taken into 
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consideration and may affect the response rate to various anti-viral treatments of 
chronic hepatitis C. 

Another factor that may be considered as potentially responsible for the higher 
mortality and morbidity rates among African-American males is greater serum levels of 
testosterone as compared to Caucasians [16]. Higher testosterone levels may increase 
the risk of developing cardiovascular diseases, hypertension, and prostate cancer. 
The effect of sex hormones on the course of viral hepatitis is not known, although 
regardless of race, females do better than males when exposed to viral hepatitis. 
Intriguingly, in the present study, the "on-therapy" response rate of males as compared 
to females was reduced and close to statistical significance in the African-American 
group, but not in the Caucasian group. This difference, however, canceled out at the 
"end-of-therapy" endpoint. 

It is of some interest that African-Americans have a higher death rate from cancer than 
Caucasians, even when statistics are equilibrated for all recognizable socioeconomic 
and biomedical factors known to affect outcome [12, 17-20]. This finding, combined 
with the known increased prevalence of certain autoimmune disorders (such as SLE) 
among African-Americans, suggests the possibility of an aberrant or somehow altered 
immune response in African-Americans that may contribute to a reduced ability to 
clear a HCV infection [25]. 

In conclusion, the data reported document an impaired response in African-Americans 
with chronic hepatitis C treated with IFN. Further studies are needed to identify and 
establish a role for environmental or genetic factors that might determine this difference 
in response as compared to Caucasians. 
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Hepatitis C virus infection is the main hepatitis health problem in developed countries. 
Acute hepatitis C infection takes a chronic course in 50-80% of patients. Up to one to 
two percent of the population are chronically infected. Chronic hepatitis C is one of 
the leading causes of cirrhosis and end-stage liver cirrhosis, thus effective therapies are 
required. For many years interferon alpha has been the standard treatment of choice for 
patients with chronic hepatitis C infection. However, interferon alpha monotherapy is 
successful (i.e., leads to a sustained virological response ) in only 10-15% of patients. 
Therefore, several antiviral adjuncts with immunomodulatory or anti-inflammatory 
properties have been tested to improve response rates. Most of them did not show 
additional benefit. Only the combination of interferon alpha and ribavirin could 
significantly enhance sustained virological response to 40%. More recently, several 
new antiviral agents have been explored to further improve response rates, and of 
these, amantadine, thymosin alpha-1, maxamine and mycophenolate mofetil are the 
most promising adjuncts. Modification of the interferon dosing schedule with induction-
dosing and daily interferon regimens is another strategy to improve response rates. New 
interferons with either advanced biological activity, such as consensus interferon, or 
longer half-life and more favourable pharmacokinetics, such as pegylated interferons, 
may be more effective and improve response rates. Ongoing trials with the combination 
of pegylated interferons and ribavirin claim sustained response rates of about 50% with 
an acceptable safety profile. In the near future new treatment modalities will be available 
to directly suppress the hepatitis C virus. Helicase, protease and the RNA polymerase 
are potential targets for effective new drugs to suppress HCV replication. 

Introduction 

Treatment of chronic hepatitis C vims (HCV) infection has markedly improved since 
the introduction of combination therapy with interferon alpha (IFN) and ribavirin. 
The standard combination therapy (3x3 MU IFN tiw + 1,000/1,200 mg ribavirin daily) 
enhanced the sustained virological response to 40%, compared to only 15% using IFN 
monotherapy. Treatment response depends on HCV genotype and baseline levels of 
HCV-RNA [1, 2]. For patients who have relapsed following interferon monotherapy, 
about 50% can achieve sustained response when retreated with IFN and ribavirin [3]. 
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Therefore, combination therapy was approved by the FDA in 1998 and has become 
the standard treatment for naive and relapse patients. However, patients with the most 
prevalent genotype 1 and high viral loads still have an unfavourable outcome. Almost 
three-fourths of these patients will not ehminate the virus with IFN and ribavirin. Also, 
patients who did not respond to an earlier IFN monotherapy showed a disappointing 
response to a standard combination therapy. A metaanalysis of 23 trials showed that 
combination therapy leads to sustained virological response in only 7.4% of patients [4]. 
Therefore, combination therapy is not recommended as a regular therapy for nonresponder 
patients. New treatment strategies have to be evaluated to achieve higher response rates in 
nonresponders and patients with unfavourable baseline characteristics, such as genotype 1, 
high viral load, advanced fibrosis or cirrhosis. Options to improve sustained response 
rates include modified regimes such as induction dosing or daily dosing, new therapeutic 
agents in combination with interferon alpha, and the use of new interferons. 
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Figure 1, Development of HCV therapies. Between 1992 and 1994 the standard regimen of interferon 

alpha 3 MU tiw was increased from six months to 12 months in Europe. Thereafter, sustained virological 

response rates could be achieved in almost 20% of naive patients. With the combination of ribavirin and 

interferon alpha, treatment efficacy could be improved markedly. New therapeutic modalities may further 

increase sustained response rates. 

Modified therapies 

An early virological response is important for a sustained response to antiviral treatment 
in hepatitis C. Zeuzem, et al. have demonstrated that all patients with a sustained 
virological response had an initial decline in HCV-RNA levels in serum of more than 
3 logs within the first four weeks of treatment [5]. Viral kinetic studies gave evidence 
for an increased antiviral effect of higher dosages of interferon alpha (induction-dosing) 
and daily versus thrice-weekly IFN treatment schedules. Many groups have assessed the 
impact of interferon-alpha dose and regimen (tiw versus daily) on HCV kinetics [6, 7]. 
In these studies it was shown that there was a significant and more rapid reduction 
of HCV-RNA levels among patients who were treated by daily dosing schedules. 
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Van Vlierberghe, et al. have determined the efficacy of an eight-week daily-dosing 
induction period versus a tiw induction regimen of interferon alpha-2b in 317 naive 
patients, in a controlled, multicenter randomized trial. Daily induction treatment resulted 
in an increased earlier response rate at week four (48.6% of patients HCV-RNA 
negative versus 30.8% of patients HCV-RNA negative) and week eight (66.5% of 
patients HCV-RNA negative versus 47.1% of patients HCV-RNA negative) [8]. These 
data suggest that daily administration of interferon could result in a higher rate of early 
viral clearance and perhaps in higher sustained response rates. On the basis of these 
data, a multicentre controlled trial of induction therapy with high-dose daily interferon 
alpha-2b and ribavirin in 625 patients with chronic hepatitis C was initiated [9]. 308 
patients were treated with 1,000 or 1,200 mg ribavirin plus 10 MU IFN alpha-2b daily 
for two weeks, followed by 5 MU daily for six weeks, 3 MU daily for 16 weeks, and 
3 MU tiw for 24 weeks. 317 patients were treated with the standard therapy regimen of 
3 MU IFN alpha-2b tiw and 1,000 or 1,200 mg ribavirin. As expected, viral clearance 
occurred more rapidly in the induction group, and after eight weeks of treatment, 
HCV-RNA clearance was higher in patients treated with the daily induction-dosing 
regimen (44% vs. 32%). However, the daily induction regimen did not result in a 
significant improvement of viral response, either at the end of treatment or 12 weeks 
following completion of therapy. By the end of treatment, HCV-RNA was no longer 
detectable in 68% of patients in the induction group compared to 61% of standard 
therapy patients. Twelve-week follow-up'response rates were 49% and 45%, respectively 
[9]. Thus, these data suggest that daily dosing should be continued throughout the six 
to 12 months of treatment. 

7 

6 

< 
z 
o 
X 

3 

2. 

\ \ 

-1.06 

-2.8 1 

-3.7 1 

] 3 MU IFN tiw 

3 MU JFN daily 

10 MU IFN daily 

1 1 1 1 1 r 1 1 i 1 1 1 1 1 1 1 1 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

Stafgis et al., 1998 days 

Figure 2. Viral kinetics. Daily dosing of interferon alpha leads to a more rapid HCV-RNA reduction 

than tiw schedules [6] 
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New drugs in combination with interferon alpha 

Recent clinical trials have focused on supplemental drugs, such as ribavirin, that may 
enhance the efficacy of interferon alpha therapy. A large number of possible adjuncts 
have been evaluated, including ursodeoychoHc acid, nonsteroidal anti-inflammatory 
agents, mycophenolate mofetil, thymosin alpha-1, maxamine, and amantadine. Most 
clinical trials have given disappointing results. Although some of these drugs may have 
an additional therapeutic effect, at present, none has been demonstrated to be superior 
to the combination therapy of interferon alpha and ribavirin. 

Amantadine 

Amantadine is a chiral tricyclic amine that has been demonstrated to inhibit specifically 
the replication of influenza A virus. Although an antiviral effect of amantadine on 
HCV-replication was not demonstrated, several preliminary reports gave hints of a 
possible benefit when used for treatment of hepatitis C [10-13]. Other studies did not 
show an advantage of dual therapy with IFN and amantadine in IFN nonresponders and 
naive patients [14-16]. Although Zeuzem, et al. did not observe an additional benefit 
of the combination therapy with IFN and amantadine compared to IFN monotherapy in 
119 naive patients, combination with amantadine showed a trend to reduce IFN-related 
side effects such as fatigue and lethargy [16]. 

Triple therapy 

Pilot studies promised more effective response rates with the combination therapy of 
interferon alpha, ribavirin and amantadine in nonresponder patients [12, 13]. Our own 
data confirm these preliminary results. The aim of our study was to evaluate a regimen of 
IFN induction therapy plus ribavirin, and IFN induction therapy with ribavirin and aman
tadine or placebo in 26 IFN-nonresponder patients [17]. IFN-alpha 2b was given at a 
high dose during the induction period: 10 MU qd for two weeks, 5 MU qd for two weeks, 
3 MU qd for eight weeks, followed by 3 MU every other day for another nine months. 
1,000-1,200 mg ribavirin and 200 mg amantadine or placebo were given orally qd. 
Overall initial virological response was 65%. There was a trend towards earlier viral 
clearance in group A (amantadine) at days 14-60. After 90 days of therapy (end of daily 
dosing) at a high rate (eight patients (31%)), viral breakthrough was observed. However, 
in group B (placebo) a viral breakthrough was seen more frequently (six patients (50%) 
vs. two patients (14%) in group A). Overall sustained response was 30%. In group A 
sustained response was 43% vs. 17% in group B. Evaluation of viral kinetics showed that 
patients with rapid HCV clearance were more likely to achieve sustained response [17]. 
This confirms data from previous studies [5, 7, 18]. 

Thymosin alpha-1 

Thymosin alpha-1 (TAl) is a synthetic, immunomodulatory 28-amino-acid peptide that 
has been demonstrated to increase the activity of natural killer cells and maturate 
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Table 1. Combination of amantadine with interferon alpha. While some reports seemed to be promising, 

many studies do not reveal an additional benefit in the treatment of chronic hepatitis C. 

Study Patients Regimen Response (R) 

[11] 180 naive A) 6 MU IFN alpha-2a tiw 

B) 6 MU IFN alpha-2a tiw 

+ 200 mg amantadine qd 

Initial biochemical R 

A) 31% 

B) 63.8% 

[13] 60 nonresponder 

[15] 30 naive 

[14] 29 nonresponder 

[16] 119 naive 

A) 5 MU IFN tiw 

+ 800-1.000 mg ribavirin 

B) 5 MU IFN tiw 

+ 800-1.000 mg ribavirin qd 

+ 200 mg amantadine qd 

A) 4, 5 MU IFN alpha-2a tiw 

B) 4, 5 MU IFN alpha-2a tiw 

+ 200 mg amantadine qd 

A) 3 MU IFN alpha-2a tiw 

+ 1,000 mg ribavirin qd 

B) 3 MU IFN alpha-2a tiw 

+ 200 mg amantadine qd 

A) 6 MU IFN alpha-2a tiw 24 weeks 

3 MU IFN alpha-2a tiw 24 weeks 

-I- 200 mg amantadine qd 

B) 6 MU IFN alpha-2a tiw 24 weeks 

3 MU IFN alpha-2a tiw 24 weeks 

+ 200 mg placebo qd 

Sustained virological R 

A) 5% 

B) 48% 

Sustained virological R 

A) 20% 

B) 21,4% 

Sustained virological R 

A) 15% 

B) 0% 

Sustained virological R 

A) 10% 

B) 22% 

CD4"̂  T helper cells. TAl appears to stimulate native interferons and cytokines such 
as interleukin 2 [19]. 

In terms of viral hepatitis, there is evidence that TAl may be effective in the 
treatment of hepatitis B [20, 21]. To evaluate a possible effect in the treatment of 
chronic hepatitis C, Sherman and his group initiated a randomized, placebo-controlled 
trial testing a combination of interferon alpha-2b and thymosin alpha-1 in 109 naive 
HCV-positive patients. Thirty-five patients received 1.6 mg of TAl subcutaneously 
twice weekly and 31V1U IFN tiw, 37 patients received placebo and 3 MU IFN tiw, and 
37 patients received placebo for both agents. All patients were treated for 26 weeks. 
Virological end-of-treatment response was observed in 37.1% of patients treated with 
IFN and TAl, 18.9% of patients treated with IFN and placebo, and in 2.7% of the 
control patients. Cumulative, sustained biochemical responses were 14.2% and 8.1% 
in the IFN/TAl and IFN groups, respectively. Moreover, histological improvement 
(more than 2 points decrease in the HAI score) was observed more frequently in the 
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combination arm than in the comparison groups. Unfortunately, the study design was 
not able to demonstrate true sustained response rates, because relapsers were removed 
from the follow-up and retreated with other regimens [22]. In summary, combination 
therapy with TAl and interferon appears to have an additional therapeutic effect, 
but large trials are warranted to confirm this suggestion. However, immunomodulator 
drugs such as TAl may be promising adjuncts for common and future HCV treatment 
modalities, since immunopathogenesis of HCV has been linked to impaired NK and 
THj-T cell responses. 

Mycophenolate mofetil 

Mycophenolate mofetil (MMF), a morpholinoethyl ester of mycophenolic acid (MPA), 
is currently used as an immunosuppressive agent. After oral administration, MMF 
is hydrolysed to MPA, the active compound, which is a potent inhibitor of inosine 
monophosphate dehydrogenase (IMPDH) such as ribavirin. It has been demonstrated 
that MMF is more effective than ribavirin or 5-ethynyl-l-p-D-ribofuranosylimidazole-
4-carboxamide (EICAR) to inhibit the IMPDH [23]. IMPDH catalyses a key step in 
purine nucleotide biosynthesis. Therefore inhibition of IMPDH results in a depletion of 
the intracellular GTP and dGTP pools. Lack of guanosine nucleotides may lead to a 
reduction of de novo synthesis of viral RNA and DNA. MPA has been shown to inhibit 
the replication of a number of viruses, including arena viruses (Junin and Tacaribe), 
yellow fever virus, reovirus-1, parainfluenza-3 virus, Coxsackie B4 virus, Epstein-Barr 
virus and human immunodeficiency virus. Also, an effect of MPA on HBV rephcation 
in primary human hepatocyte cultures was observed [24]. Eight of 11 HCV-positive 
patients who received MMF after liver transplantation showed a decline in HCV-RNA 
levels and a normalisation of ALT levels [25]. Our results in the treatment of 44 
interferon nonresponder patients with IFN alpha-2a and MMF (one week 6 MU IFN tiw 
and 500 mg MMF, one week 6 MU IFN tiw and 1000 mg MMF, 22 weeks 6 MU IFN 
tiw and 2000 mg MMF) were disappointing. This pilot study was discontinued because 
of inefficacy (own unpublished results). 

Data on other potent IMPDH inhibitors such as VX-497 and VX-148 are awaited. 

Maxamine 

Maxamine (histamine dihydrochloride) specifically inhibits the release of reactive 
oxygen metabolites from phagocytic cells in the liver by blocking histamine receptors, 
and thus may protect immune cells, including CD4 lymphocytes and natural killer (NK) 
cells from free radical-induced apoptosis. This also allows increased effectiveness of 
naturally occurring or added cytokines, including IL-2 and interferon alpha. Therefore, 
combination of maxamine might allow reduction of treatment dose of these cytokines 
which would also decrease toxicity and side effects. Thus a phase II multicentre trial 
of maxamine and interferon alpha-2b was initiated to evaluate the effective dose of 
maxamine with standard IFN in 129 naive patients with chronic hepatitis C [26]. All 
patients received 3 MU IFN tiw and 3, 5, 6 or 10 mg maxamine subcutaneously per 
week for 48 weeks. Initial virological response rates after 24 weeks of therapy ranged 
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from 57-69% across the four arms, while ALT was normalised in 44-73%, respectively. 
Side effects of maxamine were transient flush, temporary headache, tachycardia, and 
hypotension. This first result suggests that maxamine may improve the efficacy of 
IFN therapy, thus maxamine might be an alternative adjunct in place of ribavirin. 
However, sustained response rates have to be awaited and larger trials are needed to 
confirm this preliminary data. 

New interferons 

Interferon alpha was the first approved drug for the treatment of hepatitis C virus infec
tion. But the efficacy of standard interferon alpha is low and sustained viral clearance 
is reached in only 15% of patients [1, 2]. Although ribavirin has doubled response 
rates compared to IFN monotherapy, the therapeutic situation is still unsatisfactory. 
An alternative approach to improve the response rates in patients with chronic hepatitis C 
is to modify the interferon regimen in combination therapy. New interferons with 
enhanced biological or pharmacodynamic potency may increase response rates. 

Consensus interferon (CIFN) 

Consensus interferon is a novel bioengineered "consensus" molecule, composed of the 
most frequently observed amino acid at each position of the alpha interferons. CIFN 
shares an 89%, 30% and 60% homology with IFN-a, IFN-p and IFN-co. CIFN has a 
tenfold increased affinity to the type-1 IFN-receptor compared to IFN alpha-2a or IFN 
alpha-2b. Compared to the mass base, CIFN displays five to 10 times greater biological 
activity than other type-1 interferons [27-29]. Moreover, CIFN induces peak mRNA 
levels of IFN-induced genes at lower concentrations than IFN-a 2b [30]. 

Despite the increased antiviral efficacy in vitro, there was no significant difference 
in the viral response rates between CIFN (9 |ig tiw) and IFN-a 2b (tiw) in patients. 
However, patients infected with HCV genotype 1 showed a faster and more pronounced 
decline in serum HCV-RNA concentrations with CIFN treatment compared to IFN-a 
2b therapy. In addition, patients infected with HCV genotype 1 treated with CIFN had 
undetectable HCV-RNA at a greater percentage than patients in the IFN-a 2b group 
at the end of treatment (24% vs. 15%) and after the follow up (8% vs. 4%) [31]. 
Also patients who did not respond to a previous IFN therapy seem to benefit from a 
second therapy with CIFN to some degree. 

A multicenter, open-label, phase III study was conducted in 337 patients with chronic 
hepatitis C virus (HCV) infection who had either not responded to a previous interferon 
therapy or had relapsed after discontinuation of therapy with consensus interferon 
or interferon alpha-2b [32]. Patients were treated with a higher dose of consensus 
interferon (15 ^g three times a week for 24 or 48 weeks). For relapsers, the sustained 
HCV-RNA response rate was 58% (48 weeks) and 28% (24 weeks), respectively. 
Sustained HCV-RNA response rate among previous nonresponders was low, but no 
lower than the rate of combination therapy with standard IFN and ribavirin (13% 
after 48 weeks). These data demonstrate that re-treatment with consensus interferon 
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is effective in IFN relapse patients, but does not markedly improve viral clearance 
rates in nonresponders [32]. Data on combination with ribavirin are still not available. 
Our preliminary data on combination with consensus interferon and ribavirin suggest a 
possible improvement of response rates in nonresponders (unpublished results). 
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Pegylated interferon alpha (PeglFN) 

Polyethylene glycol (PEG) is a small molecule that can be polymerised into long 
chains and attached to proteins. Two pegylated IFNs are now undergoing clinical 
trials. PeglFN alpha-2a is a modified IFN alpha-2a by the covalent attachment of a 
branched 4,000 Dalton methoxy polyethylene glycol moiety. PeglFN alpha-2b consists 
of IFN alpha-2b attached to a single 12,000 Dalton PEG molecule. PeglFN alpha-2a and 
PeglFN alpha-2b have a decreased systemic clearance rate and a prolonged plasma 
half-life (approx tenfold compared to standard IFNs), which allow once weekly dosing. 
The two PeglFNs appear to have different characteristics. Half-lives are slightly 
different and metabolism and elimination rates differ. PeglFN alpha-2a is predominantly 
metabolised in the liver, whereas PeglFN alpha-2b elimination is predominantly renal. 
Due to these properties, comparison of both PeglFNs is difficult. The first clinical trials 
demonstrated that monotherapy with PeglFN alpha-2a or PeglFN alpha-2b improved 
sustained response rates compared to standard interferons. PeglFN alpha-2a (PEGASYS) 
was compared with a standard IFN alpha-2a regimen (6 MU IFN tiw 12 weeks, 3 MU 
IFN tiw 36 weeks) in 531 naive patients with chronic hepatitis C. This trial demonstrated 
a promising 39% response rate in patients treated with PeglFN versus 19% in the 
standard IFN group [33]. Previous dose-finding studies indicated that the optimum 
dose for PeglFN alpha-2a is 180 |Lig per week. In a dose-finding study comparing 
PeglFN alpha-2b (Peglntron) with standard IFN alpha-2b, patients were randomized 
to receive IFN (3 MU IFN tiw) or 0.5, 1.0, or 1.5 \xg/kg of PeglFN alpha-2b. 
The results demonstrated that PeglFN alpha-2b is significantly more effective (twofold) 
at higher dosages (1.0 and 1.5 |ig/kg) compared to conventional IFN [34]. Even in 
patients with liver cirrhosis, 29% of patients had a sustained virological response with a 
180 jiig PeglFN alpha-2a regimen for 48 weeks [35]. The first clinical trials with the com
bination of PeglFN and ribavirin showed significantly higher initial response rates com
pared to the standard therapy with IFN and ribavirin, and thus it is predicted to have high
er sustained response rates [36, 37, 38]. No additional side effects were observed, and the 
application only once weekly may improve compliance of patients. According to these 
promising results, combination of PeglFN and ribavirin may become standard treatment 
in naive patients and especially in patients with unfavourable baseline characteristics. 

Summary 

Chronic hepatitis C vims is a worldwide health burden that leads to liver cirrhosis in a 
significant number of patients and enhances the risk for developing a liver carcinoma. 
The current standard therapy (3 MU IFN thrice weekly and ribavirin) leads to a sustained 
virological response in 40% of patients. Molecular modification of interferons improved 
pharmacodynamic and biological properties. Clinical trials with new interferons showed 
that consensus interferon may improve response rates in unsuccessfully pretreated 
patients and patients with HCV-genotype 1. Treatment with PeglFN will double 
response rates achieved with standard IFN monotherapy. Studies on these new 
interferons in combination with ribavirin are ongoing, and first results are promising. 
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Table 2. Pegylated interferon alpha (PeglFN) treatment is more effective than standard interferon alpha 

dosing regimens: 

Study 

[33] 

[34] 

[35] 

[36] 

[37] 

[38] 

Regimen 

PeglFN alpha-2a 

(180 ng oiw for 48 weeks) 

IFN alpha-2a 

(6 ]VIU tiw 12 weeks, 6 IVIU tiw 36 weeks) 

IFN alpha-2b 

(3 MU tiw 48 weeks) 

PeglFN alpha-2b 

(0,5 jug/kg oiw for 48 weeks) 

PeglFN alpha-2b 

(1,0 |ig/kg oiw for 48 weeks) 

PeglFN alpha-2b 

(1,5 |ig/kg oiw for 48 weeks) 

PeglFN alpha-2a in patients with cirrhosis 

(180 |ag oiw for 48 weeks) 

IFN alpha-2b plus ribavirin 

(3 IVIU tiw + 1.000/1.200 mg for 48 weeks) 

PeglFN alpha-2b plus ribavirin 

(1.5 )Lig oiw 4 weeks, 0.5 |ng oiw 44 weeks 

+ 1.000/1.200 mg for 48 weeks) 

PeglFN alpha-2b plus ribavirin 

(1.5 |ig oiw + 800 mg for 48 weeks) 

PeglFN alpha-2a plus ribavirin 

(180 |ig oiw + 1.000/1.200 mg for 48 weeks) 

PeglFN alpha-2a plus ribavirin 

(180 ^g oiw + 1.000/1.200 mg for 48 weeks) 

PeglFN alpha-2a plus placebo 

(180 |ug oiw + 1.000/1.200 mg for 48 weeks) 

IFN alpha-2b plus ribavirin 

(180 |Lig oiw + 1.000/1.200 mg for 48 weeks) 

Patients 

267 

264 

303 

315 

297 

304 

87 

504 

514 

517 

20 

453 

224 

444 

Initial 

response 

66% 

(48 weeks) 

27% 

41% 

43% 

55% 

56% 

64% 

80% 

(24 weeks) 

69% 

59% 

52% 

(48 weeks) 

Sustained 

response 

39% 

19% 

12% 

18% 

25% 

23% 

29% 

47% 

47% 

54% 

50% 

56% 

30% 

45% 

IVlodification of interferon alpha dose or timing and combinations with complementary 
therapeutic agents such as amantadine may increase efficacy in special groups, such 
as nonresponders. For these groups an individually tailored treatment regimen may 
be favourable. 

Future antiviral drugs may comprise molecules that directly inhibit HCV protein 
function and interfere with viral replication. NS3/4A serine protease, RNA heUcase, and 
RNA-dependent RNA polymerase may be potential targets for new drugs. Furthermore, 
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antisense oligonucleotides or ribozymes may become new treatment options to inhibit 
HCV replication. 
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Introduction 

Worldwide, chronic viral hepatitis due to infection with either hepatitis B or hepatitis 
C is responsible for the majority of chronic liver disease. Chronic infection is 
associated with an increased risk of hepatocellular carcinoma, the prevalence of which is 
particularly high in areas of the world where chronic viral hepatitis B and C are common. 
The rate of hepatocellular carcinoma appears to be increasing even in areas where the 
prevalence of hepatitis B and C are low, simply because the overall number of infected 
persons (especially with hepatitis C) has increased over the last few decades [1, 2]. 
Hence it is of great importance that improved therapies for these chronic viral infections 
of the liver be developed. 

Interferon therapy for hepatitis C 

Interferons have been the mainstay of treatment for chronic hepatitis B and C. Alpha 
interferons interrupt viral uptake, replication and clearance via several mechanisms. 
However, their overall therapeutic benefit has been somewhat disappointing. 

Consensus interferon 

Consensus interferon was developed by scanning alpha interferon subtypes and then 
assigning the most frequently observed amino acid at each position to form a novel 
"consensus" molecule [3]. Thus a DNA coding sequence was synthesized based on this 
derived consensus sequence, and the molecule was cloned in a recombinant E. coli 
expression system. The in vitro antiviral activity of this recombinant consensus 
interferon (CIFN) has been compared to two other commonly used recombinant alpha 
interferons; namely, interferon alpha 2a and interferon alpha-2b. In different cell 
expression systems using both HeLa and ME-180 cells infected with vesicular stomatitis 
virus or herpes simplex virus-l, the activity of CIFN appears to be 1-2 logs greater than 
the other two alpha-recombinant interferons [4]. 
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Therapeutic trials of CIFN 

A large study was designed to compare two doses of CIFN (3 & 9 meg) with the 
standard dose (at that time) of interferon alpha-2b (three million units). Both drugs 
were to be given by subcutaneous injection three times a week (ttw) for six months. 
Seven hundred and four patients were randomized to this study. Standard virological 
(HCV RNA) and biochemical (serum ALT) markers of response were monitored 
during treatment and for six months after cessation of therapy. Responses were defined 
as end-of-treatment and end-of-observation response, the latter being at 24 weeks 
following cessation of therapy. Serum HCV RNA was detected using a quantitative, 
multicycle RT-PCR method (NGI, Culver City, CA) with a lower limit of detectability 
of 100 copies/ml. 

This study demonstrated that CIFN at 9 meg ttw had an efficacy rate that was no 
different from interferon alpha-2b (3 million units ttw) given for six months. Sustained 
biochemical response (SBR) was 20% for both, and the sustained virological response 
(SVR) was 12% for those randomized to CIFN 9 meg and 11% in those randomized to 
3 million units of interferon alpha-2b [5] (Table 1). Subgroup analysis showed that CIFN 
was significandy more effective than interferon alpha-2b in patients who had a high viral 
load (>4.8 X 10̂  copies per ml). A sustained virological response was observed in none 
of the 61 patients with high titre HCV RNA-randomized IFN alpha 2b, whereas 7.5% 
of those patients randomized to CIFN 9 meg dose had a sustained virological response 
(Figure 1). The 3 meg dose of CIFN was found to be ineffective. The rate of sustained 
virological response was found to be similar regardless of severity of liver disease present, 
i.e., a 10% SR-24 virological in those with cirrhosis and/or heavy fibrosis, and 12% 
virological SR in those patients who had little or no fibrosis at basehne [6] (Table 2). 

During the conduct of this study it was recognized that six months of treatment 
with interferon was less effective than 12 months for chronic hepatitis C. Hence a 
second phase of the study was designed, whereby those subjects who at the end of the 
six month observation period following initial therapy were found either to have not 
responded, or to have had a virological and/or biochemical relapse following cessation 
of therapy, were offered re-treatment with a higher dose of CIFN (15 meg ttw). Patients 
were randomized to receive re-treatment for either six or 12 months. Three hundred 
and thirty seven patients agreed to enter this second phase (Figure 2). The criteria for 
successful therapy were the same as those used in the initial trial. The re-treatment 
response rate to treatment did not depend on the type of IFN prescribed previously. 
The sustained virological response (SVR) rates in patients who were prior nonresponders 
was 13% in those who received 48 weeks of therapy and 5% in those re-treated for only 
six months. The sustained virological response in patients who were prior responders 
but who subsequently relapsed was higher: 58% in those given 48 weeks of re-treatment 
and 28% in those given only 24 weeks of re-treatment [7] (Table 3). Not all patients 
who had had a virological response to six months of therapy and who then relapsed 
following the first phase of this trial had a sustained virological response to re-treatment: 
25% appeared to be resistant to re-treatment. 

As in the initial phase of this study, successful outcome of re-treatment was 
dependent on viral genotype and initial baseline HCV-RNA titre. In genotype 3 patients 



Consensus + pegylated interferon 415 

Table 1. ALT and HCV RNA responses 

ALT normal 

HCV RNA undetectable 

CIFN 9 |Lig 

(n = 232) 

42% 

35% 

ETR 

IFN-a2b 

(n = 240) 

37% 

27% 

CIFN 9 lag 

(n = 232) 

20% 

12% 

SR-24 wk 

IFN-a2b 

(n = 240) 

20% 

11% 

Tong et al., Hepatology 1997;26(3):747-754 
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Figure 1. HCV RNA response in patients with high HCV RNA levels. 

Table 2. ALT and HCV RNA response for cirrhotics / fibrotics vs. non-fibrotics 

non-fibrotics 

cirrhotics/fibrotics 

(n = 137) 

(n = 62) 

ALT 

49%* 

31% 

ETRSR 

HCV RNA 

39% 

27% 

ALT 

23% 

15% 

24 wk 

HCV RNA 

12% 

10% 

* p < 0.05 compared with cirrhotics and fibrotics. 

Everson et al., Hepatology 1999;30:271-276 
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CIFN(3or9Mg) ^Responders 

Observe/ ^'^°"*^^ 
Treat 6 months ) ( Relapsers 

Retreat \ Observe 
6 months \ } C CIFN 15 |jg 

IFN a-2b (3 MU) Nonresponders 
6 months 

12 months 

704 patients 337 patients 

Figure 2. Phase 3 CIFN study retreatment. 

Table 3. HCV RNA response after retreatment with CIFN 15 \xg 

All Patients 

24 wks 

(n = 107) 

End of treatment 35% 

End of observation 12% 

* p = 0.008 (24 vs 48 wks) 

** p = 0.024 (24 vs 48 wks) 

48 wks 

(n = 102) 

36% 

27%* 

Heathcote et al., Hepatology 1998;27:1136 

Prior Non 

24 wks 

(n = 75) 

19% 

5% 

Responders 

48 wks 

(n = 80) 

17% 

13% 

Prior Responders 

24 wks 

(n = 32) 

72% 

28% 

48 wks 

(n = 33) 

76% 

58%** 

(n = 30) who received 48 weeks of re-treatment, those who were prior nonresponders 
had a 25% SVR and the prior relapsers an 88% SVR. Whereas in those with genotype 
1 infections (n = 150), the prior nonresponders had a 12% SVR and the prior relapsers 
a 44% SVR (Table 4). The sustained response rate was significantly higher in those 
who had a baseline viral load of <2 x 10 ,̂ compared to those whose baseline viral 
load was higher than this (Table 5). 

Breakthroughs 

Throughout the re-treatment trial, monthly serum samples were taken for measurement 
of HCV RNA. Among 467 patients who, following initial treatment, were classified 
as being nonresponders (HCV RNA detectable at the end of treatment), some had in 
fact had undetectable HCV RNA during the course of therapy, but had subsequently 
broken through. These "breakthroughs" represented 28% of the so-called nonresponder 
population (86/312). Patients who were found to have viral breakthroughs during 
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Table 4. HCV RNA response to retreatment for prior HCV RNA nonresponders and prior HCV RNA relapsers 

genotype 1 

n = 150 

genotype 2 

n = 23 

genotype 3 

n = 30 

24 wk 

11% 

57% 

60% 

ETR 

prior 

48 wk 

15% 

50% 

0% 

NR 

24 wk 

3% 

0% 

40% 

SR 

48 wk 

12% 

25% 

25% 

24 wk 

64% 

75% 

77% 

prior 

ETR 

48 wk 

75% 

63% 

88% 

relapsers 

24 wk 

35% 

25% 

15% 

SR 

48 wk 

44% 

50% 

88% 

Excluding 3 |ig CIFN. 

Heathcote et al., Hepatology 1998;27:1136 

Table 5. HCV RNA response to retreatment in genotype 1 patients based on viral concentration for prior 

HCV RNA nonresponders and prior HCV RNA relapsers 

Baseline 

HCV RNA 

in 9223 

prior NR prior relapsers 

ETR SR ETR SR 

24 wk 48 wk 24 wk 48 wk 24 wk 48 wk 24 wk 48 wk 

< 2 X 10^ 

n = 18 

> 2 X 10^ 13% 

67% 

10% 

0% 

4% 

50% 

8% 

75% 

60% 

67% 

77% 

75% 

20% 

67% 

38% 

Heathcote et al., Hepatology 1998;27:1136 

initial IFN therapy differed from those without breakthroughs, in that the latter had 
higher baseline viral loads (3.7 x 10^ compared to 2.5 x 10^), and they also had a 
higher prevalence of genotype 1 infections (85% versus 67%). No association with the 
development of antibodies to interferon could be found to explain the development of 
breakthroughs. There was no significant difference in either baseline histology or the 
percentage of those who required dose reduction during treatment, according to whether 
or not a "breakthrough" took place [8] (Table 6). When the response to re-treatment 
in nonresponders was analyzed according to whether or not a breakthrough in HCV 
RNA had occurred, the re-treatment SVR in those who were found to have had a 
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Table 6. Baseline characteristics of patients with viral breakthroughs 

baseline median HCV 

% genotype 1 

baseline median HAI 

% with dose reduction 

* p = 0.011 

** p = 0.001 

Heathcote et al., Hepatology 

allNR 

n = 312 

3.3 X 106 

88% 

7.0 

14% 

1999;30:562-566 

NR with 

breakthroughs 

n = 86 

2.5 X 10^ 

67% 

7.0 

17% 

NR without 

breakthroughs 

n = 226 

3.7 X 10^ * 

85%** 

7.0 

12% 

breakthrough was higher (28%) than in those re-treated patients who had not had a 
prior breakthrough (8%) (Table 7). 

HCV RNA response by race 

Initial response to interferon therapy in patients with hepatitis C was analyzed according 
to race, and it was observed that the 40 African-Americans included in the study 
had significantly lower ETR and SVR (5% and 3%, respectively), when compared to 
the responses seen in the 380 Caucasian subjects (33% and 12%, respectively). This 
was independent of type of interferon received (Table 8) [9]. Further analysis of sera 
according to different racial groups showed that African Americans had a significantly 
higher rate of genotype 1 infections and somewhat higher baseline viral loads although 
the latter were not significandy different from that found in Caucasians. Initial baseline 
histology was no different. Hence the reason for this poorer response rate in African-
Americans appears to be related to the prevalence of genotype 1, although other as yet 
unknown factors may also play a role (Table 9). 

Safety data 

The number of serious adverse events which were reported following treatment with 
either CIFN or interferon alpha-2b were similar when compared head-to-head. In the 
second re-treatment trial of relapsers and nonresponders, where larger doses of CIFN 
were used, the number of serious adverse events, despite the larger dose and the longer 
treatment period, were no different. But one third of patients on the 15 meg dose 
required dose reductions, (this had only been necessary in 12-16% of patients during the 
initial study involving lower doses). Dropouts due to adverse events were 7% in the first 
study and 4% in those randomized to CIFN 15 meg for 24 weeks, and 10% in those who 
were randomized to 48 weeks in the re-treatment study (Table 10). 
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Table 7. Response to re-treatment in patients with HCV RNA breakthroughs 

Re-treatment sustained 

HCV RNA response 

Re-treatment sustained 

ALT response 

all HCV RNA 

NR 

n = 68 

13% 

18% 

NR with 

breakthroughs 

n = 1 8 

28%* 

39%** 

NR without 

breakthroughs 

n = 50 

8% 

10% 

Retreatment for 12 months with 15 î g CIFN 

* p = 0.102 

** p = 0.014 

Heathcote et al., Hepatology 1999;30:562-566 

Table 8. HCV RNA responses by race — interferon therapy CHC 

end of treatment sustained response 

Caucasian (380) 

African-Americans (40) 

Hispanics (40) 

Asians (10) 

* p = 0.04 

** p = 0.07 

33%* 

5%* 

28% 

40% 

Reddy et al., Hepatology 1999;30:787-793 

12%** 

3%** 

10% 

30% 

Table 9. Ethnic differences in response to IFN for CHC baseline parameters by race 

Feature Caucasians African-Americans Hispanic Whites Asian-Americans 

(n = 380) (n = 40) (n = 40) (n = 10) 

median HCV RNA level 3.0 x 10^ 

genotype 1 66%* 

cirrhosis 12% 

3.6 X 10^ 

88%* 

5% 

1.9 X 10^ 

69% 

20% 

1.4 X 1 

40% 

10% 

all groups comparable in age, gender and HAI score 

* p < 0.004 

Reddy et al., Hepatology 1999;30:787-793 
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Table 10. Safety data 

Dropouts due to adverse events 

Serious adverse events 

Dose reductions 

Initial treatment 

CIFN 

(9|ig) 

7% 

8% 

16% 

IFN a-2b 

(3MU) 

7% 

8% 

12% 

Re-treatment 

CIFN 24wk 

(15 |ig) 

4% 

4% 

33% 

CIFN 48 wk 

(15 îg) 

10% 

7% 

36% 

How can the efficacy of interferon be improved? 

The overall sustained response rate following interferon monotherapy ranges between 
10 and 20%, depending on the duration and probably the dose of therapy. It is now 
recognized that if interferon is combined with the nucleoside analogue, ribavirin, an 
increased sustained response rate is observed, accomplished chiefly by a reduction in 
the relapse rate [10, 11]. Unfortunately, treatment with this combination therapy is 
associated with an increased rate of side effects (21% withdrawal rate when patients are 
asked to take 48 weeks of therapy). 

Interferon therapy has an immediate antiviral effect, but when it is given intermit
tently, i.e., three times a week (ttw), viral rebound occurs within 48 hours, (prior to the 
next injection) [12] (Figure 3). The efficacy of standard interferons is limited by the 
trough in antiviral activity between doses. Thus the rationale for IFN pegylation was 
generated (Table 11). With its high molecular weight (40 kDa), polyethylene glycol 
attached in a branched manner at a single site induces a slower sustained absorption 
rate and a much reduced renal clearance. Thus detectable serum IFN levels are reduced 
over the course of the week in treated patients [13]. Clearance of the PEG (40 kaD) 
IFN alpha 2a is chiefly via the liver. 

24 hr 
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Lam etai., Hepatology 1997:26;226 

Figure 3. Reduction in HCV RNA following single dose of interferon alpha. 
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Table 11. Variables in pegylated protein characteristics 

• PEG molecular weight and branching 

- Branched, high-molecular-weight PEGs provide sustained absorption and produce greater i 

in renal clearance 

• Type of bond between PEG and protein 

Some bonds are stronger than others 

- Strength of bond determines durability of PEG protein 

Katre, Adv Drug Delivery Rev. 1993;10:91-114. 

Table 12. Summary of pharmacokinetic parameters in healthy subjects 

PK Parameter ^ 

MAT b (h) 

T max (h) 

C max (ng/mL or U/mL) 

t 1/2 (h) 

CI/F (mL/h) 

% absorbed 

40kDa PEG-IFN a2a 

180 fag sc (n = 

59 ±24 

78 ±27 

14.2 ± 2.5 

77 ±45 

82 ±38 

61 

10) 

IFN a2a 

3 MIU sc (n = 34) 

2.6 ±1.8 

10 ±3 

13.4 ± 3.7 

9 ± 6 

11836 ±3238 

80 

^ mean ± SD except for MAT, which is mean ± SE 

^ MAT — mean absorption time; time required for 50% to be absorbed 

IFN data from Xu et al., Hepatology 1998;28(Suppl):702A 

IFN a2a which was 11836± 

Pharmacokinetic parameters of PEG 40kDa IFN alpha 2a in healthy subjects 

The pharmacokinetics of PEG 40kDa IFN alpha 2a, 180 meg sc, have been compared 
to that of IFN alpha 2a, 3 million units sc, given to healthy subjects. The percent of 
IFN absorption with pegylated IFN was 61% compared to 80% with IFN alpha 2a. 
The T^̂ ^ (hr) is significantly higher with PEG (40kDa) IFN alpha 2a, 78 ± 27 (hr) 
compared to 10 ± 3 (hr) with standard IFN alpha 2a. The ty^ (h) following injection with 
PEG 40k Da IFN alpha 2a was 77 ± 45 (hr) compared to 9 ± 6 (hr) when standard IFN 
therapy is given. The renal clearance of PEG 40 ka Da IFN alpha 2a was 82 ± 32 ml/hr, 
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markedly less than that for standard IFN alfa 2a, 11,836 ± 3,238 mis per hr. 
This improvement in PK profile of PEG 40k IFN alpha 2a may be a key to enhancing 
IFN efficacy in the treatment of chronic hepatitis C, and possibly hepatitis B. 

Summary 

These studies describe major advances in interferon therapy for patients with chronic 
viral hepatitis. Long-acting PEG 40kDa IFN alpha 2a has now been shown to be more 
efficacious than standard, short-acting interferon monotherapy given on an intermittent 
basis. It remains unknown whether the side-effect profile will be different. The standard 
interferons described vary in their antiviral activity, CIFN being more effective than 
IFN alpha 2b in patients with hepatitis C who have a viral load >4.8 x 10^ copies/ml. In 
the future, the treatment of patients chronically infected with viral hepatitis should be 
tailored to specific viral and host-derived pretreatment variables. 
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Summary 

The hypothesis that treatment with a combination of interferon alpha-2b (IFN) and 
ribavirin (R) can alter the rate of progression of liver fibrosis was examined among 1,972 
chronic hepatitis C patients. A sustained virological response was obtained in 44% with 
IFN-R vs 15% with IFN, and in 0% of controls. In responders, the annual rate of fibrosis 
decreased by 189% compared to controls, and septal fibrosis disappeared in 56%. 
In nonresponders, the rate of fibrosis decreased by 66% and progression to septal fibrosis 
was observed in only 15%. These results, not apparent in individual trials, demonstrated 
that IFN-R dramatically reduces the rate of fibrosis progression. 
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Introduction 

Current understanding of HCV infection has been advanced by the concept of liver 
fibrosis progression [1]. HCV can be lethal usually only when it leads to cirrhosis, 
the last stage of liver fibrosis. Therefore, an accurate estimate of fibrosis progression 
represents an important surrogate endpoint for evaluation of the vulnerability of any 
given patient for these potential complications, and for assessment of any treatment's 
impact on natural history. Of major interest is the fact that approved treatments in 
chronic hepatitis C — interferon [2-5] and, recently, the combination of interferon 
alpha-2b and ribavirin [6-9] — have not only antiviral, but also anti-fibrotic and 
immunomodulatory effects [10-12]. Thus, these treatments have the potential to affect 
the fibrosis progression in patients regardless of the virologic response. 

Limitations on any estimate of fibrosis include (i) the difficulty in obtaining paired 
liver biopsies, (ii) the necessity for large numbers of patients to achieve statistical 
power, and (iii) the heterogeneity of fibrosis assessments. Even in randomized trials 
less than 50% of patients undergo a second liver biopsy after the end of treatment 
[5]. Because the time elapsed between biopsies is relatively short (usually between 
12 to 24 months), the number of events (transition from one stage to another) is 
rare. Therefore, comparisons of fibrosis progression rates require a large sample size 
to observe significant differences. Metanalysis is considered as a possible method of 
increasing the power of comparisons, but unfortunately the overall number of patients 
with paired biopsies in published trials is small, and many trials used invalidated or 
inappropriate fibrosis scoring systems [13-14]. 

Because of these limitations, the actual impact of HCV treatment on the liver fibrosis 
progression rate in patients with chronic hepatitis C, regardless of virological response, 
is unknown. We have published elsewhere a specific study on the progression of liver 
fibrosis [9] observed in two randomized trials of the combination of interferon alpha-2b 
and ribavirin. We want to present here the results from a larger database of patients 
with paired liver biopsies. 

Patient database 

The individual data from five randomized trials [12] and from a single center cohort [1] 
have been gathered with permission of the principal investigators. The randomized 
trials included: an 18-month, IFN multicenter French trial [4], an International [7] 
and US [8] multicenter trial of ribavirin-interferon in naive patients, and US [9] and 
International [9] multicenter trials of ribavirin-interferon in relapsers. The single-center 
cohort (DOSVIRC) represents all the patients with hepatitis C followed in the Hepato-
Gastroenterology Department of the Pitie-Salpetriere hospital, retrospectively before 
1993 and prospectively thereafter. Patients with biopsy and serological confirmation of 
chronic hepatitis C were included if they had both pre- and posttreatment liver biopsies 
which were available for interpretation by the METAVIR scoring system for fibrosis 
stage and activity grade. Patients were excluded if they did not have paired biopsies, 
were co-infected with HBV or HIV, or had other forms of liver disease. In all trials 
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a signed informed consent was obtained, after the nature and possible consequences 
of the studies were explained. 

A database consisting of all studies was created containing the following information: 
gender, age at first biopsy, age at infection, presumed mode of infection (parenteral, 
usually IV drug use, transfusion, other or unknown), consumption of alcohol (none, 
less than 50 g per day, 50 g or more per day), type of treatment (IFN-R, IFN, control), 
duration of treatment (six, 12, or more than 12 months), METAVIR fibrosis stage and 
activity grade at first and second biopsy, time elapsed between the two biopsies in 
months, ALT response (normalization) at three months, ALT response at the end of 
treatment, ALT response at the end of follow-up (six months after the end of treatment), 
quantification of vims before treatment, at three months, at the end of treatment, at the 
end of follow-up (six months after the end of treatment), and viral genotype [1, 2, 3, 
4, 5, 6]. Virological response was defined as no detectable quantity in the serum (that 
is, less than 100 copies per ml). 

Liver biopsies were fixed, paraffin-embedded and stained with at least hematoxylin 
eosin safran and Masson's trichrome or picrosirius red for collagen. For each liver 
biopsy, a stage of fibrosis and a grade of activity was established, according to the 
following criteria. Fibrosis was staged on a scale of 0 to 4: FO = no fibrosis, Fl = portal 
fibrosis without septa, F2 = few septa, F3 = numerous septa without cirrhosis and 
F4 = cirrhosis. Reproducibility of results between pathologists using this method has 
been established [14-15]. The grading of activity, or the intensity of the necroinflam-
mation, was scored as follows: AO = no histological activity, Al = mild activity, 
A2 = moderate activity, and A3 = severe activity. One of three pathologists (Pierre 
Bedossa, Zacharie Goodman, Frederic Charlotte) reviewed the biopsies without any 
information concerning the clinical, biological or treatment characteristics. Biopsies of 
insufficient size to allow for valid assessment of the extent of fibrosis were discarded. 

For four trials [7-9] serum HCV-RNA levels were determined in a single, central 
laboratory (NGI, Los Angeles, CA) using a quantitative reverse transcription multicycle 
polymerase chain reaction assay with a lower limit of detection of 100 copies/ml [16] 
and HCV genotyping was done using the INNO-LiPA HCV (Innogenetics, Zwijnaarde, 
Belgium) second-generation assay [17]. For the two other trials, quantification of serum 
HCV RNA used the bDNA method (Chiron 2.0, Emeryville, CA), the quaUtative PCR 
AMPLICOR (Roche, Basel, Switzerland) performed in a single laboratory (CNRS 
1484), and HCV genotyping used COP-PCR [18]. Equivalence between the two 
quantitative assessments has been validated [4, 16], as well as the two genotyping 
methods [19]. Characteristics of the 1,972 patients included are given in Table 1. 

Assessment of fibrosis progression 

The assessment of fibrosis progression over time was evaluated as previously described 
[1,5]. The "observed" (direct) fibrosis progression rate was defined as the ratio between 
the difference in fibrosis stage, expressed in METAVIR units, between two biopsies and 
the interval between the two biopsies in years. For example, for a patient with fibrosis 
stage 2 at the first biopsy and stage 3 at the second biopsy, performed two years later. 
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Table 1. Characteristics of 1,972 patients included 

Characteristic Number of patients and means 

Type of trial (Ref) 

DOSVIRC cohort 

IFN 18 months 

IFN-Ribavirin naive US 

IFN-Ribavirin naive international 

IFN-Ribavirin relapser US 

IFN-Ribavirin relapser international 

Treatment received 

Control 

IFN 6 months 

IFN 12 months or more 

IFN + Ribavirin 6 months 

IFN + Ribavirin 12 months 

Age 

Mean (years) 

95% CI 

Gender 

Male (%) 

Female (%) 

Source of infection 

Transfusion 

Intravenous drug use 

Other or Unknown source 

Duration of infection 

Mean years 

95% CI 

Duration between biopsies (month 95% CI) 

METAVIR fibrosis stage 

No fibrosis (FO) 

Portal fibrosis (Fl) 

Few septa (F2) 

Many septa (F3) 

Cirrhosis (F4) 

METAVIR activity grade 

None (AO) 

Mild (Al) 

Moderate (A2) 

Severe (A3) 

Genotype determination 

1 

la 

N = 1972 

287 

176 

670 

562 

125 

152 

N = 1972 

102 

506 

518 

522 

324 

N = 1972 

44.3 

43.8-44.8 

N = 1972 

1245 (63%) 

727 (37%) 

N = 1972 

604 (31%) 

732 (37%) 

636 (32%) 

N = 1564 Missing for 408 

16.5 

16.0-16.9 

N = 1962 19.7 (19.1-20.2) 

N = 1972 

43 (2%) 

1279 (65%) 

331 (17%) 

204 (10%) 

115(6%) 

N = 1972 

51 (2%) 

586 (30%) 

749 (38%) 

586 (30%) 

N = 1770 Missing for 202 

1143(64%) 

456 
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Table 1. Continued 

Characteristic Number of patients and means 

lb 

1 

2 

3 

4 

5 

6 

Initial serum HCV RNA assessment 

Median (copies/ml) 

95% CI 

543 

144 

237 (13%) 

331 (19%) 

47 (3%) 

8 (0.5%) 

4 (0.5%) 

N = 1694 Missing for 278 

3.800.000 

3.600.000-4.000.000 

the fibrosis progression rate was 0.500 fibrosis units per year. The advantage of this 
assessment is that the duration is known exactly. The limitations are that the duration 
between biopsies is rather short (mean = 20 months) in comparison to the mean time 
transition between fibrosis stages (seven years) [3], and there is a risk of sampling and 
interpretation errors for both biopsies. Therefore, we also used an "estimated" (indirect) 
fibrosis progression rate per year that was defined as the ratio between the fibrosis stage 
in METAVIR units and the estimated duration of infection in years. In this model it is 
assumed that the patient has no liver fibrosis on the day of infection (stage FO) and that 
the fibrosis progression is constant. For example, for a patient with fibrosis stage 2 and 
an eight-year duration of infection, the fibrosis progression rate was 0.250 fibrosis unit 
per year. The advantages of this assessment are the longer duration (mean =16 years), 
and there is no variability at infection, if the assumption of FO is correct. The limitations 
are that the duration of infection was unknown in 408 patients out of 1,972 (21%), and 
even when known, it remains an estimate (i.e., it is assumed that the first transfusion 
or the first IV drug injection was the true date of infection). It is also possible that 
some patients may have already had fibrosis (e.g., due to alcohol) the day of infection. 
For a given patient the impact of treatment on the spontaneous fibrosis progression 
rates was expressed as the difference between the observed rate (between the two 
biopsies performed before and after treatment) and the estimated rate before treatment. 
The relative impact was expressed as the ratio between this difference and the estimated 
rate before. The progression of fibrosis outside the portal tract with constitution of 
bridging or septa (F2) has been considered as the first critical threshold for significant or 
progressive disease due to HCV; the second critical threshold was the occurrence of an 
extensive fibrosis (F3 or F4), since these patients risk clinical complications. We have 
therefore compared the percentages of patients worsening, improving or not changing 
with respect to these fibrosis stages. 
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In order to take into account the factors associated with the natural progression of 
liver fibrosis, we performed a multivariate analysis. In non-treated patients we had 
previously observed [1] that the stage of fibrosis on the day of biopsy was dependent 
on the duration of infection (time-risk factor) and on three host-risk factors: sex, age 
at infection, and consumption of alcohol. Two variables were considered as estimates 
of time-related risk factors: the age at biopsy and the estimated duration of infection, 
defined as the period between the presumed date of infection and the date of biopsy. 
We had not previously identified virus factors as independent risk factors for liver 
fibrosis progression before treatment, but this could have been related to a lack of power, 
as genotypes and viral levels were available in only 376 and 173 patients, respectively, 
in the first model [1]. Therefore, we performed a new analysis in 1,139 treatment-naive 
patients with complete data, to check if genotype and quantity of serum HCV RNA were 
associated with spontaneous liver fibrosis progression. Robust and logistic regression 
analyses were used. The explained variable was the fibrosis progression rate per year. 
Several models were constructed: the core model included age at biopsy, sex, genotype 
2, 3 or neither, and RNA quantity (in log^p). There was no association between 
genotype or viral load whichever analysis was used (details not shown). The mean, 
estimated fibrosis progression rate was 0.161 METAVIR units per year in patients with 
genotype 2 or 3 versus 0.150 in other genotypes (ns). In patients with a viral load greater 
than 3.5 million copies per ml, the rate was 0.150, the same as seen in patients with 
a viral load equal to or lower than 3.5 million copies per ml. 

Estimation of treatment impact 

Methods 

The next step was the estimation of treatment impact in treated patients. We 
hypothesized that treatment: (i) results in an absolute regression of fibrosis stage in 
patients with a sustained virological response during treatment and thereafter, (ii) results 
in a relative reduction of the fibrosis progression in virological nonresponders during 
the treatment period, in comparison to spontaneous progression with an unknown restart 
of progression thereafter. 

To determine the sustained virological response according to treatment, we used 
univariate and multivariate analyses and metanalyses. A sustained virological response 
(<100 copies/ml) was obtained in 44% by IFN-R (366/839) vs 15% by IFN (106/732; 
p < 0.0001), and in none of 102 controls (p < 0.0001 versus both treated groups). 
The sustained virological response could not been assessed in 299 patients, because no 
serum specimen was available. Because these results were obtained in different trials, 
sensitivity analyses were performed to take into account the randomization process, the 
treatment duration, risk factors and the previous history of treatment. For taking into 
account the randomization process and treatment duration, metanalyses of individual 
data were performed for patients included in four randomized trials comparing IFN-R 
to IFN, for 48 weeks, for 24 weeks, for treatment-naive patients, and for patients who 
had relapsed after a previous unsustained response to interferon. The methodology of 
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metanalysis was fully respected, as all the treatments, study designs and endpoints were 
identical in these four randomized trials. In the trial comparing IFN-R for 48 weeks, IFN 
alone for 48 weeks and IFN-R for 24 weeks, this last arm was excluded as there was no 
randomized IFN alone for 24 weeks group with which to compare. All analyses were per
formed by Peto et al. and Der Simonian methods. A total of 1,287 patients were analyzed. 
A sustained virological response was obtained in 5% of patients treated with IFN for 
24 weeks, 17% treated with IFN for 48 weeks, 42% treated with IFN-R for 24 weeks 
and 47% treated with IFN-R for 48 weeks. All the differences were highly significant 
in favor of the combination IFN-R: the mean increase in sustained virological response 
for IFN-R was 34% (95% CI: 27-46%; chi-square = 57; p < 0.001), from a mean 
of 11% with IFN to 45% with IFN-R. The mean difference was higher in relapsers 
(50%; 95% CI 41-59%) than in treatment-naive patients (29%; 95% CI 24-34%). Inside 
these subgroups there was no heterogeneity. To determine the impact of treatment 
adjusted for risk factors, we then performed several multivariate analyses which all 
showed consistent results. In robust and logistic regression analyses, six factors were 
independently associated with sustained response: ribavirin combination (p < 0.0001), 
genotype 2 and 3 (p < 0.0001), low viral load (<3.5 miUion copies/ml) (p < 0.0001), 
age at biopsy (<40 years) (p = 0.0003), female sex (p = 0.01) and absence of septal 
fibrosis (p = 0.02). Squared correlations were, respectively, 0.25 and 0.33. In patients 
with less than three response factors, there was a very significant advantage for the 
48-week regimen; 35% sustained response (65/187; 95% CI 28-42%) versus 21% for 
the 24-week combination regimen (47/225; 95%CI 15-26%; p = 0.002). These findings 
permit consolidation (larger sample size without heterogeneity) into what has been 
observed in individual trials [12]: a very significant improvement in sustained virological 
response with combination IFN-R and, for patients with few response factors, an 
increase in response by extending the duration of therapy to 48 weeks. 

Impact in responders 

The next step was to estimate, in the group of sustained responders, the impact of 
treatment on fibrosis progression. For this purpose we compared, in 382 responders 
with known duration of infection, the fibrosis progression rate observed after treatment 
between the two biopsies, versus the progression rate estimated before treatment, 
and also versus the progression observed in two control groups: an historical control 
(84 patients without treatment, with two biopsies and a known duration of infection) 
and a simulated control group of 382 patients with the characteristics of the responders. 
The simulated control group was obtained by calculating the expected fibrosis progres
sion rate according to a regression function. For this purpose we used another database 
of 1,157 patients never treated and with a known duration of infection [3]. By logistic 
regression the expected fibrosis progression rate per year was = 0.058 - (0.0035 x 
duration of infection in years) + (0.0037 x age at infection in years) + (0.021 x sex 
(0 if female, 1 if male)) -i- (0.028 x alcohol consumption (0 if less than 50 g per day, 
1 if 50 g or more)). The mean estimate was lower in the present population of 1,564 
patients (0.111) than in the 1,157 previous ones (0.252). This was not surprising, as 
patients included in the present database were younger, histologically less severe and 
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never declared an alcohol consumption greater than 50 gr of alcohol. In comparison 
to the estimated fibrosis progression rate, the simulated estimate was very conservative 
and precluded the risk of false-positive conclusions. Using these estimates, there was 
a dramatic decrease of the fibrosis progression rates among the sustained responders, 
from 0.177 METAVIR fibrosis unit per year before treatment to -0.157 after, a 189% 
relative decrease (p < 0.0001), and from 0.107 for the simulated rate, a 247% relative 
decrease (p < 0.0001) (Table 2). The graphical representation of the treatment impact 
is given in Figure 1. Panel A illustrates the comparison to estimated progression 
before treatment, and Panel B illustrates the simulated progression. This impact was 
proportional to the initial fibrosis stage, with -0.012 in patients without septal fibrosis 
(FO or Fl) and -0.695 in patients with septal fibrosis (F2-F4). This means in terms 
of fibrosis regression that if the rate is constant, a patient with grade F2 at the 
beginning of treatment should regress to Fl in a mean of 1/0.695 = 1.4 years (95% CI 

Table 2. Mean fibrosis progression rate per year for 1361 patients with an estimated duration of infection 

and RNA sustained response assessment. All differences versus controls, historical or simulated, 

were highly significant (p < 0.001). Fibrosis progression rates of simulated controls stratified 

by treatment groups were identical (107 to 114 10"̂  fibrosis METAVIR unit per year) to those 

not stratified (data not shown). 

Treatment and Mean fibrosis progression rate in F-METAVIR 

response 10'̂  units-per-year mean (95% CI) (number of patients) 

Significance 

Estimated before first biopsy Observed between biopsies Observed Observed 

vs Ctrl vs before 

Historical Controls 210 (165_256) (n = 86) 267 (162_323) (n = 86) 

All treated 156 

Simulated controls 111 

Sustained 

Responders 177 

Simulated controls 108 

Nonresponders 147 

Simulated controls 113 

IFN alone 

Sustained 

Responders 

Nonresponders 

IFN-Ribavirin 

Sustained 

Responders 

Nonresponders 

199 

321 

152 

140 

140 

141 

(141-171) (n=1275) -12 (-48_23) (n = 1275) 0.0001 0.0001 

(llljll) (n = 1275) 111 (llljll) (n = 1275) 

(147_206) (n = 382) -157 (-211_-103)(n = 382) 0.0001 0.0001 

(108_108) (n = 382) 

(129_165) (n = 893) 

(112J13) (n = 893) 

(170_227) (n = 573) 

(209_433) (n = 77) 

(127_177) (n = 496) 

(123-157) (n = 702) 

108 (108_108) (n = 382) 

50 (5_94) (n = 893) 

113 (112_113) (n = 893) 

33 (-26_91) (n = 573) 

-156 (-258_-53) (n = 77) 

62 (-3_127) (n = 496) 

-49 (-93_-5) (n = 702) 

0.0001 0.0001 

0.0001 0.0001 

0.01 0.0001 

0.0001 0.01 

0.0001 0.0001 

(117_163) (n = 305) -157 (-221_-94) (n = 305) 0.01 0.0001 

(116_165) (n = 397) 34 (-25_93) (n = 397) 0.0001 0.001 
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Figure 1. Fibrosis progression rate per year in F METAVIR units before and after treatment. Each individual 

data set from 1,361 patients with two biopsies and a presumed date of infection is represented by a line. The left 

panels have two parts. The first shows the estimated fibrosis progression rate per year, from the initial infection to 

the first liver biopsy (horizontal lines in the left part of the panel); this is calculated by dividing the fibrosis stage 

(fibrosis METAVIR unit) at the first biopsy by the duration of infection in years. The vertical axis represents the 

range rate from -1.000 to +1.000 fibrosis-METAVIR units per year. The second part shows the variation from 

this estimated fibrosis progression rate to the observed fibrosis rate between the first and the second biopsies 

(transversal lines in the right part of the panel). If there is no change, the second part of the line is horizontal. 
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Figure 1 (continued) If the fibrosis rate increases the line goes up; if the fibrosis rate decreases the line goes 

down. The right panels are based on the same principle, but the first part (horizontal line) shows the simulated 

fibrosis rate. This rate is calculated by a regression function. Panels A, B and C show the fibrosis progression 

rate of sustained responders, nonresponders and controls, respectively. This dynamic representation of fibrosis 

progression illustrates graphically that there was a much greater reduction in progression rates in treated 

patients, both responders and nonresponders, than in controls. It also illustrates the heterogeneity of these 

progression rates with a 3-modal distribution after treatment. 

from 1.1 to 1.9 years). The hypothesis of a continual fibrosis decrease in virological 
sustained responders has been confirmed by long-term histological follow-up studies 
[6, 20, 21]. 

Because of the limitations of the fibrosis progression estimates, we determined more 
pragmatically the treatment impact according to the stage of liver fibrosis (Table 3). 
All the comparisons between sustained responders and controls were highly significant, 
whatever the initial stage. Among patients with many septa (stage F3), 6% (2/34; 95% 
CI 1-20%) progressed to cirrhosis (F4) vs 60% (6/10; 95% CI 26-88%; p = 0.0007) in 
controls. This is a very important clinical result because mortality occurs for the most 
part only in cirrhotic patients, and so far no study has demonstrated such a clear impact 
on the incidence of cirrhosis. According to our findings, in 58 patients with stage F3 
treated by IFN-R combination, a sustained response was obtained in 38% (22/58; 95% 
CI: 26-52%). Therefore, in 0.38 x (1-0.06) = 36% of patients with extensive fibrosis, 
it is now possible with combination therapy to eradicate the virus and to prevent the 
occurrence of cirrhosis. 

We next determined the impact of treatment on histological inflammatory activity. 
Improvement of at least one METAVIR grade was observed in 81% (381/472; 95% 
CI 77-84%) of sustained responders versus 14% (14/102; 95% CI 8-22%) of controls 
(p < 0.0001). Among sustained responders initially with A2 or A3, 87% (308/356; 95% 
CI 83-90%) returned to AO or Al after treatment. This result is very impressive, because 
in contrast to the very sensitive Knodell Histological Activity Index (ranging from 
0 to 20), a difference in one METAVIR activity grade (ranging from 0 to 3) represents 
a 30% improvement of necro-inflammatory features. 

Finally, for sustained responder patients, we tried to identify predictive factors 
of fibrosis improvement. No variable (in multivariate analysis; data not shown) was 
predictive of the fibrosis regression, except initial fibrosis stage, the higher stage 
showing more improvement. In particular, there was no difference in rates between 
IFN-R combination, IFN alone or the initial activity grade. These findings lead to the 
conclusion that, whatever the treatment used, when a sustained virological response 
is obtained, activity and fibrosis improve dramatically in a short follow-up, and even 
in the advanced stages. In individual trials this impact on fibrosis progression had 
been missed. 
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Table 3. Evolution of fibrosis after treatment among nonresponders and sustained responders, according 

to their initial stages. Whatever the initial stages, comparisons between sustained responders 

and controls or between nonresponders and controls were highly significant (p < 0.001). 

Among patients with at least a few septa at the first biopsy (F2 or more), septal fibrosis 

disappeared in 56% (95% CI 46-66%) of sustained responders versus 9% (95% CI 3-22%) of 

controls (p < 0.0001). Among patients without septal fibrosis at the first biopsy (FO or Fl), 

only 7% of sustained responders progressed to septal fibrosis or beyond versus 48% of 

controls (p < 0.0001). 

3A. Evolution of fibrosis in patients with minimal fibrosis at first biopsy before treatment (none = FO 

or portal fibrosis = Fl) 

Fibrosis stage Patients with no (FO) or portal (Fl) fibrosis at first biopsy 

At second biopsy Controls Nonresponders 

No (FO) or portal (Fl) 30 (52%) 665 (85%) 

Few septa (F2) 22 (38%) 88 (11%) 

Many septa (F3) or cirrhosis (F4) 6 (10%) 33 (4%) 

Total 58 (100%) 786 (100%) 

Sustained Responders 

346 (93%) 

23 (6%) 

2 (1%) 

371 (100%) 

3B. Evolution of fibrosis in patients with moderate fibrosis at first biopsy before treatment (few 

septa = F2) 

Fibrosis stage at second biopsy Patients with few septa (F2) at first biopsy 

No (FO) or portal (Fl) 

Few septa (F2) 

Many septa (F3) or cirrhosis (F4) 

Total 

Controls 

4 (12%) 

11 (32%) 

19 (56%) 

34 (100%) 

Nonresponders 

65 (44%) 

40 (27%) 

43 (29%) 

148 (100%) 

Sustained Responders 

36 

7 

9 

52 

(69%) 

(14%) 

(17%) 

(100%) 

3C. Evolution of fibrosis in patients with extensive fibrosis at first biopsy before treatment (Many 

septa = F3 or cirrhosis = F4) 

Fibrosis stage at second biopsy Patients with many septa (F3) or cirrhosis (F4) at first biopsy 

Controls 

No (FO) or portal (Fl) 0 (0%) 

Few septa (F2) 2 (20%) 

Many septa (F3) or cirrhosis (F4) 8 (80%) 

Total 10 (100%) 

Nonresponders Sustained Responders 

31 (19%) 21 (43%) 

24 (14%) 15 (31%) 

110 (67%) 13 (26%) 

165 (100%) 49 (100%) 
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Impact in nonresponders 

The next step was to assess if IFN-R treatment has an impact on the fibrosis progression 
rate among nonresponders, in comparison to rates before treatment and in comparison 
to untreated controls. For this purpose we used the same estimates as in sustained 
responders, the fibrosis progression rate per year and the evolution of fibrosis stage. 
The striking conclusion was that, although the impact was weaker than in sustained 
responders, IFN-R in nonresponders slowed the natural fibrosis progression observed 
before treatment, and in comparison to historical or simulated controls. There was a very 
significant decrease in the fibrosis progression rates, from 0.147 METAVIR fibrosis 
units per year before treatment to 0.050 after, which represents a 66% relative decrease 
(p < 0.0001), and from 0.113 in simulated controls, a 46% relative decrease (p < 0.0001) 
(Table 2). However, this effect was very heterogeneous, with a non-normal distribution, 
in contrast to what was observed in responders. In order to explain this heterogeneity, 
we compared the characteristics of these 893 nonresponders according to their fibrosis 
response: improvement (n = 126), stabilization (n = 596) and worsening (n = 171). 
Whatever the univariate or multivariate methods used (logistic, robust regression, 
discriminant analyses), few factors were identified. In these nonresponders the fibrosis 
response was highly associated with the initial stage of fibrosis. In patients without 
septal fibrosis (FO or Fl), the mean fibrosis progression rate was 0.141. Among patients 
with at least septal fibrosis, the mean fibrosis progression rate after treatment was 
-0.197 per year. The only other factor independently associated with fibrosis response 
was age. Patients with worsening fibrosis were older (73% more than 40 years) in 
comparison to patients who improved (33% more than 40 years; p < 0.001). 

Next we determined the treatment impact in nonresponders according to the stage of 
liver fibrosis (Table 3). All the comparisons between nonresponders and controls were 
highly significant, whatever the initial stage. Among patients without septal fibrosis, 
only 15% (121/786; 95% CI 13-18%) of nonresponder patients progressed to septal 
fibrosis, compared to 48% (28/58; 95% CI 35-62) of controls (p < 0.0001). Among 
patients with at least septal fibrosis, septal fibrosis disappeared in 31% (96/313; 95% 
CI 26-36%) of nonresponders, compared to 9% (4/44; 95%CI 3-22%) of untreated 
controls (p < 0.0001). These findings argue against the concept of stopping treatment 
in patients without virological response. From our results, if the treatment impact is 
constant, and if the treatment is not interrupted, a patient with grade F2 at the beginning, 
when treated with IFN-R, should regress to Fl in a mean of 1/0.197 = 5.1 years 
(95% CI from 3.0 to 15.6 years). Among patients with extensive fibrosis (stage F3), 
36% (95%CI 26-47%) progressed to cirrhosis (F4) vs 60% (95% CI 26-88%; p = 0.09) 
in controls. In terms of activity features, there was also a very significant impact 
of treatment, with improvement of at least one METAVIR grade in 33% (358/1099; 
95% CI 30-35%) of nonresponders versus 14% (14/102; 95% CI 8-22%) of controls 
(p < 0.0001). 
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Impact of interferon-ribavirin independent of virological response 

Lastly, we wanted to explore whether IFN-R combination compared to IFN alone had 
a greater impact on histological endpoints, independently of the sustained virological 
response. For this purpose we performed metanalyses of histological endpoints by 
combining individual data from the four randomized trials comparing IFN-R to IFN. 
The overall metanalysis without stratification on the virological response showed that 
there were 21% (95% CI 16-26%; p = 0.02) more patients who reduced inflammatory 
activity (by at least one METAVIR grade) in the IFN-R group (58%) in comparison 
to IFN alone (37%); there were also 4% (95% CI 1-8%; p = 0.04) fewer patients who 
worsened their fibrosis stage in the IFN-R group (15%) in comparison to IFN alone 
(19%). The stratified analysis showed that IFN-R combination was more effective than 
IFN alone in reducing hepatic inflammation, independent of the virological response. 
IFN-R increased by 6% (95% CI 1-12%, chi-square = 5, p = 0.02, heterogeneity test not 
significant) the percentage of patients who reduced inflammatory activity (by at least 
one METAVIR grade). Interestingly, this additional effect of IFN-R versus IFN alone 
was no different among sustained responders (8%; from 74 to 82%) than nonresponders 
(6%; from 31 to 37%). Therefore, if most of the reduced inflammatory activity effect 
was accounted for by sustained virological response, there is a remaining component 
which resulted from independent and unknown mechanisms. This phenomenon has 
already been observed with IFN alone (in randomized trials versus control, there are 
more patients with inflammatory activity improvement than with virological response) 
and is even greater with the IFN-R combination. No significant differences were 
observed in favor of IFN-R combination versus IFN alone for the fibrosis effect in 
responders or in nonresponders. 

Conclusion 

In summary, in our population of patients, these results have demonstrated that IFN-R 
combination treatment slows the rate of progression of liver fibrosis, and therefore has an 
impact on the natural history of chronic hepatitis C. With this combination a virological 
sustained response was obtained in 47% of patients. In these responders, moderate and 
severe activity disappeared in 86% of patients, and septal fibrosis disappeared in 56% 
of those in whom it was present before therapy. Among the nonresponders, treatment 
reduced the rate of fibrosis progression by 66% compared to controls and reduced the 
likelihood of developing septal fibrosis by 79% (69%-15%/69%) for those in whom 
it was not present before therapy. 

We conclude that IFN-R has the potential to reduce the morbidity and mortality of 
chronic hepatitis C in sustained virological responders and to allow for stabilization of 
nonresponders awaiting new generations of drugs. 
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Hepatitis C virus (HCV) is the most common infection causing chronic hepatitis [1, 2, 3]. 
The chronic necroinflammatory process exerted against HCV-infected hepatocytes 
activates the mononuclear-macrophage system. This activation results in the increased 
production of cytokines and growth factors. With increased levels of TNF-a and 
its receptors, IL-lp, IL-2, IL-6, IL-8, IFN-y, TGF-pl, intercellular and vascular 
adhesion molecules are reported to mediate and maintain the chronic inflammation 
[4-8]. Apoptosis of hepatocytes by TNF-a and Fas-Fas ligand interaction-mediated 
death signals lead to loss of liver parenchyma [9]. However, these molecules, besides 
participating in the inflammatory process, also activate the synthesis of extracellular 
matrix proteins [10, 11, 12]. Thus, fibrous remodelling of the liver is a characteristic 
feature of chronic hepatitis. 

Hepatic stellate cells (HSC) and myofibroblasts are the major cell populations 
responsible for production of extracellular matrix in the liver. TGF-a, PDGF, IGF, and 
IL-ip promote proliferation of HSCs, while TGF-pl and IL-6 stimulate their matrix 
protein synthesis [13]. TNF-a — the level of which is characteristically high in chronic 
hepatitis C (CHC) — inhibits the proliferation and apoptosis of HSCs as well as the 
synthesis of certain matrix proteins [14-16] 

Liver fibrogenesis and wound healing have several common features [17]. However, 
it also seems that the cytokine-induced proteoglycan synthetic response of HSCs differs 
significantly from that of the fibroblasts. 

This is also true for decorin, which is a small leucine-rich extracellular matrix (ECM) 
proteoglycan. Both TNF-a and TGF-pi downregulate decorin synthesis of fibroblasts 
[16]. In contrast, HSCs and myofibroblasts respond to TGFp-1 activation by increased 
decorin synthesis [11]. 

Decorin has been proven to regulate extracellular matrix assembly. This molecule has 
been reported to bind and neutralize TGFp-1 [18], and to effect the maturation of collagen 
fibers. In experimental models, decorin has given protection against glomerulosclerosis 
[19, 20] and glial scarring [21]. Considering the overall regulatory effect of decorin on 
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fibrogenesis, we surmised a similar potential in hepatitis C-induced liver fibrosis. Therefore, 
we studied the changes of decorin expression in CHC samples. Besides untreated 
samples, changes in decorin expression after IFN-a treatment were also analysed. 

Materials and methods 

Twenty-eight percutaneous needle biopsies and five surgical liver specimens were 
studied from HCV-positive patients. Twenty patients were enrolled in an IFN-a trial. 
Half of them received 3 MIU IFN-a-2b (Intron-A, Schering-Plough) three times a 
week for six months, the other half for twelve months. The therapeutic response was 
evaluated by fine needle biopsies taken before the end and six months after the end 
of treatment. 

Detection of decorin 

Deparaffinized, rehydrated sections were boiled in a microwave oven in 0.01 M citrate 
buffer at pH 4.0 for 2x5 minutes [22], and digested with 0.01% trypsin for 10 minutes 
at room temperature. Endogenous peroxidase was inhibited, and nonspecific binding 
sites were masked by nonimmune goat serum diluted in 5% albumin. Antiserum against 
decorin was applied in 1:3000 dilution at 37°C for 90 minutes. Biotin-labelled antirabbit 
goat serum was used in 1:200 dilution, and ABC reaction was carried out. At the last step 
of ABC, biotinylated tyramin diluted 1:125 in 0.03% H2O2 was added, and the sections 
were incubated for 10 minutes [23]. Subsequently, a second round of ABC reaction 
was carried out. 3-3' diaminobenzidine tetrahydrochloride 0.05 mg/ml in 0.0003% H2O2 
was used as a chromogen. The sections were then counterstained with hematoxylin. 
For controls, the primary antibody was replaced by nonimmune rabbit serum. 

Evaluation of liver specimens 

The guidelines of Desmet et al. [24] were followed to determine histological grading 
and staging. For the scoring of decorin, a semiquantitative scoring system based on 
the publication of Chevallier et al. [25] was used. Four parameters were graded from 
0-3: the immunopositivity in the periportal (zone 3) and perisinusoidal (zone 2) areas, 
around central veins (zone 1) as well as the expression unrelated to these anatomical 
structures (i.e. presence of porto-portal or veno-portal bridging reactions, positivity 
around individual hepatocytes or hepatocyte islands). To make the results comparable to 
staging, the final scores were divided by 3; thus the maximum score was 4. 

Isolation of RNA, Northern blot and RT-PCR 

Total RNA was isolated by the method of Chirgwin et al. [26]. Ten |ig of total 
RNA were size-selected by agarose gel electrophoresis and transferred onto Hybond 
membrane (Amersham, USA). Filters were hybridized with specific cDNA probes 
labelled with (a^^P) dCTP by using a random priming kit. Hybridization was performed 
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at 65°C in Quick-hyb solution (Stratagene, USA) for two hours. After post-hybridization 
washes with 2x and O.lx SSC, 0.1% SDS filters were exposed to Kodak X-Omat films at 
-70°C. GAPDH of the same filter was used as an internal standard. 

Results 

Expression of decorin in normal liver and at various stages of CHC 

Normal human livers contain very low amounts of decorin. The antibody localizes the 
proteoglycan in the sparse connective tissue of the portal triad, around the central vein 
and the fibrous capsule of the liver (Figure 1). 

^ * 

Figure 1. Decorin immunostaining in normal liver. Hardly detectable spot-like reaction was seen in the 

connective tissue of portal triad. Original magnification x 200. 

Decorin proved to be a very sensitive detector of chronic hepatitis. Minimal lesions 
were characterized by the increase of periportal decorin depositions, which occurred as 
spot-like reactions in the connective tissue among the lymphocytes (Figure 2a). The 
periportal deposition became more and more dominant in moderate lesions (Figure 2b). 
Together with the disruption of the limiting plate, decorin invaded towards the perisinu-
soidal region (Figure 3). In the severe lesions, strong and widespread deposition in all four 
regions was observable (Figure 3, 4). Bridging reaction was found between the central 
veins and portal area or in porto-portal localization. An early indication of this alteration 
was a stronger perisinusoidal positivity orienting towards a certain direction, as if guiding 
the proliferating matrix cells and matrix protein deposition (Figure 5). 

In cirrhotic samples, decorin was typically found in the fibrotic septa either in its 
spot-like or collagen-bound fiber-like form (Figure 6), at which time the perisinusoidal 
reaction became weaker. 
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Figure 2. Minimal (a) and mild (b) lesions. Increasing amounts of inflammatory cells occurred in the portal 

area, among which scattered spot-like reactions could be observed. Original magnification x 200. 
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Figure 3. Severe lesion. Wide portal area with proliferating bile ducts, surrounded by decorin positivity. 

The limiting plate is destroyed, decorin reaction occurred along the sinusoids. The hepatocytes show fatty 

degeneration. Original magnification x 200. 
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Figure 4. Severe CHC. Strong perisinusoidal decorin deposition can be observed. Original magniiication x 400. 

Figure 5. Bridging fibrosis. Decorin deposition is seen spreading from a portal tract toward the central vein. 
Original magnification x 200. 

Similarly to TGF-pl, the expression and deposition of decorin paralleled the grade 
of inflammation. 

The increased production of decorin was regulated at the mRNA level. Decorin 
transcript was abundant in HCV cirrhosis. This upreguiation went parallel with that of 
the TGF p-1 mRNA steady-state level (Figure 7). Decorin became dominant among the 
liver proteoglycans. Western blot indicated that the glycanation pattern of the molecule 
became more heterogeneous, manifesting in a wide smeary band. 
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Figure 6. Active liver cirrhosis. Regenerative nodule surrounded by mononuclear cell-infiltrated septum. 

Strong decorin positivity can be seen in the fibrous septum. Spot-like reaction is shown along the sinusoids. 

Original magnification x 200. 

^m^^-^w-^?^ 
GAPDH 

Decorin 

TGF-betal 

Figure 7. Northern hybridization of normal, acutely damaged and severe CHC liver specimens. No 

expression of TGF-beta 1 and decorin was detectable in the normal liver. Strong upregulation occurred 

in damaged liver specimens. GAPDH: internal standard for hybridization. 1: normal liver, 2: acute liver 

injury, 3, 4: chronic hepatitis C. 

Decorin expression after IFN-a therapy 

The therapy was administered for six months and one year, respectively. Indication 
of improvement of the inflammatory process could already be found after six months, 
but one year was necessary to obtain convincing signs of the effect. IFN-a treatment 
resulted in a significant decrease in decorin expression, analyzed in all zones together 
(p < 0.03). Investigating the zones separately, significant changes were detectable in 
the perivenular region (zone 1) as well as in the portal tract (zone 3) (p < 0.05). The 
decrease in the perisinusoidal region (zone 2) was not found to be of significant value. 
IFN-a treatment could not inhibit the progression of liver fibrosis. 
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Discussion 

Chronic liver injuries regularly cause liver fibrosis and cirrhosis. These alterations 
develop as a consequence of imbalance of extracellular matrix synthesis and degradation 
[21]. The activation of matrix production starts in the early phase of the disease [28], 

Our observations indicated that decorin deposition was one of the earliest signs of 
fibrogenesis activaton, which went parallel with the inflammatory activity [29]. Little is 
known about the transcriptional and translational regulation of decorin in the liver. In 
contrast to other tissues, TGF-pl upregulates the expression on the mRNA level [11], 
while the effect of TNF-a and IL-ip is not known. 

It is a further question whether the HCV virus itself affected the expression of decorin. 
We observed a distinct glycanation pattern of decorin isolated from CHC specimens. 
In other aspects, cirrhosis and fibrosis of various origins did not differ from each other. 
This means that the inflammation, rather than the virus itself, induces decorin 
deposition. 

Interferon alpha treatment for one year effectively inhibited the decorin deposition, 
especially in the portal and perivenular regions, which are the main sites of the inflam
matory process [30]. Interestingly, these were the regions where TGF-pl co-localized 
with decorin. This raises the possibility that INF-a acts via a TGF-p mediated route. 
In fibroblasts IFN-a downregulates TGF-P 1 production on the transcriptional level 
[31]. 

It is important to stress that cases with a low histological activity index were more 
prone to improvement, with decorin expression regressing to an even lower histological 
grade. 

Decorin has been reported to be capable of inhibiting the biological activity of 
TGF-pl, especially in terms of matrix production [18, 19, 20, 21]. Considering the deco
rin functions described so far, this molecule may be more important in the pathobiology 
of CHC than has been predicted [32]. This potential, however, remains to be assessed. 
At this stage of our knowledge, decorin has proved to be a useful marker for both early 
fibrogenesis and the therapeutic response to IFN-a, helping to better assess the actual 
pathological grade and stage of chronic hepatitis. 
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Introduction 

Acquired immunodeficiency syndrome (AIDS) was first described in the United States in 
1981, with the unexplained appearance of Kaposi's sarcoma, Pneumocystis carinii pneu
monia and other opportunistic infections in previously healthy homosexual males [1]. 
Affected individuals became susceptible to opportunistic infections and specific immune 
deficiency resulting from the depletion of CD4+ lymphocytes. Intensive investigation 
revealed the etiologic agent of AIDS to be a lymphotropic retrovirus, the human 
immunodeficiency virus (HIV) [2, 3]. Today, three classes of drugs are available 
to treat patients infected with HIV: the nucleoside reverse transcriptase inhibitors 
(NRTI), the nonnucleoside reverse transcriptase inhibitors (NNRTI), and the protease 
inhibitors (PI). The currently accepted standard of care for HIV infection involves 
the use of three drug combination regimens [4]. The use of combination therapy 
has profoundly reduced the morbidity and mortality associated with HIV infection. 
However, the approved anti-HIV drugs and the combination(s) of these drugs have 
significant limitations including toxicity, the selection of drug-resistant variants, 
pharmacokinetic interactions with other agents and poor adherence due to complex 
dosing regimens. These limitations have necessitated the continued search for anti-HIV 
agents with an improved clinical profile. 

Hepatitis B virus (HBV) also constitutes a major worldwide health threat. In addition 
to the morbidity associated with acute clinical infection, chronic liver disease, cirrhosis, 
hepatitis delta virus infection and primary hepatocellular carcinoma are recognized 
sequelae [5]. The reservoir for HBV includes an estimated worldwide population of 
300 million carriers. Approximately 25% of chronic carriers will die from primary 
hepatocellular carcinoma or cirrhosis of the liver. At present there are only two approved 
therapies for the treatment of HBV infection, a-interferon and lamivudine. The limited 
efficacy of a-interferon and the emergence of lamivudine-resistant HBV variants have 
made it clear that additional therapies are needed for the treatment of acute and chronic 
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HBV infection. These new therapies will include combination regimens analogous to 
those used to treat HIV infections. 

F 

Figure 1. Structure of emtricitabine (524W91, FTC) [6]. The oxathiolane ring, which is an analog of 

a 2',3'-dideoxyribose ring, has the L configuration at what corresponds to the 4' position (*). This is in contrast 

to naturally occurring nucleosides, which have a D configuration at this position. 

The 2',3'-dideoxynucleoside analog (2R,5S)-5-fluoro-l-[2-(hydroxymethyl)-l,3-
oxathiolan-5-yl]cytosine (Figure 1) is a potent and selective inhibitor of HIV and HBV 
replication in vitro and in vivo. Clinical studies have demonstrated the drug to be very 
effective in suppressing both HIV and HBV in infected patients. In this report we 
will present an overview of the prechnical and clinical studies conducted to date on 
emtricitabine and when possible critique differences between emtricitabine and other 
nucleoside analogs currently approved for the treatment of HIV and HBV disease. 
Particular attention will be paid to comparing the antiviral activity of emtricitabine to 
that of lamivudine and differentiating the activities of the two compounds based on 
the introduction of fluorine into the C-5 position of emtricitabine. 

In vitro antiviral activity 

The antiviral activity of emtricitabine has been shown to be specific for HIV-1, HIV-2, 
and HBV. No activity has been observed at concentrations up to 100 |iM against 
HSV-1, HSV-2, HCMV, VZV, coronavirus, yellow fever virus, respiratory syncytial 
virus, rotavirus, influenza virus, or rhino vims [7]. 

Anti-HIV activity 

The ability of emtricitabine to inhibit replication of HIV-1 and HIV-2 in cell culture 
has been studied extensively using various human T-lymphoid cell lines (MT-2, MT-4, 
CEM and HT4-6C), and PMBCs infected with laboratory-adapted strains of HIV-1 
(Illg, LAI or LAV) and HIV-2 (ZY, ROD2). The results are summarized in Table 1. 
A comparison of the in vitro potency of emtricitabine to that of the other nucleoside 
analogues currently used to treat HIV is difficult owing to the wide variety of cell 
types, virus strains and assay conditions used by the numerous investigators who 
have determined EC^Q values for these compounds. However, if EC^Q data derived 
from PBMCs infected with the LAI, LAV or Illg strain of HIV-1 are used as the 
basis of comparison, emtricitabine and the nucleoside analogues currently approved for 
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human use can be divided into three potency groups. The most potent group includes 
emtricitabine and AZT, with ECg^ value ranges of 0.001 to 0.01 |JM and 0.001 to 0.058 
loM, respectively. The second potency group includes d4T, 3TC and ddC, with EC^Q 
value ranges of 0.04 to 0.09 joM, 0.04 to 0.53 |aM, and 0.01 to 0.23 |JM, respectively. 
The least potent group includes ddl and abacavir, with EC^^ value ranges of 0.46 to 
19 joM, and 3.7 \JM, respectively. 

Table 1. Inhibitory effect of emtricitabine on the replication of laboratory strains of HIV-1 and HIV-2 

Virus (strain) Cell Type EC,o (nM) 

HIV-1 (IIIB) 

HIV-1 (LAV) 

HIV-1 (LAI) 

HIV-2 (2ZY) 

HIV-2 (R0D2) 

CEM 

MT-4 

PBMC 

CEM 

HT4-6C 

PBMC 

CEM 

MT-2 PBMC 

PBMC 

MT4 

CEM 

PBMC 

0.01^ 

0.009^ 

0.02^ 

0.009^ O.OOl'̂  

0.04̂ ^ 

0.62^ O.OOP 

1.5̂  

O.P 

0.007'' 

[8] 

[7] 

Personal Communication, K, Borroto-Esoda, Triangle Pharmaceuticals 

[9] 

[10] 

Several investigators have compared the anti-HIV activity of emtricitabine with that 
of lamivudine in the same assay, thereby eliminating any ambiguities introduced by 
an interassay comparison. The results are summarized in Table 2. Although different 
laboratory strains of virus, different cell types and different assay methods were used by 
the investigators in these studies, emtricitabine consistently showed greater activity than 
lamivudine with the activity advantage ranging from three- to 11-fold. 
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Table 2. Comparison of the anti-HIV activity of emtricitabine (FTC) with lamivudine (3TC) using various 

laboratory strains of HIV-1 

HIV subtype 

LAP 

Ilffib 

IIIB*' 

LAP 

HXB2'= 

LAP 

Cell Line 

PBMC 

PBMC 

MT4 

MT2 

MT4 

CD4+ HeLa 

FTC 

0.018 

0.01 

0.5 

0.3 

0.09 

0.06 

EC3o(|LiM) 

3TC 

0.19 

0.07 

3.2 

1.6 

0.24 

0.18 

Sensitivity Ratio'̂  

11 

7 

6 

5 

3 

4 

Personal communication, D. Wakefield, Triangle Pharmaceuticals 

[8] 

[11] 
Defined as the quotient of EC^^ (3TC)/EC5o (FTC) 

The sensitivity of HIV-1 clinical isolates to inhibition by anti-HIV drugs is assessed 
in vitro to gain insight into the variation in activity that might be encountered in a 
clinical setting. The results of one such study conducted with emtricitabine in human 
PBMCs are presented in Table 3. Schinazi et al. tested two low passage clinical isolates; 
J6 and 2:DR2, in phytohemagglutinin-stimulated PBMCs isolated from uninfected 
donors [8]. The EC^Q values are similar to those calculated using laboratory strains of 
virus in PBMCs. The sensitivities to emtricitabine reported for two additional wild type 
clinical isolates, WT-pre-AZT (obtained from D. Richman, Veterans Affairs Medical 
Center, San Diego, CA) and WT-MKC09-day 29 (obtained from a Phase I Emivirine 
trial. Triangle Pharmaceuticals, Inc.), were similar to those determined by Schinazi et al. 
against J6 and 2:DR2. In the single experiment in which a direct comparison was made 
between the activity of emtricitabine and lamivudine, emtricitabine demonstrated the 
same fivefold potency advantage seen using laboratory strains of virus. 

The potency of emtricitabine has also been determined using a coculture assay 
[12] and compared directly to the potencies of lamivudine, zalcitabine, didanosine, 
zidovudine, and the non-nucleoside RT inhibitor TIBO. In this study, PBMCs from 
HIV-infected patients were cocultured with PBMCs isolated from uninfected donors. 
The naturally infected PBMCs served as a source of a diversified population of virus 
not selected for by in vitro propagation. At the end of the coculture period, the degree of 
viral replication was measured by HIV-1 p24 ELISA. Results from this study expressed 
as mean EC^ ,̂ EC^ ,̂ and EC^^ values are given in Table 4. A potency ranking (based 
on EĈ Q values) showed emtricitabine to be the most potent compound, followed by 
zalcitabine, lamivudine, zidovudine, TIBO, and didanosine. The low potency ranking 
for zidovudine compared to that observed in laboratory strains may be the result of 
inclusion of PMBCs from AZT-experienced patents in the coculture. 
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Table 3. Inhibition of HIV-1 clinical isolates by emtricitabine 

Vims 

emtricitabine 

EC,. (MM) 

lamivudine 

J6^ 

2:DR2^ 

WT-pre-AZT^ 

WT-MKC09-day 29^ 

0.002 

0.002 

0.008 

0.02 

0.01 

ND 

ND 

ND 

[8] 

^- Personal communication, K. Borroto-Esoda, Triangle Pharmaceuticals 

ND. Not Determined 

Table 4. Comparative potency of RT inhibitors in HIV-1-infected PBMCs using a cocultured method ^ 

Inhibitor EC3,()LiM) EC,, (pM) EC„, (pM) 

Emtricitabine 

3TC 

ddC 

ddl 

AZT 

TIBO R82913 

0.0085 

0.11 

0.011 

0.76 

0.055 

0.17 

0.055 

0.3 

0.074 

6.4 

0.53 

0.67 

0.43 

0.85 

0.6 

65.8 

6.4 

2.95 

[12] 

To determine if the antiviral activity of emtricitabine varied in different subtypes of 
HIV-1, activity was evaluated against HIV-1 group M and group O in MAGI-CCR5 
cells and PBMCs. Table 5 shows the results. EC^Q values were also obtained for 
lamivudine, zidovudine, and didanosine. Emtricitabine was more active than lamivudine 
and didanosine, and had activity comparable to that of zidovudine. 
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Table 5. EC50 values of NRTIs against HIV-1 group M and O in PBMCs and MAGI cells ' 

Isolate 

Group M 

UG/92/024 

BR/92/025 

RW/92/008 

Tha/92/019 

Br/930/20 

RU570 

Group 0 

BCF02 0 

Group M 

RW/92/008 

BRy92/025 

UG/92/024 

Tha/92/019 

Br/930/20 

RU570 

Group 0 

BCF03 0 

Subtype 

D 

C 

A 

E 

F 

G 

0 

A 

C 

D 

E 

F 

G 

0 

Host Cell 

PBMCs 

PBMCs 

PBMCs 

PBMCs 

PBMCs 

PBMCs 

PBMCs 

MAGI 

MAGI 

MAGI 

MAGI 

MAGI 

MAGI 

MAGI 

AZT 

0.003 

0.035 

0.008 

0.039 

0.003 

0.008 

0.028 

0.085 

0.033 

0.035 

0.080 

0.045 

0.150 

0.09 

3TC 

0.026 

0.027 

0.054 

0.069 

0.022 

0.090 

2.5 

0.20 

0.17 

0.11 

0.15 

0.15 

0.18 

0.20 

ddl 

0.21 

0.49 

0.26 

0.5) 

0.34 

0.34 

4.75 

3.0 

0.95 

1.70 

1.50 

1.50 

2.50 

2.20 

FTC 

0.007 

0.017 

0.012 

0.028 

0.009 

0.030 

0.14 

0.055 

0.032 

0.030 

0.065 

0.050 

0.075 

0.065 

Personal communication, D. Wakefield and S. Fleming, Triangle Pharmaceuticals 

Anti-HBV activity 

The in vitro anti-HBV activity of emtricitabine has been studied extensively using the 
stably HBV-transfected cell line HepG2 2.2.15. In this system, emtricitabine decreases 
levels of extra- and intracellular HBV DNA in a dose-dependent manner. EC^^ values 
determined by various investigators using extracellular HBV DNA levels range from 
0.01 ± 0.005 to 0.04 ± 0.001. The emtricitabine EC^^ value based on intracellular DNA 
reported by Schinazi et al. [13] is somewhat higher, 0.16 ± 0.01 JJM, than the EC^^ 
values based on extracellular DNA (Table 6) [14]. For comparison EC^^ values of other 
nucleoside analogues currently under development as anti-HBV agents are presented 
along with those of emtricitabine and lamivudine in Table 6. In contrast to HIV, the 
EĈ Q values for emtricitabine and lamivudine are similar against HBV. 
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Table 6. Anti-HBV activity in HepG2 2.2.15 of compounds approved and under development for HBV 

infection 

Compound EC^Q values 

Emtricitabine 0.01 ± 0.005 [oM^ 0.075 ± 0.009 \M^ 0.04 ± 0.006 yM^' ^ 

Lamivudine 0.008 ± 0.003 |iM^ 0.05 ± 0.01 |JM 

Adefovir 0.03 ± 0.01 îg/mP 

Clevudine 0.1 ± 0.06 ^g/mP 0.38 ± 0.25 |JM^ 0.296 ± 0.036 \M^ 

Tenofovir 0.04 ± 0.02 ^g/mP 

Lobucavir 0.1 ± 0.1 (ag/mP 

Penciclovir 3.5 ± 0.2 |jg/mP 

Amdoxovir 13 ± 2.1 |ig/mP 

Entecavir 0.004 \M^ 

Epavudine (L-dT) 0.19 ± 0.09 pM 

Epcitabine (L-dC) 0.24 ± 0.08 loM^ 

p-L-Fd4C <0.1 \M 

[14] 

[13] 

[15, 16] 

Personal communication W. Nicholson, Triangle Pharmaceuticals 

Personal communication B. Korba, Division of Molecular Virology and Inmiunology, 

Georgetown University 

[17] 

[18] 

Condreay et al. examined the effect of emtricitabine on HBV replication in primary 
human hepatocytes [19]. Although EC^Q values were not calculated, emtricitabine at 
2 loM completely inhibited the production of intracellular HBV DNA, even when added 
24 hours after infection. The EC^^ value calculated from inhibition of extracellular 
vims production is <0.02 ILM, a value that is comparable to that determined in HepG2 
2.2.15 cells (Table 6). 

IMechanism of action 

Cellular uptake 

Transport studies were conducted in confluent cultures of HepG2 2.2.15 cells to 
determine the route(s) of cellular uptake of emtricitabine [20]. Assays were performed 
at room temperature (20°C) using a modified rapid, cold buffer stop method. The influx 
of emtricitabine into the cells did not depend on the concentration of emtricitabine or the 
presence of a Na"̂  gradient, and was only partially inhibited by competing nucleosides 
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and nucleoside transport inhibitors (Table 7). The negligible impact of the protein 
modification agents N-ethylmaleimide, 4,4'-diisothiocyanato-2, 2'-stilbenedisulfonic 
acid and 4-aceamido-4'-isothiocynatostilbene-2, 2'-disulfonic acid on emtricitabine 
uptake suggests that a component of emtricitabine entry into HepG2 2.2.15 cells was not 
transporter mediated, but possibly results from non-facilitated diffusion. 

Table 7. Inhibition of emtricitabine influx into cells by nucleoside transport inhibitors, competing 

nucleosides, and adenine^' ^ 

Agent 

NBMPR 

Dipyridamole 

Dilazep 

Cytidine 

Uridine 

Inosine 

Adenine 

Concentration (|iM) 

10 

10 

10 

500 

500 

500 

500 

Inhibition (%) 

45 

48 

35 

37 

69 

60 

14 

Experiments (#) 

6 

6 

6 

3 

2 

2 

3 

[20] 

Experiments were performed in HepG2 2.2.15 cells in the presence of 10 \^M emtricitabine 

Anabolism 

Emtricitabine is efficiently phosphorylated in HepG2 2.2.15 cells to the corresponding 
5'-mono, 5'-di and 5'-triphosphates. A time course showed that the nucleotides of 
emtricitabine were formed rapidly and reached a steady-state intracellular concentration 
by three to six hours [20]. The concentration of emtricitabine 5'-diphosphate was some
what higher than the concentration of the 5'-mono and 5'-triphosphate derivatives [7, 14, 
20, 21], as shown in Figure 2. When the intracellular concentrations of the phosphory
lated forms were measured as a function of the extracellular concentration (concentra
tions ranged from 0.01 to 10 JLIM), the concentration of the 5'-phosphorylated derivatives 
of emtricitabine increased in a dose-dependent manner, indicating that the anabolic 
pathway was not saturated at the concentrations tested (Figure 2). An intracellular 
half-life of approximately 2.4 hours was determined for emtricitabine 5'-triphosphate 
in HepG2 cells [20]. This half-life is extremely short compared to the estimated 
30 hours half-life seen in PBMCs taken from healthy human volunteers dosed orally 
with 200 mg emtricitabine QD [22]. 

In studies to determine which enzymes were responsible for phosphorylating 
emtricitabine to the 5'-triphosphate, 2'-deoxycytidine kinase was identified as the 
enzyme that catalyzes the phosphorylation of emtricitabine to the corresponding 
5'-monophosphate [14, 21, 23]. Using calf thymus 2'-deoxycytidine kinase, the relative 
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Extracellular level of emtricitabine (|UM) 

Figure 2. A loĝ Q plot of the intracellular concentrations of emtricitabine 5'-phosphates as a function 

of extracellular emtricitabine ((•)-5'-monophosphate, (•)-5'-diphosphate, (A) -5'-triphosphate) [20]. In this 

experiment HepG2 2.2.15 cells were incubated with emtricitabine for 24 hours. 

rate of phosphorylation was 3.4% of that measured for 2'-deoxyguanosine and 40% of 
that observed for 2'-deoxycytidine. Shewach et al. demonstrated emtricitabine to be a 
good substrate for human deoxycytidine kinase [23]. An apparent K^ value of 11.8 |aM 
and an apparent relative V^̂ ^ of 9.3 nmol-mL'^hr"^ was determined when UTP was the 
phosphate donor. When ATP was the phosphate donor, an apparent K^ value of 7.4 |iM 
and an apparent relative V^^^ of 3.8 nmol-mL'^hr^ was obtained. Phosphorylation 
of the 5'-monophosphate was catalyzed by 2'-deoxycytidine monophosphate kinase 
[14, 21]. The efficiency with which the enzyme, purified from calf thymus, phosphory-
lates the 5'-monophosphate of emtricitabine was approximately 32% of that observed 
when using the natural substrate, 2'-deoxycytidine 5'-monophosphate. Emtricitabine 
5'-monophosphate can also be phosphorylated by nucleoside monophosphate kinase 
purified from beef liver. However, the phosphorylation catalyzed by this enzyme is 
relatively inefficient. The formation of the 5'-triphosphate of emtricitabine from the 
5'-diphosphate has been proposed to be catalyzed by nucleoside diphosphate kinase 
(NDP) [14], a cytosolic enzyme with a broad specificity for nucleoside 5'-diphosphates. 
However, Cheng et al. have recently suggested that the L-nucleotide 5'-diphosphates 
cannot be utilized as a substrate by NDP kinases but are selectively phosphorylated 
by 3-phosphoglyceride kinase. [24] 

Inhibition of HIV-1 reverse transcriptase by the 5'-triphosphate of emtricitabine 

Human immunodeficiency vims encodes a reverse transcriptase (HIV-RT) that synthe
sizes a double-stranded DNA copy of genomic RNA. Emtricitabine 5'-triphosphate 
serves as an alternative substrate inhibitor of HIY-RT and is incorporated into a growing 
chain of viral DNA. Incorporation results in the termination of nascent chain DNA 
synthesis due to the lack of a hydroxy 1 group in the 3'-position of the sugar moiety of 
emtricitabine, which in turn results in inhibition of viral replication. 
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Steady state kinetic experiments comparing emtricitabine 5'-triphosphate with the 
natural substrate dCTP showed the two substrates to have similar K values for HIV-RT 

m 

(13 nM for emtricitabine 5'-triphosphate and 70 nM for dCTP). The K. values for 
emtricitabine 5'-triphosphate inhibition of HIV-RT-catalyzed RNA-dependent DNA 
synthesis and DNA-dependent DNA synthesis were calculated to be 0.6 |JM and 
0.43 î M, respectively. In comparison, the K. values for lamivudine 5'-triphosphate 
inhibition of HIV-RT-catalyzed RNA-dependent and DNA-dependent DNA synthesis 
were 0.97 and 0.7 |nM, respectively. 

Although a steady state kinetic analysis represents a useful beginning, it is insufficient 
to establish a detailed kinetic and mechanistic picture of the enzyme-catalyzed reaction 
[25]. A pre-steady-state kinetic analysis can provide a detailed picture of the events 
that occur at the enzyme active site. This includes binding of the nucleotide substrate 
to the enzyme-DNA complex to form an initial ternary complex (Kĵ ), the maximum 
rate of incorporation of the single nucleotide 5'-monophosphate (k ,), and the overall 
efficiency of incorporation, which is defined as the quotient k ^/K^. Using rapid quench 
techniques to carry out a pre-steady-state analysis, Feng et al. compared the pre-steady-
state kinetics of single nucleotide incorporation of dCTP, lamivudine 5'-triphosphate 
and emtricitabine 5'-triphosphate opposite a template guanosine in RNA-dependent 
DNA synthesis with HIV-1 RT [26]. The results are shown in Table 8. The overall 
incorporation rate of the oxathiolane nucleoside analogs is significantly slower than 
that observed for the natural substrate dCTP, as evidenced by the values of k j . 

Table 8. Incorporation of deoxycytidine 5'-triphosphate, emtricitabine 5'-triphosphate and lamivudine 

5'-triphosphate into an RNA/DNA template/primer 

Compound Template/Primer 

(nM) (^M-lsO 

2'-Deoxycytidine 5'-triphosphate R44/D23^ 

R45/D23'' 

Emtricitabine 5'-triphosphate R44/D23^ 

R45/D23'' 

Lamivudine 5'-triphosphate R45/D23^ 

9 ± 2 

23 ± 1 

0.240 ± 0.02 

0.082 ± 0.005 

0.033 ± 0.002 

16 ± 5 

3 0 ± 4 

1.7 ±0.3 

1.4 ±0.4 

5.0 ± 0.8 

0.76 

0.06 

0.0067 

[27] 

[26] 

The k J value of dCTP ranges from 280 to 700 times greater than the corresponding 
k J values for the oxathiolane nucleoside analogues. However, the K^ values reveal 
that the oxathiolane substrates bind much tighter to the enzyme-DNA complex than 
does the natural substrate, with the K^ values of the analogues being approximately 
six- to 30-fold lower than those of the natural substrate. Both the K^ and k j values 
reveal emtricitabine 5'-triphosphate to be a better overall substrate for the enzyme than 
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is lamivudine 5'-triphosphate. The result of the k ^̂  and K^ advantage is increased 
efficiency for emtricitabine 5'-triphosphate relative to lamivudine 5'-triphosphate. 
Emtricitabine 5'-triphosphate is incorporated almost an order of magnitude more 
efficiently than is lamivudine 5'-triphosphate during RNA-dependent DNA synthesis. 
This efficiency advantage can account in part for the higher activity seen for 
emtricitabine compared to lamivudine in cell culture (Table 2). 

Inhibition of HBV DNA polymerase by the 5'-triphosphate of emtricitabine 

The replication cycle of hepadnavirus includes the reverse transcription of an RNA 
template [28]. This process is carried out by a polymerase that shares significant 
sequence homology with the RT of retroviruses, including HIV [29]. Since all attempts 
to date to purify the human HBV DNA polymerase have been unsuccessful, examination 
of the effect of emtricitabine 5'-triphosphate on HBV DNA polymerase was carried out 
using an endogenous polymerase assay. In this assay intact virus particles are treated 
with 1% Nonidet-P40, a nonionic detergent that partially disrupts the virus particles and 
allows nucleotide substrates to enter the virus particle so that DNA synthesis can occur 
[14, 30]. HBV particles purified from culture supematants and treated with detergent 
have been shown to incorporate the 5'-triphosphate of emtricitabine and to inhibit prod
uct formation in a dose-dependent fashion. Competition studies were performed to deter
mine whether the 5'-triphosphate of emtricitabine competes only with dCTP for binding 
to the enzyme or with other 2'-deoxynucleoside 5'-triphosphate substrates as well. 
In these experiments, the ability of increasing concentrations of dCTP, dTTP or dGTP 
to block inhibition of DNA synthesis by emtricitabine 5'-triphosphate was examined. 
While increased concentrations of dTTP and dGTP had no effect on inhibition by 
emtricitabine 5'-triphosphate, a tenfold excess of dCTP completely blocked the ability 
of emtricitabine to inhibit DNA synthesis. 

Davis et al., using the endogenous polymerase assay, demonstrated that the HBV 
DNA polymerase could incorporate [a-^^P] emtricitabine 5'-triphosphate into minus 
strand DNA [30]. In this study [a-^^P] emtricitabine 5'-triphosphate was incubated 
with HBV viral particles (2 x 10̂ )̂ isolated from HepG2 2.2.15 cell cultures, 
unlabeled dATP, dGTP, and dCTP. The radiolabeled DNA product was detected by 
autoradiography. A labeled 3.2 kb DNA was detected indicating that radiolabeled 
emtricitabine 5'-monophosphate was incorporated into the viral DNA. Endogenous 
polymerase assays using HBV vims particles isolated from cell cultures treated 
with emtricitabine 5'-triphosphate showed either reduced or no polymerase activity 
depending on the concentration of emtricitabine 5'-triphosphate used, even though 
they had detectable HBV minus strand DNA. Furthermore, the particles produced in 
emtricitabine 5'-triphosphate-treated cells did not contain any detectable HBV plus 
strand DNA, which is consistent with the incorporation and chain terminating activity of 
emtricitabine. Taken together, the results demonstrate that emtricitabine 5'-triphosphate 
serves as an alternative substrate inhibitor of the HBV DNA polymerase. 
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Selectivity at the enzyme level: effects on human DNA polymerases a, P, y and e 

To gain further insight into the origins of the selective antiviral activity exhibited by 
emtricitabine, the inhibition of purified human HeLa cell DNA polymerases a, P, y and 
8 by the 5'-triphosphate of emtricitabine was examined under steady-state conditions 
and compared to the inhibition of HIV RT [21]. Activated calf thymus DNA was used 
as the template for analysis of each enzyme. Under these conditions, emtricitabine 
5'-triphosphate was a weak inhibitor of each of the human DNA polymerases when 
compared to HIV RT. Apparent Kj values were 6.0 |LIM for polymerase a, 17 joM for 
polymerase p, 6.0 JLIM for polymerase y, and 150 |LIM for polymerase e, compared to 
a KJ value of 0.17 |nM for HIV-1 RT. 

Long-term treatment with nucleoside analogues has been associated with various 
forms of toxicity. Inhibition of human DNA polymerase y (Pol y) is one of the proposed 
mechanisms for nucleoside analog-derived toxicity. The 5'-triphosphate form of many 
nucleoside analogs has been shown to serve as a substrate for Pol y resulting in an 
inhibition of mitochondrial DNA synthesis. Therefore the potential for emtricitabine 
5'-triphosphate and lamivudine 5'-triphosphate to serve as substrates for Pol y was 
investigated (J. Feng, personal communication. Triangle Pharmaceuticals). For dCTP, 
emtricitabine 5'-triphosphate, and lamivudine 5'-triphosphate, the order of incorporation 
efficiency is dCTP > lamivudine 5'-triphosphate > emtricitabine 5'-triphosphate. The 
low rate of incorporation and poor binding affinity of emtricitabine 5'-triphosphate 
makes it the least favorable substrate for Pol y. 

The excision of 2', 3'-dideoxynucleoside 5'-monophosphate from the 3'-terminus 
of DNA by Pol y-associated exonuclease activity can rescue mitochondrial DNA 
synthesis from the chain terminating effect of a nucleotide analog (J. Feng, personal 
communication. Triangle Pharmaceuticals). Unmodified primers terminated with the 
natural cytidine nucleotide (dCMP) have been shown to be the best substrates for 
the Pol y-associated exonuclease, followed by emtricitabine 5'-monophosphate and 
lamivudine 5'-monophosphate. Little difference was observed in the ability of the Pol 
y-associated exonuclease to excise emtricitabine 5'-monophosphate and lamivudine 
5'-monophosphate from a terminated primer. Overall, these studies with DNA Pol y 
demonstrated that emtricitabine has a lower inhibitory effect on the mitochondrial 
enzyme than does lamivudine, and therefore may be less likely to cause mitochondrial 
toxicity in the long term. 

In vivo antiviral activity 

Anti-HIV activity 

The anti-HIV activity of emtricitabine has been tested in SCID (severe combined 
immunodeficient) mice. Mice were reconstituted with human PBMCs [31] and, after 
two weeks, infected with the HlV-l^^^jg virus. Drug therapy was initiated one day 
before infection. Test compounds were administered intraperitoneally twice daily at 30 
mg/kg. Viral inhibition was measured by quantitative coculture of infections HIV-1, and 
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quantitative RNA viral load measurement on peritoneal wash cells, lymph nodes, spleen 
cells and plasma. At the concentration used in this study, emtricitabine completely 
inhibited viral infection. 

Black and Furman (personal communication. Triangle Pharmaceuticals) evaluated 
the anti-HIV activity of orally administered emtricitabine and lamivudine side by side 
in the HuPBMC-SCID mouse model. Groups of 12 or 15 female C.N-17 SCID mice 
were reconstituted by the intraperitoneal (ip) injection of 1.3 x 10̂  human PBMCs. 
Two weeks later, the mice were infected ip with 2000 tissue culture infectious doses 
(TCID) of HIV-l^Qjg. After infection, mice were weighed and randomized to treatment 
or control groups. Mice in the treatment groups received a single ip-loading dose of 
drug. Drugs were then administered in drinking water, which contained 0.3 mg/ml 
emtricitabine. Water bottles were weighed at the beginning and the end of treatment, 
so that water consumption could be calculated. Seven days after infection, mice were 
anesthestized, weighed, and euthanized by exsanguination. Viral load in plasma was 
measured using a real-time reverse transcriptase-polymerase chain reaction (RT-PCR). 
Both emtricitabine and lamivudine were well tolerated during the seven days of the 
study with no evident toxicity. Average animal weights and daily water consumption 
for the three groups were similar. Thus average daily doses of the two drugs were 
similar, about 60 mg/kg. In the control group the geometric mean viral load was 
2.5 X 10"̂  copies/ml. Emtricitabine reduced plasma viral loads to below the limit of 
detection in all 12 treated mice, and lamivudine reduced plasma viral loads to below 
the limit of detection in 11 of the 12 treated mice. The reductions in viral loads in both 
treatment groups were statistically significant (p<\0'^) compared to control, but did not 
differ significantly from each other. 

Anti-hepadnavirus activity 

Chimeric mouse model 

The in vivo anti-hepatitis activity of emtricitabine was first tested in a chimeric mouse 
model. NIH bg-nu-xid mice were subcutaneously injected with suspensions of 10^ 
HepG2 2.2.15 cells. Subcutaneous injection of these cells resulted in the development 
of tumors of HepG2 2.2.15 cells producing HBV. HBV could be detected in serum 
samples from the tumor-bearing mice using an immunoaffinity system linked to 
quantitative PCR. 

Beginning one week postinjection, mice were dosed orally with 0.9, 3.5, 18.4 
and 88.8 mg/kg/day of emtricitabine. Comparison of tumor progression and human 
a-fetoprotein levels in control versus drugdosed mice indicated that emtricitabine did 
not have antitumor activity. However, emtricitabine at the 18.4 and 88.8 mg/kg/day 
doses did significantly reduce circulatory levels of HBV DNA. Examination of tumor 
extracts in these two dose groups revealed a marked reduction in intracellular levels of 
replication DNA HBV intermediates, including double-stranded linear DNA. 
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Transgenic SCID mice 

Anti-HBV activity has also been reported for emtricitabine in HBV transgenic SCID 
mice [32]. A group of five mice was treated with emtricitabine at 100 mg/kg/day 
ip for six days, and observed for an additional six days posttreatment. By day three 
of treatment, two mice had undetectable HBsAg, and an additional two mice cleared 
HBsAg on day five. The remaining mouse cleared HBsAg on day eight. HBV DNA 
levels in blood were determined by semiquantitative PCR at days 3, 5, 8 and 12. 
By day three of treatment, PCR signals had dropped tenfold in all of the mice. By 
day eight none of the mice had detectable HBV DNA levels by PCR. In contrast to 
lamivudine, there were no signs of rebound in the levels of HBV DNA during the 
course of treatment. 

DHBV 

Duck hepatitis B virus has been used as a surrogate virus to test the in vivo activity of 
compounds under study as potential anti-HBV drugs. Although DHBV is in a different 
genus of hepadnaviridae than HBV (avihepadnavirus rather than orthohepadnavirus), it 
has significant enough structural and biological relatedness to HBV to support its use 
as an in vivo model. Emtricitabine was first tested against DHBV in a pilot study in 
which congenitally infected ducklings were treated orally with a dose of 50 mg/kg bid. 
This study established that emtricitabine inhibited viral replication and was well 
tolerated. In a longer-term study utilizing the 50 mg/kg bid. dosing regimen, four adult 
ducks were dosed for 12 weeks. Determination of the efficacy of emtricitabine was 
not a primary goal of this study, however the compound was described as being as 
effective as 2'-CDG, which reduced viremia by tenfold after four days of treatment and 
to nearly undetectable levels within a few weeks. Liver biopsies conducted two and six 
weeks into treatment revealed a significant decHne in replicative forms of viral DNA, 
consistent with the ability of emtricitabine 5'-triphosphate to act as an alternative sub
strate inhibitor of DHBV polymerase. However, levels of cccDNA (circular covalently 
closed DNA) declined much more slowly, dropping 20%, 40% and 60% after two, six 
and 12 weeks of therapy, respectively. 

WHV 

The woodchuck hepatitis virus (WHV) and its natural host, the eastern woodchuck 
Marmota monax, are the most accepted and most frequently used model of hepatitis-
induced disease. This is principally for three reasons: (1) WHV is more similar to HBV 
than the other hepadnaviridae available in animal model systems. Both HBV and WHV 
are members of the genus orthohepadnavirus and share approximately 70% nucleotide 
sequence homology [33]; (2) the range of hepatic injury produced by chronic infections 
in woodchucks closely resembles that seen in HBV-infected humans; (3) the relative 
in vivo effectiveness of antiviral agents is comparable against WHV and HBV. 
Four antiviral agents, which had previously been studied for anti-HBV activity in 
clinical trials, were studied in WHV and the results compared back to the clinical trial 
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results [34]. This comparison showed parallel activity to that observed in the clinic and 
reinforced the utility of chronic WHV infection in woodchucks for in vivo evaluation of 
agents being developed for chronic HBV infection. 

Emtricitabine has demonstrated profound anti-hepatitis virus activity in the wood-
chuck model. In an oral dosing study, five groups of chronically infected woodchucks 
were given emtricitabine QD. at one of five doses: 0.3, 1.0, 3.0, 10 or 30 mg/kg 
for four weeks [35]. At doses of 3.0 mg/kg and greater, emtricitabine induced a statisti
cally significant reduction in both serum viremia and replicative intermediates. The 
largest reduction in viremia, approximately 4.9 log^ ,̂ and in replicative intermediates, 
approximately 80-fold, was seen at the 30 mg/kg dose. No significant effect on the 
levels of intrahepatic RNA, serum levels of WHsAg, or the appearance of antibodies to 
WHsAg or WHcAg in the serum were observed. Viremia returned to pretreatment levels 
within one to two weeks following the end of treatment at all doses. This rapid rebound 
is consistent with a lack of significant impact on levels of WHV cccDNA. 

These results are very similar to those obtained by the same group in a separate oral 
QD. dosing study of chronically infected woodchucks with lamivudine. The decreases 
in serum viremia and replicative intermediates in liver tissue produced by lamivudine 
are similar to those observed for emtricitabine at comparable exposures of drug. 
In addition, the rate and degree of viral rebound observed upon cessation of therapy was 
virtually identical for both compounds. 

CuUen et al. have studied the effect of emtricitabine on WHV in naturally infected, 
wild-caught woodchucks [36]. Animals were dosed ip at either 20 or 30 mg/kg BID for 
four weeks. Administration of the 20 mg/kg dose suppressed WHV DNA levels from 
six- to 49-fold (average of 27-fold in the six animal groups). WHV DNA polymerase in 
serum was reduced in a similar fashion. Serum DNA polymerase activity was measured 
by the incorporation of [̂ P̂] dCTP into WHV DNA. A more profound effect was seen 
at the 30 mg/kg dose. Serum WHV DNA levels were reduced from 20- to 150-fold 
(average of 56-fold) in the six animal groups. Serum DNA polymerase activity was 
similarly reduced. WHV DNA levels in the liver biopsy specimens were also reduced in 
all six of the animals in the 30 mg/kg-treatment group. Reductions ranged from 68% up 
to 98% of the pretreatment levels. The authors state that while the level of replicative 
intermediates remained close to those seen pretreatment, the WHV genome was being 
shifted toward shorter fragments. In this study, as in the study of Korba et al, levels of 
WHsAg or antibodies against WHsAg or WHcAg did not change [35]. 

In vitro resistance 

HIV resistance 

Because the emergence of drug-resistant virus is a major concern in anti-HIV 
chemotherapy and helps define the combinations within which a drug will be useful, the 
development of resistance to emtricitabine was examined by passaging virus in vitro in 
the presence of drug. In a study reported by Tisdale et al., the HXB2 strain of HIV-1 or 
the zidovudine-resistant mutant, HIV-lj^^^^. (contains D67N, K70R, T215Y, and K219Q 
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mutations), was passaged in MT4 cells in the presence of increasing concentrations of 
emtricitabine or lamivudine [11]. Rapid emergence of resistance occurred with both 
compounds. By the fourth passage of HXB2 and the second passage of HIV-lj^^^^ ,̂ 
EĈ Q values exceeded 50 jiM and by passage six, EC^^ values were in excess of 250 (iM. 
These variants were highly cross-resistant to lamivudine and emtricitabine, but showed 
no cross-resistance to zidovudine, didanosine, or nevirapine. DNA sequence analysis 
showed a change at codon 184, with methionine replaced by valine. Based on synergy 
data with zidovudine and the lack of cross-resistance, the authors suggested that 
combination of the oxathiolane analogues with zidovudine might slow the emergence of 
resistance to emtricitabine and/or lamivudine. Indeed, passaging virus in the presence 
of increasing concentrations of emtricitabine and 50 nM zidovudine was able to delay 
appreciably, but not prevent, the emergence of emtricitabine-resistant virus [11]. 

In experiments performed by Schinazi et al., the potential for HIV-1 resistance to 
develop to lamivudine and emtricitabine was evaluated by serial passage of the virus in 
human PBMCs in the presence of increasing drug concentrations [37]. Results presented 
in Figure 3 show that after two weeks of infection, 0.1 |uM lamivudine was no longer 
able to inhibit virus replication, and drug-resistant variants dominated the replicating 
virus population. In contrast, using identical conditions, emtricitabine remained highly 
active, reducing virus replication by 80%. Emtricitabine was still able to inhibit virus 
replication by 50% at week three. At week four the concentration of lamivudine was 
increased 100-fold to 10 |LIM, and the concentration of emtricitabine was increased 
tenfold to 1 juM to produce the same level of inhibition. Emtricitabine retained up to a 
tenfold potency advantage over lamivudine after four weeks of passaging. These data 
in primary human cells suggest that emtricitabine may delay the breakthrough of 
resistant viruses relative to lamivudine. 

DNA sequence analysis of the reverse transcriptase gene amplified from resistant 
viruses generated in these passaging experiments consistently identified mutations at 
codon 184, where methionine was changed to either valine or isoleucine. Resistant 
variants were cross-resistant to both emtricitabine and lamivudine, but remained 
sensitive to zalcitabine, didanosine, zidovudine, PEA, 3'-fluoro-3'-deoxythymidine 
(FLT), and two non-nucleoside reverse transcriptase inhibitors, the TIBO compound 
R82150 and the bis(heteroaryl) piperazine derivative U-87201E [37]. 

Biochemical studies were performed to quantify the change in susceptibility of 
HIV RT derived from virus resistant to emtricitabine 5'-triphosphate, lamivudine 
5'-triphosphate, and the zalcitabine 5'-triphosphate [37]. Virus particle-derived RT 
was obtained from the supernatant of human PBMCs that were infected with Ml84V 
mutant virus. The mutated enzyme was 15-fold less sensitive to inhibition by emtric
itabine 5'-triphosphate or lamivudine 5'-triphosphate than was wild type HIV^^j-RT. 
However, only a threefold decrease in susceptibility was noted for zalcitabine 
5'-triphosphate. Similar results were reported using a highly purified cloned RT 
containing the Ml84V mutation [27]. In these studies the K. values for emtricitabine 
5'-triphosphate and lamivudine 5'-triphosphate were increased 320- and 80-fold, 
respectively, compared to wild type HIV RT. Wilson et al. [38], using steady state and 
pre-steady-state kinetic analysis, examined the effect of the Ml84V mutation on HIV-1 
RT catalytic function. These kinetic studies showed that the Ml84V mutation did not 
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Figure 3. HIV-1 breakthrough in the presence of emtricitabine (•) and lamivudine (O) [37]. 

alter either the K or the k , values for the natural substrates, but did cause a 300-fold 
m cat ' 

increase in the K. for emtricitabine 5'-triphosphate. 
The clinical emergence of the Ml84V virus was first reported by Schinazi et al. in 

a patient who had received lamivudine [37]. The Ml84V mutation was also found in 
recombinant virus prepared using RNA isolated from the plasma of three patients who 
had received emtricitabine monotherapy for two weeks. Phenotypic analysis in MT-2 cells 
demonstrated all three of these viruses to be resistant to emtricitabine and cross-resistant 
to lamivudine. The EC^Q values of the recombinant virus for both emtricitabine and 
lamivudine increased greater than 50-fold relative to the EC^Q value against wild type 
HIV-l^^j. One of these isolates contained the M41L and T215Y mutations, but remained 
sensitive to inhibition by zidovudine. This observation is in keeping with a report by 
Schinazi et al. that the introduction of the Ml84V mutation against a zidovudine-resistant 
background can result in increased sensitivity to zidovudine [37]. 

Emtricitabine activity has been evaluated extensively against a panel of clinical 
isolates (Table 9). The panel consists of a series of recombinant wild type clinical 
isolates and 35 recombinant isolates containing anywhere from one to 12 mutations. 
Consistent with earlier passaging experiments, a high level of resistance is imparted 
by introduction of the Ml84V mutation against any mutation background. Moderate 
resistance to emtricitabine is seen for the highly mutated isolate (M41L, E44D, D67N, 
T69D, L74I, KlOlE, V108I, VI181, Y181C, G190A, L210W, T215Y) that contains the 
two mutations associated with moderate resistance to lamivudine (E44D, VI181). 
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Table 9. Phenotypic analysis of recombinant viruses generated from clinical isolates, analysis of 

emtricitabine resistance profile 

Genotype 

WT: LAI 

WT (n=16) 

LIOOI (A) 

LIOOI (B) 

G190A 

G333E 

M184V 

K103T 

VI081 

K103N (A) 

K103N (B) 

K103N, M184V(A) 

K103N, M184V(B) 

E138K, M184V(A) 

E138K, M184V (B) 

E13Q, M184V 

A98S,M184V 

L74V, K103N 

K101Q,E138K 

K103R, Y188C 

K103N, Y181C 

K70R, L74V, M184V 

K103T, V106I, M184V 

KIOIQ, E138K, K103N 

K103N, V108I, M184V 

T215Y, K103N, L210W 

M41L, KIOIR, M184V, T215\ 

A98S, F116Y, Q151M 

T69N, K70R, M184V, 

D67N, K70R, M184V, 

D67N, T69D, K103R, 

A62V, A98S, KIOID, 

M41L, D67N, M184V, 

D67N, K70R, E138A, 

M41L, D67N, Y181C, 

, T215Y 

K219Q 

G190A 

T219Q 

K102Q, 

, L210W 

Ml 84 V, 

Ml 84V, 

Ml 84 V 

, T215Y 

T215Y, K219E 

L210W, T215Y 

M41L, D67N, T69D, V108I, M184V, T215Y 

A62V, V75M, K103N, , F116Y, Q151M,M184V 

D67N, T69D, K70R, K103N, M184V, T215Y, K219Q 

Emtricitabine 

0.619*' 

0.64̂ ^ 

0.176 

0.595 

0.220 

1.350 

>20.00 

0.330 

0.205 

0.825 

0.680 

>20.00 

>20.00 

>20.00 

>20.00 

>20.00 

>20.00 

2.34 

1.38 

1.13 

0.55 

>20.00 

>20.00 

0.55 

>20.00 

0.73 

>20.00 

1.45 

>20.00 

>20.00 

2.58 

>20.00 

>20.00 

>20.00 

>25.00 

>20.00 

>20.00 

>20.00 

EC50 (MM)^ 

Lamivudine 

2.567'' 

2.998̂ ^ 

2.125 

2.350 

0.900 

1.265 

>50.00 

1.100 

0.650 

3.150 

4.000 

>50.00 

>20.00 

>50.00 

>50.00 

>50.00 

>50.00 

>2.26 

1.94 

1.16 

1.17 

>20.00 

>20.00 

0.48 

>20.00 

1.05 

>20.00 

0.55 

>20.00 

>50.00 

2.92 

>50.00 

>20.00 

>20.00 

>20.00 

>20.00 

>20.00 

>20.00 

Zidovudine 

0.487*' 

0.917'̂  

0.037 

0.160 

0.205 

0.260 

0.140 

0.140 

0.135 

0.595 

0.250 

0.185 

3.02 

0.145 

0.130 

0.890 

0.120 

1.87 

0.54 

0.72 

0.29 

0.90 

0.36 

0.67 

0.31 

>2.00 

>2.00 

>2.00 

1.23 

0.35 

5.75 

0.35 

>2.00 

>2.00 

>2.00 

>2.00 

>2.00 

>2.00 
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Table 9. Continued 

Genotype ECgQ (|nM)̂  

Emtricitabine Lamivudine Zidovudine 

M41L, D67N, A98G, KIOIE, K103N, M184V, G190A, 

L210W, T215Y, G333E >20.00 >20.00 >2.00 

M41L, E44D, D67N, T69D, L74I, KlOlE, V108I, 

V118I,Y181C,G190A,L210W,T215Y 7.27 6.63 1.85 

^ EĈ Q values are expressed as the median value of at least three replicates, unless otherwise noted. 

^ EC5Q values is the average value of at least 10 replicates. 

'̂  EC5Q values are the average of replicates from 16 different recombinants displaying a WT genotype. 

HBV Resistance 

Treatment of HEV-infected patients with lamivudine has been shown to be effective in 
suppressing virus replication and in reducing inflammatory activity. However, resistance 
to this agent has been documented that is associated with mutations in the YMDD motif 
in domain C of the viral DNA polymerase, analogous to changes seen in the YMDD 
motif of HIV-RT. Methionine 204 [39] had mutated to either isoleucine (M204I) or 
valine (M204V). The M204V mutation is almost always observed in conjunction with 
an additional mutation, L180M in the B domain. Because of the sequence homology 
between the active sites of HIV RT and the HBV DNA polymerase [29], the importance 
of the YMDD motif to the catalytic activity of both polymerases, and the role of 
the methionine in the resistance of HIV-1 to lamivudine and emtricitabine, it would 
be anticipated that HBV containing either the M204I or the M204V mutation is cross-
resistant to emtricitabine. Inhibition assays performed using Hep ADS 8 and HepAD79 
cells, which replicate wild type and the M204V mutant HBV, respectively [40, 41], 
confirmed that the methionine-to-valine mutation conferred resistance to emtricitabine 
as well as to lamivudine. EC^^ values for lamivudine and emtricitabine versus wild 
type and mutant HBV were 0.09 and 1.3 |iM, and 0.04 and 1.25 [oM, respectively. 
Interestingly, introduction of the M204V mutation into the HBV polymerase did 
not impart the same degree of resistance to emtricitabine or lamivudine seen upon 
introduction of the Ml84V mutation into the HIV polymerase. 

Zoulim et al. (personal communication from F. Zoulim, INSERM, France) using 
a duck (DHBV) polymerase assay reported that mutations conferring resistance to 
lamivudine showed cross-resistance to emtricitabine. In their studies, mutations were 
made in the DHBV DNA polymerase at M204 and LI80 that correspond to the M204 
and the L180 mutations in HBV. The inhibitory activity of the 5'-triphosphates of 
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lamivudine and emtricitabine was compared against wild type and mutant polymerases 
using enzyme expressed in a coupled transcription/translation rabbit reticulocyte lysate 
system. Both lamivudine 5'-triphosphate and emtricitabine 5'-triphosphate were inhibi
tors of viral minus-strand DNA synthesis, with IC^Q values of 6.1 ± 3.5 ILIM and 
8.5 ± 4.1 |LiM, respectively. When tested against the M204V-, M204I-, and M204V 
-I- L180M- containing mutants, the IC^Q values for lamivudine 5'-triphosphate and 
emtricitabine 5'-triphosphate increased markedly (>100 ILLM). In cell culture assays 
using LMH cells transiently transfected with DHBV genomes containing mutations 
M204V, M204I, or M204V + L180M, neither lamivudine nor emtricitabine showed 
any antiviral activity. 

Toxicological studies 

Cytotoxicity 

The cytotoxicity of emtricitabine has been evaluated extensively in vitro (Table 10). 
In all of the cell lines examined, cell growth was not affected at concentrations of 
emtricitabine up to and including 200 mM [7]. Similar results were obtained with 
lamivudine [8, 13,42,43]. 

Because of the apparent correlation between toxicity to bone marrow progenitor cells 
in vitro and bone marrow suppression in vivo, human bone marrow progenitor colony 
forming assays were performed. The concentration of emtricitabine required to inhibit 
the formation of granulocyte-macrophage (GFU-GM) colonies by 50% (CC^ )̂ was 
300 ± 40 |iM (n = 6). The CC^^ for erythroid colonies (BFU-E) was 220 ± 8 |LIM 
(n = 6). CĈ Q values for lamivudine are comparable with a value for GFU-GM of 
260 ± 8 iLiM and a value for BFU-E of 180 ± 2 pM [8, 14, 42]. CC^^ values of the 
(-I-) isomer of 3TC in the bone marrow progenitor cell assay were determined to be 
10 ± 2 |iM for GFU-GM and 4 ± 1 |LIM for BFU-E. It is interesting that the (-F)-isomer 
of lamivudine shows bone marrow toxicity, while the (-i-)-isomer of emtricitabine has 
CĈ Q values comparable to those of the (-)-isomer. 

Although the mechanism(s) responsible for the toxic side effects of the nucleoside 
antiviral agents is multifactorial, delayed mitochondrial toxicity is believed to be a major 
underlying contributor [44]. Previous studies on ddC-induced peripheral neuropathy 
[45] and AZT-induced myopathy [46] have revealed a depletion of mitochondrial DNA 
content in drug-treated cells. This depletion could account for toxicities observed in 
the clinic. In an effort to evaluate the potential for mitochondrial toxicity, human 
hepatoblastoma HepG2 cells were incubated with emtricitabine at concentrations 
ranging between 0.1 and 10 |LIM for two weeks [47] and up to 100 jiM for 
up to eight weeks (J. Jeffrey, personal communication. Triangle Pharmaceuticals). 
Under these conditions, emtricitabine had no adverse effects on cell growth, mitochon
drial DNA synthesis or lactic acid production. In a separate study conducted in 
HepG2 cells exposed to concentrations of emtricitabine ranging from 0.1 to 10 |LIM 
for eight days, no effects on mitochondrial morphology were observed by transmission 
electron microscopy. 
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Table 10. Cytotoxicity of emtricitabine in comparison to lamivudine and zidovudine 

CC^, (MM) 

Cells 

MT4 

PBMC 

CEM 

Vero 

IM9 

Molt 4 

HepG22.2.15 

emtricitabine 

>im\ >200^ 

>100^ 

>100% >100'̂  

>100^ 

>100b 

>100^ 

>200^ >200^ 

lamivudine 

>100% >33^ 

>100^ 

>100% >100b 

>100^ 

>100b 

>100b 

>200^ 

zidovudine 

20% > 100^ 

>100^ 

14.3% >6^ 

28.0^ 

70^ 

10^ 

>200^ 

[13] 

[42] 

[14] 

In vivo toxicology 

The preclinical toxicology profile of emtricitabine is extremely favorable [48]. 
In six-month mouse and one-year monkey studies, CD-I mice were dosed orally up to 
3000 mg/kg/day, and cynomolgus monkeys were dosed orally up to 500 mg/kg/day. 
IMild, reversible anemia was the only observed toxicity. Anemia occurred only at the 
highest doses tested, where plasma exposures (AUCQ 4̂) in mice were approximately 
150-fold human exposures at the proposed dose of 200 mg/day, and in monkeys, 
where plasma exposures exceeded 25-fold human exposures. In accord with in vivo 
studies, mitochondria in liver, heart and skeletal muscle examined by transmission 
election microscopy were normal in mice given oral doses of emtricitabine at 
3000 mg/kg/day for six months. 

Emtricitabine had no effect on reproduction or development at exposures approxi
mately 100 times human exposure. Reproductive toxicity studies consisted of fertility 
studies in CD-I mice and in CD male rats. Developmental toxicology studies were 
conducted in pregnant mice and in pregnant New Zealand white rabbits. 

Genetic toxicology studies consisting of an Ames assay, a mouse lymphoma 
assay and an assay using Chinese hamster ovary (CHO) cells to detect chromosomal 
aberrations were all negative. 
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Preclinical pharmacokinetics, metabolism and excretion 

The pharmacokinetics, metabolism and excretion of emtricitabine have been investigated 
in mice, rats and cynomolgus monkeys after single and repeated dosing [49, 50]. 
Emtricitabine is rapidly and well absorbed after oral administration in all three 
species, with oral bioavailability ranging from 58% to 97%. Peak plasma emtricitabine 
concentrations occur between 0.5 to 2.5 hours post dose. Plasma concentrations of 
emtricitabine expressed as AUC increase linearly with dose over a wide dose range 
(up to 1500 mg/kg/day in mice and 500 mg/kg/day in monkeys). Plasma emtricitabine 
is eliminated with a half-life (i^^^) of one to four hours and a total body clearance of 
-1.5 L/kg/hr in rats and - 0.7 LA:g/hr in monkeys. 

Emtricitabine has a volume of distribution (Vd̂ ,̂ 0.8 - 1.5 L/kg) sHghtly larger 
than the total body water in all species, suggesting that it is distributed into both the 
intracellular and extracellular fluid spaces. The fraction of protein-bound emtricitabine 
in plasma is <4% for all species. 

Tissue distribution studies of ^"^C-emtricitabine in rats and monkeys confirm that 
emtricitabine is widely distributed to all tissues [51]. The ^"^C-radioactivity concentra
tions in tissues generally decline in parallel with those in plasma, with no indication 
of drug accumulation. Virtually no radioactivity remains in the body at 72 hours post-
dosing. The "̂̂C concentrations in the kidneys, gut and liver exceed those in plasma, 
while concentrations in CNS tissues were <10% of those in plasma. Renal excretion of 
unchanged drug is the principal route of emtricitabine eUmination. In rats, 91% of the 

'̂̂ C-emtricitabine dose was recovered in the urine after an IV dose, and 74% after an 
oral dose. Approximately 67% and 41% of an oral "̂̂C dose was recovered in the urine 
of mice and monkeys, respectively. The majority of the dose recovered in the feces 
after an oral dose most likely represents unabsorbed drug. Renal clearance of emtric
itabine generally exceeded the glomerular filtration rate, suggesting that emtricitabine 
is excreted by renal tubules. In all three species, metabolism is a minor route of emtricitabi
ne elimination. Over 90% (mice) and 64% (monkeys) of radioactivity recovered in urine 
was unchanged drug. The principal metabolites, the isomeric 3'-sulfoxides, accounted 
for -2% of the dose in mice, 2.6% in rats and 8% in monkeys. The only other metabolite 
detectable in monkey urine was a 2'-glucuronide metabolite, which accounted for 
1.1% of the dose. In mice, very minor metabolites, the 2'-glucuronide, 5'-fluorouridine 
(all <l-2% of dose) were detected. No 5'-flurouracil was detected in any species. 

Clinical development — HIV 

Clinical pharmacology (human pharmacokinetic) phase I/II studies 

The PK and disposition of emtricitabine following single- or multiple-dose administra
tion have been extensively characterized. Emtricitabine is rapidly and well absorbed 
following oral administration, with steady-state plasma concentrations reaching levels 
several-fold above the mean in vitro EC^^ value for anti-HIV activity (Figure 4). At 24 
hours post-dose, plasma trough concentrations following a 200 mg QD dose exceeded 
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the mean in vitro EC^Q for anti-HIV activity by about fourfold. Based on extrapolation of 
this data, plasma emtricitabine concentrations are expected to be within the range of the 
EĈ Q at 48 hours post-dose, and within the range of EC^^ at 72 hours post-dose. 

Emtricitabine disposition follows linear kinetics with small inter-subject variability, 
predictable steady-state concentrations and dose proportionality over a wide dose range. 
The high concentrations and long half-lives of emtricitabine in plasma (8-9 hours) 
and emtricitabine-5'-triphosphate (>39 hours) in peripheral blood mononuclear cells 
(PBMCs) support once daily dosing. Renal excretion of unchanged drug is the principal 
route of emtricitabine elimination from plasma, and thus presents little potential for 
metabolic drug interactions. Plasma AUC and total body clearance appear to be 
correlated with creatinine clearance. A pediatric dose of 6 mg/kg QD has been identified 
and is under evaluation in phase II studies. 
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Figure 4. Mean steady-state plasma emtricitabine concentrations following a 25 mg, 100 mg QD, 100 mg BID, 

200 mg QD or 200 mg BID dosing regimen. 

Drug interaction studies 

The PK of emtricitabine was not significantly affected when it was coadministered with 
either zidovudine (ZDV) or stavudine (d4T). A single dose of emtricitabine had no 
clinically significant PK effect on d4T, but did increase the AUC and C^̂ ^ of ZDV by 
26% and 66%, respectively. Due to large intersubject variabihty and the small sample 
size (n = 6), the actual extent of interaction may be less than that reported in this study. 
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In addition, the moderate increase in ZDV exposure observed would not be expected to 
be clinically significant. No clinically significant PK interactions between emtricitabine 
and the protease inhibitor indinavir, or the non-nucleoside reverse transcriptase inhibitor 
emivirine were observed following a single oral administration of emtricitabine to 
12 subjects. In a study of nine treatment-naive, HIV-infected patients enrolled in the 
ANRS091 trial, the simultaneous administration of FTC, ddl and efavirenz did not 
significantly affect the PK of any of these drugs. 

Because emtricitabine is primarily eliminated as unchanged drug in urine, a study 
focusing on the potential interactions between emtricitabine and famciclovir at the site 
of urinary excretion was conducted. Famciclovir was chosen as a typical drug for this 
evaluation because its active form in plasma (penciclovir) is primarily eliminated in 
urine. No interactions were seen. 

Dose selection trials 

Two short-term monotherapy trials were conducted to define a dosage regimen for 
use in Phase III therapeutic trials, FTC-101 and FTC-102. Protocol FTC-101 was an 
open-label, sequential, dose-ranging trial evaluating the in vivo antiviral activity of 
emtricitabine in HIV-infected patients given 14 days of monotherapy at 25 mg BID, 
100 mg QD, 100 mg BID, 200 mg QD, and 200 mg BID. A total of 41 patients (N = 8 or 
9 per dose group) naive to lamivudine and abacavir were enrolled. At screening, CD4"̂  
cell count ranged from 198 to 1071 cells/mm^ and plasma HIV-1 RNA ranged from 
3.9 to 5.9 loĝ Q copies/mL. Plasma HIV-1 RNA was measured at baseline and frequently 
over the 14 days of treatment. The pharmacokinetics of emtricitabine in plasma and 
emtricitabine 5'-triphosphate levels in PBMCs were also evaluated. 

Potent antiretroviral activity occurred in all dosage cohorts, with a strong trend 
towards greater activity at the higher doses (Figure 5). Viral suppression in the 200 mg 
QD group was comparable to that observed in the 200 mg BID group. The 200 mg QD 
dose group showed a median drop from baseline at day 15 of 1.9 logj^, as compared to 
1.3, 1.5, 1.7, and 1.9 log^^ for the 25 mg BID, 100 mg QD, 100 mg BID, and 200 mg 
BID dose groups, respectively. The onset of anti-HIV activity occurred within 48 hours 
of initiating emtricitabine dosing with the most rapid viral load decline occurring 
between days 3 and 8. Results of statistical analyses of HIV-1 RNA AAUCMB 
(average area under the curve minus baseline), change from baseline at day 15 (last day 
on study treatment), and maximum change from baseline, consistently supported the 
dose-response relationship and the maximal antiviral effect at the 200 mg QD and 
200 mg BID doses. 

Protocol FTC-102 was an open-label, randomized, parallel-group monotherapy trial 
comparing three once-daily dosage regimens of emtricitabine (25 mg, 100 mg and 
200 mg QD) and the approved lamivudine regimen (150 mg BID) during 10 days of 
monotherapy. A total of 81 patients, naive to lamivudine and abacavir, were randomized 
to one of the four treatment regimens. At screening, median CD4"̂  cell count ranged 
from 350 to 431 cells/mm^ and median plasma HIV-1 RNA ranged from 4.3 to 4.7 log^^ 
copies/mL. Plasma HIV-1 RNA levels were measured at baseline and frequently over 
the 10 days of treatment. 
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Figure 5. Study FTC-101: Median change in HIV-1 RNA from baseline. 

This randomized, controlled study confirmed the dose-response results of FTC-101, 
with the most potent antiviral activity occurring in the emtricitabine 200 mg QD 
dose group (Figure 6). Median change from baseline at day 11 was 1.50, 1.58, and 
1.69 logjQ for the 25, 100 and 200 mg QD emtricitabine doses, respectively, and was 
1.48 logjQ for the 150 mg BID lamivudine dose. Results from statistical analyses of 
HIV-1 RNA AAUCMB, change from baseline at day 11 (last day on study treatment), 
and maximum change from baseline consistently distinguish 200 mg QD from the 
lower emtricitabine doses. 

In addition to the greater activity of emtricitabine 200 mg QD based on change from 
baseline in HIV-1 RNA, there was also a greater proportion of patients who achieved 
the limit of assay detection (400 copies/mL) or who had a two log^^ decrease from 
baseline on the FTC 200 mg QD dose (Figure 7). 

The dose-response relationship was further evaluated by correlating HIV-RNA 
AAUCMB with emtricitabine daily dose using a pharmacological E^^^ model, 
E = (E^^^ • Dose)/(EC5Q + Dose). The pharmacological dose-response curves show that 
the effect of emtricitabine on HIV-1 RNA suppression had reached the maximal effect 
at doses > 200 mg per day. Very little additional effect on HIV-1 RNA suppression was 
observed with increasing the dose from 200 mg to 400 mg per day. 
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Figure 7. FTC-102: Proportion of patients with HIV-1 RNA < 400 copies/mL or >2 log^^ decrease 

from baseline. 

The steady-state plasma and intracellular pharmacokinetics of emtricitabine support the 
selection of a 200 mg QD dose. The steady-state intracellular emtricitabine 5'-triphosphate 
concentrations increased in a dose-related fashion, reaching an apparent plateau level 
at emtricitabine daily doses of 200 mg or greater. The clinical antiviral activity 
correlates well with the intracellular 5'-triphosphate levels in PBMCs (Figure 8). As the 
emtricitabine dose increased, intracellular emtricitabine 5'-triphosphate levels and viral 
load suppression increased, reaching an apparent plateau at daily doses of >200 mg. 
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ofPBMCs. 

Phase II/III clinical studies 

A series of phase II/III clinical studies have been conducted with emtricitabine. An 
overview of each study is given below. 

FTC-201: A Pilot Study Evaluating the Efficacy and Tolerance of the Combination 
Emtricitabine + ddl + efavirenz Administered Once Daily in the Treatment of HIV-1-
Infectedy Antiretroviral-Ndive Patients (ANRS091-Montana Study). 

This Phase II study is being conducted by the ANRS (Agence Nationale de la Recherche 
sur le SID A, Paris France) to evaluate a once-daily regimen of FTC + ddl + efavirenz. 
To date, 34 of 40 treatment-naive patients have completed 96 weeks. Results 
demonstrate durable antiviral and immunologic effects lasting for the 96-week period 
using a fully once-a-day regimen. Using a non-completer-equals-failure analysis at 
96 weeks, 85% and 80% of patients maintained a plasma HIV RNA level below 400 and 
50 copies/mL, respectively. There was a median CD4"̂  cell count rise of 259 cells/|aL 
at week 96. Overall, the regimen has been well tolerated. The most common treatment-
related adverse events occurred during the first 24 weeks of the study, and were mild 
to moderate in severity. 
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FTC-303: A Randomized, Open-Label Equivalence Study of Emtricitabine Versus 
Lamivudine in Patients on a Stable Triple Antiretroviral Therapy Regimen Containing 
Lamivudine Plus Stavudine or Zidovudine, and a Protease Inhibitor or a Non-Nucleoside 
Reverse Transcriptase Inhibitor. 

Study FTC-303 was a randomized (2:1), open-label, 48-week equivalence study of FTC 
vs. 3TC in 440 patients on a stable (HIV RNA < 400 copies/mL) triple therapy regimen 
(>12 weeks) containing 3TC. Patients were randomized to continue 3TC or switch to 
FTC by screening viral load (<50 and >50-400 copies/mL) and by the presence of a 
protease inhibitor or non-nucleoside reverse transcriptase inhibitor in their regimens. 
At entry, the treatment groups were comparable with regard to race, gender, age, and 
baseline disease. Patients had a mean age of 41.5 (range 22-80) years, 64% were 
Caucasian, and 86% male. Median baseline CD4"̂  cell count was 488 (range 37-1909) 
cells/mm^ and median plasma HIV-1 RNA was 50 copies/mL. The median duration of 
previous antiretroviral therapy was 28 months. 

Overall, 79% of patients completed the 48-week study. The reasons for early 
termination from the study were similar between treatment groups. Thirteen (4%) 
patients in the FTC group discontinued the study early due to an adverse event, while 
one patient (1%) died due to a heroin overdose in the 3TC group. Through 48 weeks of 
therapy, the proportion of patients who had confirmed virological loss of response was 
7.8% in the FTC arm and 7.5% in the 3TC arm. These findings support the conclusion 
of equivalent safety and virologic efficacy of 200 mg once daily FTC compared to 
150 mg 3TC administered twice daily. 

FTC-302: A Randomized, Double-Blind Equivalence Trial Comparing Emtricitabine 
to Lamivudine within a Triple Combination Regimen in Antiretroviral-Drug-Na'ive, 
HIV-1 Infected Patients. 

Study FTC-302 was a randomized, double-blind equivalence study of FTC versus 
3TC in combination with stavudine and either nevirapine (patients with HIV-1 RNA 
> 100,000 copies/mL) or efavirenz (patients with HIV-1 RNA > 100,000 copies/mL) 
in 468 anti-retroviral-naiVe patients. Of the 468 patients treated, 385 (82%) received 
FTC/3TC plus stavudine and nevirapine, while 83 (18%) received FTC/3TC plus 
stavudine and efavirenz. Seventy-four percent (74%) of the patients completed 48 
weeks of therapy. The treatment groups were comparable with regard to race, gender, 
age, and baseline characteristics. Median age at entry was 32 years (range 18-63), 
77% were black African, and 59% were female. Median screening CD4"̂  cell count 
was 373 cells/mm^ (range 140-1455), and median plasma HIV-1 RNA was 4.6 log^^ 
copies/mL. 

The majority of patients in both treatment arms achieved and maintained a plasma 
HIV-1 RNA < 400 copies/mL through 48 weeks (65% receiving FTC and 71% receiving 
3TC), with 60% (FTC) and 64% (3TC) of patients having a plasma HIV-1 RNA < 
50 copies/mL at week 48. 

Thirty-three FTC-treated patients (14%) and 23 3TC-treated patients (10%) were 
confirmed virological failures during the study. Interestingly, more of the FTC-treated 
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virologic failures (13/33, 39%) had no genotypic changes associated with the medica
tions used in the triple therapy regimen, compared to only three (18%) of the 
3TC-treated patients. Seven (21%) and 11 (48%) of the FTC- and the 3TC-treated 
patients, respectively, had the Ml84V mutation at time of failure. The immunologic 
benefit observed through week 48 was comparable in each treatment arm, with a mean 
increase from baseline in absolute CD4'̂  cell count of approximately 200 cells/mm^ 
and a 10% increase in CD4%. 

Eleven percent of the patients in each treatment arm discontinued blinded study 
medication due to an adverse event during the study, with the majority of these 
discontinuations associated with hepatotoxicities attributed to the use of nevirapine in 
the triple therapy regimen. 

These results confirm that patients in both treatment arms of study FTC-302 derived 
significant virologic and immunologic benefit during the trial. Results from this trial 
compare favorably to other randomized, well-controlled, international clinical trials 
using standard-of-care triple therapy regimens and support the conclusion of equivalent 
efficacy and safety of FTC with 3TC [52]. 

Clinical development - HBV 

FTCB-101 was a pilot dose-selection study designed to examine the pharmacokinetics 
and activity of emtricitabine for the treatment of chronic HBV infection [53]. Five 
once-daily doses of emtricitabine (25 mg, 50 mg, 100 mg, 200 mg and 300 mg) were 
evaluated sequentially for eight weeks in cohorts each consisting of at least eight 
patients with chronic HBV infection. Patients were positive for HBsAg and HBV DNA, 
and naive to nucleoside analog therapy. 

Pharmacokinetic analysis showed emtricitabine to be well absorbed after oral 
administration, with plasma concentrations reaching levels above the EC^^ at all doses 
with once-daily administration. The elimination half-life of emtricitabine from plasma 
ranged from six to 10 hours, and the steady-state plasma concentrations increased nearly 
dose proportionally over the 25 mg to 300 mg dose range. 

Suppression of HBV DNA depended on baseline viral load and assay sensitivity. 
On completion of dosing (day 56), HBV DNA suppression reached undetectable 
levels when assayed by the Digene Hybrid Capture Assay (lower limit of detection 
145,000 copies/ml) at low and moderate baseline viral loads and showed a dose effect at 
high baseline viral load. Using the Chiron Amplicor® HBV Monitor assay (lower limit 
of detection 400 copies/ml), HBV suppression of greater than 4.0 log^^ was observed. 
The absolute interpretation of dose response was complicated in this study by differing 
viral loads at baseline between cohorts and by sequential enrollment. 

Consistent with what has been reported in HIV trials, emtricitabine was well tolerated. 
There were no serious adverse events, and no patient was intolerant to the drug. The only 
observed adverse event of grade II-III severity was headache, which occurred in more 
than 10% of patients (11% overall). 

FTC-102 is a double-blind, randomized trial to evaluate three doses of emtricitabine, 
25 mg, 100 mg and 200 mg qd [22, 54]. A total of 98 patients were enrolled, 32 in the 
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25 mg dose cohort and 33 each in the 100 and 200 mg dose cohorts. The mean age of 
the patients was 37 years; 70% were male and 88% were of Asian ethnicity. There were 
no important demographic differences among dose cohorts. The median baseline viral 
load (logjQ c/ml) was 7.57, 7.68 and 7.42 in the 25 mg qd, 100 mg qd and 200 mg qd 
cohorts, respectively. The initial treatment period was set at 24 weeks, but was extended 
in a blinded fashion through 48 weeks. 

Emtricitabine produced potent inhibition of HBV DNA in a dose-dependent manner. 
The median change from baseline in HBV DNA for the 25, 100 and 200 mg qd 
dose groups was 1.7, 3.1 and 3.2 log^ ,̂ respectively. A similar dose response was seen in 
suppression of HBV DNA when analyzed by AAUCMB. However, differences between 
doses were pronounced when HBV suppression was viewed as the percentage of patients 
in whom viral load falls below the limit of detection (LOD). The percent of patients with 
HBV DNA below the LOD (4700/CmL) was 38% in the 25 mg qd dose cohort, 42% in 
the 100 mg qd dose cohort and 61% in the 200 mg qd dose cohort. 

Based on this data the 200 mg qd dose was selected for evaluation in pivotal 
therapeutic trials, FTCB-301. FTCB-301 is a double-blind, randomized, placebo-
controlled pivotal study designed to prove the safety and efficacy of the emtricitabine 
200 mg qd dose for the treatment of chronic HBV infection. 

Epilogue 

It is apparent that emtricitabine represents one of the most potent anti-HIV agents 
identified to date, producing an almost two log^^ drop in viral load as monotherapy at 
a 200 mg qd dose. In addition, the clinical profile of emtricitabine has demonstrated 
the following key features: 1) a plasma half-life of approximately eight to 10 hours with 
linear kinetics, 2) an intracellular emtricitabine 5'-triphosphate half-life of greater than 
39 hours, which supports once daily dosing, 3) no significant drug - drug interactions 
which would limit the use of emtricitabine in combination therapy, 4) comparable 
safety and efficacy to lamivudine, 5) a low incidence of Ml84V mutations. This is an 
extremely important observation which suggests that emtricitabine could increase the 
durability of oxathiolane nucleoside analog-containing drug regimens. 

Although the HBV clinical development program is just entering the pivotal phase, 
there are already data to suggest that at the same 200 mg qd dose selected for HIV 
development, there is a lower incidence of the rtM204V mutation than has historically 
been reported for lamivudine [55]. As with HIV, this observation holds out the 
possibility of more durable therapy for the treatment of chronic HBV infection. It also 
suggests that emtricitabine will be an extremely important drug for the treatment of 
patients coinfected with HIV and HBV. 
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Abstract 

Background 

It was reported that the HCV envelope protein E2 binds to human CD81, a tetraspanin 
expressed on hepatocytes and lymphocytes. Inhibitors of this binding could prevent 
HCV transmission. 

Objectives 

The objectives were to determine the level of expression in continuous cell culture 
systems and primary human cells to develop therapeutic modalities that prevent the 
binding of HCV to the CD81 receptor, and to determine which of nine cell systems 
(PBM, human peripheral blood mononuclear cells; CEM, human T-cell lymphoma cells; 
Vero, African green monkey kidney cells; SK-MES-1, human lung squamous carcinoma 
cells; SK-MEL-28, human melanoma cells; HepG2, human liver carcinoma cells; JY, 
human B-cells; BL41, human B-cells; and 9L, rat glioma cells) had the highest CD81 
expression using flow cytometric analysis. Using the best cell system (CEM cells), 
23 polyoxometalates, a bicyclam, and three sulfated alkyl oligosaccharides were 
evaluated for their ability to inhibit CD81 binding. 

Methods 

Single cell suspensions were prepared of each cell line. Cells were washed with PBS 
and then incubated with either an isotype control or CD81-PE. Cells were washed 
with PBS and fixed with 1% paraformaldehyde, then analyzed on a FACScalibur cell 
sorter. The cells were incubated for one hour with the compounds (100 jiM), washed 
and processed as above. 
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Results 

The order of percent increase in fluorescence of R-Phycoerythrin conjugated anti-human 
CD81 compared to isotype control was found to be CEM (99%) = Vero (99) = JY (98) 
= BL-41 (98) = PBM (98) = SK-MEL-28 (97) > SK-MES-1 (88) » 9L (1) > HepG2 
(0). Since CEM expressed a high level of CD81 receptors, studies were initiated to 
determine if polyoxometalates, a bicyclam, and sulfated alkyl oligosaccharides could 
specifically prevent binding to the receptor. None of the 27 compounds evaluated 
demonstrated inhibition of greater than 50% at 100 JLLM. 

Conclusions 

The lack of CD81 receptors on human HepG2 cells may explain the inability to infect 
these cells with HCV. The results indicate that the capacity to mediate or inhibit HCV 
attachment by CD81 should be studied in primary human lymphocytes (such as CEM 
cells), B cells or Vero cells. Certain compounds that were known to inhibit HIV-lj^^j 
modestly inhibited CD81 binding. 

Introduction 

Hepatitis C virus (HCV) is a medically important human pathogen. This virus infects 
approximately 170 million people worldwide, yet there is no vaccine available [1]. 
Treatment of HCV with alpha interferon alone or in combination with ribavirin is 
only efficacious in a small portion of infected individuals [2]. The need is great for 
more effective antiviral drugs that are orally bioavailable for HCV. Specific antiviral 
agents are needed to block direct viral replication, prevent ongoing infection of normal 
hepatocytes, and progression to hepatocellular carcinoma [3]. Research has identified 
and characterized new targets for HCV, such as the HCV serine protease [4], helicase 
[5] and HCV RNA-dependent RNA polymerase (RDRP) [6]. Additional targets for 
antiviral studies are core and envelope proteins, the internal ribosomal entry site, and 
most recently CD81 [7]. 

It was reported that the HCV envelope protein E2 binds to human CD81, a tetraspanin 
expressed on hepatocytes and lymphocytes [7]. The CD81 protein is a member of the 
tetraspanin family, which contains four transmember domains with two extracellular 
loops [8, 9]. CD81 forms many molecular complexes across different species and 
cell types. The CD81 large extracellular loop (LEL) domain is highly conserved 
among primates, yet humans and chimpanzees are the only primates susceptible to 
HCV infection. The CD81 receptor on the cells of these two mammals can also bind 
HCV-E2 [7]. Similar studies in other primates, including the African green monkeys and 
tamarins, have shown that these species are naturally resistant to HCV infection [10, 11]. 
This is thought to be due to a species-specific form of CD81 in these animals, rendering 
them resistant by not permitting the requisite HCV-E2 interaction [12]. 

Inhibitors of binding HCV-E2 to CD81 could prevent or reduce HCV transmission. 
To develop a high throughput screening system for discovering antiviral agents that 
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can prevent the binding of HCV to the CD81 receptor, the level of CD81 expression 
in continuous cell culture systems and primary human cells was first determined. 
The results indicated that most mammalian cells expressed high levels of CD81 and 
were readily accessible. The next step was to evaluate compounds known to inhibit the 
binding and fusion process for other viruses including HIV, such as polyoxometalates 
[13], a bicyclam, and sulfated alkyl oligosaccharides [14] for inhibition of antibody 
binding to CD81. Nine cell systems (PBM, human peripheral blood mononuclear 
cells; CEM, human T-cell lymphoma cells; Vero, African green monkey kidney cells; 
SK-MES-1, human lung squamous carcinoma cells; SK-MEL-28, human melanoma 
cells; HepG2, human liver carcinoma cells; JY, human B-cells transformed with Epstein 
Barr virus (EBV); BL41, human Burkitt's lymphoma cells; and 9L, rat ghoma cells) 
were investigated for CD81 expression using flow cytometric analysis. 

Determination of levels of CD81 expression in cell culture systems 

Human PBM cells were obtained from the American Red Cross, and cell lines CEM, 
Vero, SK-MES-1, SK-MEL-28, HepG2, and 9L were originally obtained from the 
American Type Culture Collection (Rockville, MD). The two other cell lines (JY and 
BL41) were obtained from Dr. J. Fingeroth, Beth Israel Deaconess Medical Center 
(Boston, MA). Single cell suspensions were washed with phosphate-buffered saline 
(PBS) and resuspended in a 10% inactivated human serum (Sigma)/PBS solution. 
The cells were incubated at room temperature for 15 min, then washed once with PBS 
and resuspended at a concentration of 5 x 10̂  cells in 200 |LI1 PBS. The cells were stained 
with R-phycoerythrin-conjugated anti-human CD81 (BD Pharmingen, San Diego, CA) 
for 30 min at room temperature, washed and resuspended in 1% paraformaldehyde. 
The stained cells were then analyzed using a FACScalibur (Becton Dickinson, San 
Jose, CA) flow cytometer. Two data points were obtained: mean channel number 
(fluorescence intensity) and percent positive cells. Mean channel number (MCN) data 
were then calculated as a percent of CEM CD81 fluorescence intensity, as these 
cells expressed the highest mean channel number (highest intensity). To determine 
the percent positive cells, a region was selected around the cell population that was 
stained with the PE-conjugated isotype control IgGl (BD Pharmingen, San Diego, CA). 
Cells stained with R-phycoerythrin-conjugated anti-human CD81 outside the identical 
region were labeled positive for CD81 expression. 

Determination of the inhibition of anti-human CD81 binding on CEM cells 
by various antiviral agents 

CEM cells were washed with PBS and resuspended in a 10% human serum/PBS 
solution (Sigma). The cells were incubated at room temperature for 15 min, then 
were washed once with PBS and resuspended at a concentration of 5 x 10̂  cells 
in 100 |Lil PBS. To determine the optimum concentration for a binding inhibition 
negative control, the following concentrations of the purified human CD81 antibody 
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(positive inhibition control) were selected: 0.5, 0.05, 0.025, 0.0125, and 0.00625 |ig/ml. 
The optimum concentration was determined to be 0.025 |Lig/ml. Polyoxometalates were 
obtained from Dr. C. Hill, Department of Chemistry, Emory University, and sulfated 
alkyl oligosaccharides were obtained from Dainippon Ink and Chemicals, Chiba, Japan. 
AMDS 100 was obtained from Dr. G. Henson, AnorMED, Langley, BC, Canada. 
Stock solutions were prepared in water and then the compounds in solution were added 
to the CEM cells at 100 )iM final concentrations. The cells were then incubated at room 
temperature for one hour, and then processed as described as above. 

Determination of anti-HIV activity in human PBM cells 

Assays were performed in activated primary human PBM cells infected with HIV-1 
(strain LAI) as previously described [13]. 

Table 1. CD81 expression in different cells stained with R-phycoerythrin (R-PE)-conjugated mouse anti-

human monoclonal antibody to CD81, as determined using a FACScalibur flow cytometer. 

Cells MCN^ (% of CEM) 

CEM^ 100 

Vero'̂  96.1 

HepG2'i 0.1 

9U 0.1 

SK-MES-lf 9.5 

SK-MEL-28^ 72.4 

JY^ 40.8 

BL4r 57.9 

PBMJ 79.2 

^ MCN: mean channel number 

^ CEM: Human T-cell lymphoma 

^ Vero: African green monkey kidney 

'^ HepG2: Human liver carcinoma cell 

^ 9L: Rat glioma 

^ SK-MES-1: Human lung squamous carcinoma 

8 SK-MEL-28: Human melanoma 

^ JY: Human Burkitt's lymphoma, EBV+ 

' BL41: Human Burkitt' s lymphoma, EBV-

j PBM, Human peripheral blood mononuclear cell 

% positive 

98.7 

98 

0 

1 

90.8 

98.7 

94.1 

98.7 

99.1 

cells 
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Results 

As shown in Table 1, CEM cells expressed CD81 at the highest intensity of the nine 
cell systems tested. The CEM cell population also stained ~ 99% positive for CD81. 
Other cell systems also stained well for CD81, but some cells, such as HepG2 and 9L, 
did not. The cell systems are listed below by decreasing fluorescence intensity (mean 
channel number) of CD81-PE staining (percent, compared to CEM): Vero (96%) > PBM 
(79) > SK-MEL-28 (72) > BL41 (58) > JY (41) > SK-MES-1 (10) > HepG2 (0) = 9L (0). 
Seven cell systems were found to have over 90% of cells stain positive for CD81. 
The human HepG2 and 9L (rat glioma) cell systems did not stain over 1% of the cells 
positive for CD81. Results obtained with HepG2 cells were unexpected, as these cells 
are derived from human liver carcinoma cells. 

Table 2. Inhibition of CD81 binding by polyoxometalates, a bicyclam, and sulfated alkyl oligosaccharides 

(at 100 jiM), as measured by reduction in fluorescent staining of PE-conjugated anti-CD81. 

Competitor/Code 

None, cells ; only (+ control) 

Isotype (- control) 

5 |Lig a-human CD81 

0.5 |ig a-human CDS 1 

0.25 |ig a-

0.125 |ig 0 

0.0625 ng 

HS-005 

HS-008 

HS-OlO 

HS-026 

HS-052 

HS-053 

HS-054 

HS-055 

HS-056 

HS-057 

HS-058 

HS-OSB'̂  

HS-091 

HS-105 

human CDS 1 

L-humanCD81 

a-human CDS 1 

Treatment 

(NH4)^,Na[NaSb,W2iOg,] 

p-H,SiW,A, 

«-(NH,),P,W,,0,, 

(NH,)^,NaP3W3,0,,, 

Na^,P,W3,Ni/Hp)p,, , 

Na,,P,W3,Mn/Hp),0,i2 
Na,,P,W3,Fe/H,0)p^,, 

K^,Zn4(Hp)2(PW,034)2 

Y.^^ilY{fi\{V^P^,\ 
K^,Mn4(Hp),(PW,034)2 

K,,Fe,(Hp),(PW,03,), 

M4SiW„0390(Si(CH2) 3CH3), 

K,Mn(II)Pp^p,^ 

(Me3NH),SiW,Nb3O40 

% negative 

for CDS 1̂  

0.0 

98.8 

95.6 

96.7 

98.1 

39.1 

8.7 

3.8 

1.6 

1.9 

7.6 

0.2 

0.0 

0.0 

0.0 

0.0 

0.0 

7.8 

0.0 

0.0 

0.0 

% reduction in 

fluorescence 

intensity^ 

0.0 

100.0 

99.0 

97.2 

98.6 

84.0 

68.8 

27.1 

49.7 

6.4 

78.7 

7.8 

0.0 

0.0 

15.5 

22.7 

29.0 

37.4 

28.7 

17.1 

22.8 

HIV-ILAI 

activity 

(EC3,, MM) 

tested in 

PBMC^ 

-
-

-
-
-
-
-

0.2 

0.3 

0.9 

0.3 

0.1 

0.3 

0.4 

1.6 

4.5 

1.3 

1.7 

36.2 

0.2 

0.9 
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Table 2. Continued. 

Competitor/Code 

HS-106 

HS-122 

HS-126 

HS-131 

HS-133 

HS-136 

HS-144 

HS-146 

HS-158 

AMD-3100 

DIC-002 

DIC-003 

DIC-008 

Treatment 

(Me3NH)gSi2W,gNb^O,, 

Li,HSi,W,3Nb,0,, 

K,H3PV,W30,, 

(Me3NH)5(Nb02)SiWi^039 

(Me3NH)3(Ta02)SiW,j039 

(Me3NH)/Nb02) ^S\^f>^^ 

(Me3NH)3TaSiW„04, 

K,NbP,W,,0,, 

K^,Nb,P,W^p,, 

Bicyclam 

^-dodecyl p-D-laminari-tetraoside sulfate 

^z-dodecyl p-D-laminari-trioside sulfate 

4-t-octylphenyl p-D-laminari-pentaoside sulfate 

% negative 

forCD81i 

0.0 

3.3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

17.3 

0.4 

0.0 

0.0 

0.0 

% reduction in 

fluorescence 

intensity^ 

29.1 

18.5 

24.0 

16.2 

14.7 

18.0 

11.8 

9.7 

70.3 

1.7 

14.2 

10.7 

3.0 

HIV-ILA, 

activity 

(EC50, MM) 

tested in 

PBMC3 

0.3 

0.8 

0.8 

0.8 

1.4 

2.0 

0.2 

0.2 

0.3 

<0.1 

0.9 

7.2 

0.1 

' All data were compared to cells that were only stained with a human CD81-PE, these data were then 

given a value of percent negative. 

^ Measured by reduction in mean channel number compared to stained CEM cells. Compounds in BOLD 

are active, > 50% decrease in MCN, 

^ See reference 13 and 14. Other results were obtained in human PBM cells infected with HIY 

4- M = Me,N 
LAI' 

The inhibition of CD81 binding by three different classes of compounds are shown 
in Table 2. Three polyoxometalates (HS-008, HS-026, and HS-158) showed >50% 
reduction in fluorescence intensity at 100 |LIM. One compound (HS-158) also inhibited 
total CD81 binding by 17.3%. No sulfated alkyl oligosaccharides or bicyclam affected 
CD81 binding. All the compounds evaluated had activity against HIV-1 in primary 
human lymphocytes. 

Discussion 

Contrary to our initial hypothesis, there was no CD81 receptor expression on HepG2 
cells. This could explain the poor success of infecting these cells with HCV. It appears 
that different clones of HepG2 may express different levels of CD81 [15]. Vero cells 
expressed CD81 receptors at a high intensity. This suggests that the dissociation process 
(trypsinization) of the anchored cells did not remove the receptor. 
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The most advantageous cell system to study CD81 binding inhibition is the CEM 
system. These cells are a suspension and continuous line, they are readily available 
in most laboratories, easy to grow, and >99% of the cells express CD81 at a high 
intensity. This not only allows the determination of the percent of cells that will 
not bind with anti-CDSl after drug presence, but also the reduction in fluorescence 
intensity. The ideal candidate for CD81 binding inhibition would be a compound that 
reduces not only the fluorescence intensity, but also the actual number of cells that 
test positive for these receptors. 

The polyoxometalates that had an inhibitory effect on the binding of CD81 (HS-008, 
HS-026, and HS-158) have previously shown inhibition of other viruses. These three 
compounds had an EC^^ of 0.3 |JM against HIV-l^^^j in human PBM cells [13]. 

The significance of the CD81 receptor in the pathogenesis of HCV remains to 
be confirmed. Alternately, a coreceptor may be needed in liver cells for virus entry 
and replication. The results in CEM cells demonstrated that certain antifusion/binding 
compounds could interfere with the CD81 receptor. The availability of a reliable virus-
producing cell culture system for evaluating potential anti-HCV compounds would 
greatly accelerate this research [16]. 
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The natural history of chronic hepatitis C virus (HCV) infection suggests that there is 
a sequential but slow progression from acute HCV infection to chronic infection and 
cirrhosis, leading to death from either liver failure or hepatocellular carcinoma (HCC) 
[1-11]. Although chronic hepatitis, cirrhosis, and HCC are now accepted sequelae, their 
frequency and the rate of development of decompensation and HCC by which they 
contribute to mortality are not well known yet. Current knowledge comes mainly from 
retrospective studies. In contrast, prospective studies with long-term observation are rare. 
Thus, the natural history of chronic HCV infection could only be made by the summation 
of short-term prospective studies as well as a variety of retrospective studies. 

Natural course of disease progression 

Development of cirrhosis 

Chronic infection with hepatitis C virus is a major cause of cirrhosis and hepatocellular 
carcinoma worldwide [11-19]. Chronic hepatitis C is a disease with considerable 
mortality and morbidity when the disease stage reaches cirrhosis, and HCC and 
decompensation occur in a large proportion of patients with HCV-related cirrhosis 
[7-9]. Many previous retrospective studies show that HCC and decompensation occur 
in a large proportion of advanced-stage chronic hepatitis C patients and compensated 
cirrhotic patients with HCV infection. Fattovich et al. [12] and Niederau C et al. 
[13] demonstrated that chronic hepatitis C is a disease with considerable mortality 
and morbidity, particularly when cirrhosis is present at diagnosis. Furthermore, Bonis 
et al. [14] recently showed that history of decompensation and serum albumin are 
useful for predicting the development of HCC, the need for liver transplantation, and 
death due to liver disease. 

Although data have been collected from selected cases or from studies with relatively 
short follow-up periods [7-19] (Table 1), Yano et al. clarified the slowly progressive 
change of liver fibrosis by evaluating a fibrosis stage using two to ten biopsies during 
a mean follow-up period of 8.8 years (range: 1-26 years) in 70 chronic hepatitis C 
patients. Furthermore, they revealed that cirrhosis developed at a rate of 5% yearly 
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among these patients. These data suggest that it takes approximately 20 years before 
developing cirrhosis after the onset of chronic hepatitis C. Furthermore, Fattovich [12] 
and Serfaty [18] showed that chronic hepatitis C is a disease with considerable mortality 
and morbidity with decompensation, particularly when cirrhosis is present at diagnosis, 
and the rate of decompensation ranged from 3.6% to 5% yearly. In addition, patients 
with compensated cirrhosis also progressed slowly, but once decompensation develops, 
the disease will be more progressive and results in higher mortality [20]. 

Concerning progression, alcohol intake is an independent risk factor in the clinical 
and histologic progression of HCV infection, and the latter is associated with the age 
of the patient, HCV genotype and viral level [21-23]. However, a precise mechanism 
has not yet been clarified. A recent study also showed that HIV seropositivity, alcohol 
consumption, age at HCV infection and severe immunosuppression are also associated 
with an increase in the fibrosis progression rate [24]. 

Development of hepatocellular carcinoma 

The yearly incidence of HCC is approximately 3% in the various retrospective series 
of Caucasian patients with HCV-related compensated cirrhosis, in contrast to a 5-7% 
yearly incidence in Japan (Table 1), and risk factors for HCC include age (more than 60 
years old), gender (male), advanced fibrosis staging (F3/4 vs. Fl/2), histologic activity 
score, high ALT level, and IFN therapy. 

Recently, annual incidence of HCC development was precisely calculated by Yoshida 
et al. [19] in the study Japanese National Surveillance Program of Inhibition of 
Hepatocarcinogenesis by Interferon Therapy (IHIT) using a large number of patients 
(2,890 patients; 490 were untreated and 2,400 were IFN treated.) with a moderately 
long observation period (4.3 years), indicating that the incidence of HCC was different 
according to the stage of fibrosis (Table 4). They clearly showed that the annual incidence 
of HCC was 0.4% for patients with Fl, 2% for F2, 5% for F3, and 8% for F4. This high 
incidence of HCC in Japan may be partly due to the prevalence of periodic screening 
for HCC, with accurate diagnosis of HCC using ultrasonograhy, dynamic CT, and MR 
imaging in outpatient clinics in Japan. However, although there may be a high frequency 
of prior HBV infection among these patients, the difference in annual incidence of HCC 
between Asian and European countries should be clarified on the basis of detection 
modalities and screening for HCC development, as well as HBV viral markers. 

Histological evaluation 

Histological approaches to the assessment of disease progression and interferon (IFN) 
response have several limitations; factors influencing the interpretation of histological 
findings include sample variation, different or inconsistent definitions of pathological 
findings, the intra- and inter-observer variations in evaluation of histology, and the 
evaluation of an ordinal scale with nonconstant intervals in the case of paired biopsies. 
In spite of these difficulties, histological changes have become an important indicator of 
disease progression and treatment effect using several simple scoring systems. 
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Table 1. Annual frequency of disease progression and HCC development in patients with HCV infection 

Author (Ref) (year) Cirrhosis 

progression 

HCC 

development 

Colombo M (7) (1991) Cirrhosis (n = 189) 

Nishiguchi S (15) (1995) 

Cirrhosis (n = 45) 

2.6% yearly 

Yano M (10) (1996) 

Mazella G (16) (1996) 

Fattovich G (12) (1997) 

Bruno S(17)(1997) 

SerfatyL(18)(1998) 

Cirrhosis (n = 103) 

Niederau C (13) (1998) 

CH (n = 838) 

Bonis PAL (14) (1999) 

YoshidaH(19)(1999) 

CH(n = 70) 

Cirrhosis (n = 92) 

CH (n = 384) 

[Cirrhosis (n = 136)] 

Cirrhosis (n = 163) 

5% yearly 

[Cirrhosis (n = 130)] 

CH (n = 256) 

CH (n = 490) 

Fl 

F2 

F3 (Pre-cirrhosis) 

F4 (Cirrhosis) 

6.9% yearly 

5% yearly 

(3% yearly; low-grade activity) 

3.6% yearly 

(decompensation) 

3.3% yearly 

(decompensation) 

0.5% yearly 

3.4% yearly 

1.4% yearly 

2.7% yearly 

1.9% yearly 

0.4% yearly 

2.0% yearly 

5.3% yearly 

7.9% yearly 

CH: chronic hepatitis, HCC: hepatocellular carcinoma 

(n = ): number of patients 

(decompensated): incidence of decompensated cirrhosis 

Histological scoring system 

Histologic assessment has been evaluated according to validated scoring systems, mostly 
using the semiquantitative score proposed by Knodell or Scheuer [25, 26] (Table 2). 
Four categories are assessed according to the scoring system of Knodell; piecemeal 
necrosis and bridging necrosis, intralobular necrosis, portal inflammation, and fibrosis. 
Three categories are assessed in the scoring system of Scheuer; portal/periportal activity, 
lobular activity and fibrosis. Instead of these complex scoring systems using several 
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Table 2. Histological scoring systems 

(a) Knodell score 

Piecemeal necrosis and bridging necrosis 

0: non 

l:mildPMN 

3: moderate PMN (<50% of the most portal tract) 

4: marked PMN (>50% of the most portal tract) 

5: moderate PMN plus bridging necrosis 

10: multilobular necrosis 

Intralobular necrosis 

0: non 

1: foci of hepatocellular necrosis <l/3 of lobule 

3: foci of hepatocellular necrosis 1/3-2/3 of lobule 

4: foci of hepatocellular necrosis >2/3 of lobule 

Portal inflammation 

0: non 

limild 

3: moderate 

4: marked 

Fibrosis 

0: non 

1: fibrous portal expansion 

3: bridging fibrosis 

4: cirrhosis 

(b) Scheuer score 

Portal/periportal activity 

0: absent 

1: portal inflammation 

2: mild piecemeal necrosis 

3: moderate piecemeal necrosis 

4: severe piecemeal necrosis 

Lobular activity 

0: absent 

1: inflammation but no necrosis 

2: focal necrosis or acidophil bodies 

3: severe focal cell damage 

4: bridging necrosis 

Fibrosis 

0; absent 

1: enlarged, fibrotic portal tract 

2: periportal or portal-portal septa, but intact architecture 

3: fibrosis with aechitectural distortion, but no obvious cirrhosis 

4: probable or definite cirrhosis 
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Table 2. continued 

(c) METAVIR score 

Activity grade 

AO: non 

Al: mild 

A2: moderate 

A3: severe 

Fibrosis stage 

FO: non 

Fl: portal fibrosis without septa 

F2: few septa 

F3: numerous septa without cirrhosis 

F4: cirrhosis 

categories, histological features of chronic hepatitis have recently been classified into 
two simple categories: necroinflammatory activity and fibrosis, based on the distinction 
between necroinflammatory activity (the grade of disease) and the fibrosis (the stage of 
disease) [27-30]. The simple scoring system proposed by the METAVIR group and by 
Desmet et al. offers more reproducibility than the use of a numerical index in terms of 
intra-observer and inter-observer variation. 

Natural course of histologic activity grade and fibrosis progression 

Several studies using untreated patients as controls in the randomized control studies 
revealed that the activity grade of untreated chronic hepatitis C patients was not changed 
during 24-72 weeks of observation [31-37] (Table 3). Progression of fibrosis could 
not be defined in the short-term observation (Table 3). Only a couple of studies by 
Yano [10] and Shiratori [38] showed changes in inflammation and fibrosis stage of the 
liver using more than a couple of biopsy specimens over one to 25 years, indicating 
a slow progression of fibrosis in chronic hepatitis C (Table 4). Histological activity 
grade sometimes correlates well with clinical and biochemical assessments, but precise 
correlation of biochemical tests and histological grading has not been defined. 

Recently, by using an equation for suspected estimation of the fibrosis progression 
rate from the value of fibrosis score (estimated by using a simple semiquantitative 
scoring system of fibrosis stage from FO to F4) and the suspected date of infection 
(blood transfusion or intravenous drug use) (Table 5-a), Poynard et al. [39] evaluated 
the natural course of fibrosis progression rate in patients with chronic hepatitis C as 
0.133/year (Table 6). They also clarified that the fibrosis progression rate was much 
higher in patients who were alcohol drinkers (0.168 unit/year) and male. In contrast, 
Mathurin et al. [40] show that persistently normal ALT levels are correlated with a 
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Table 3. Short-term histological change in activity grade and fibrosis stage in HCV-infected patients 

Author (year) 

(1.5 year interval) 

Gomez-Rubio M (31) (1991) (n = 15) 7.6 

(1 year interval) 

Camps J (32) (1993) (n= 16) 

De Alava E (33) (1993) (n = 28) 

Castillo I (34) (1993) (n = 20) 

Rumi MG (35) (1995) (n = 28) 

(0.5 year interval) 

Caussex(36)(1991)(n= 16) 

Marcellin P (37) (1991) (n = 18) 

Entry 

7.6 

Entry 

7.4 

8.4 

6.9 

Entry 

7.3 

6.9 

Activity Grade 

78 weeks 

8.0 

Activity Grade 

52 weeks 

7.5 

7.7 

7.5 

Activity Grade + Fibrosis Stage 

Entry 

9.0 

Activity Grade 

24 weeks 

5.7 

5.6 

Entry 

1.5 

Entry 

1.8 

1.8 

1.9 

52 weeks 

8.8 

Entry 

2.9 

1.8 

Fibrosis Stage 

78 weeks 

2.1 

Fibrosis Stage 

52 weeks 

2.1 

2.0 

2.0 

Fibrosis Stage 

24 weeks 

3.3 

1.8 

Activity garde: summation of the values of periportal necrosis, intralobular necrosis, and portal inflammation 

(n = ): number of patients 

Table 4. Long-term histological change in activity grade and fibrosis stage in HCV-infected patients 

Author (year) Activity Grade Fibrosis stage 

Shiratori Y (38) (2000) (n = 106) Entry 

1.6 

4.8 years 

1.8 

Entry 

1.8 

4.8 years 

2.3 

Assessment of activity grade: AO to A3 

Assessment of fibrosis stage: FO to F4 

(n = ): number of patients 



Resolution of fibrosis 501 

Table 5. Assessment of fibrosis progression rate 

a) Suspected estimate of fibrosis progression rate 

F score 

Tb T SUSP 

F score: fibrosis staging score 

Tb: Date of biopsy 

T susp: Date of suspected infection (blood transfusion, drug use, etc.) 

b) Validated evaluation of fibrosis progression rate 

F 2nd F i s t 

T b 2 T b l 

F 2nd, F 1st: fibrosis staging score of 2nd biopsy or 1st biopsy 

Tb2, Tbl: Date of 2nd biopsy and 1st biopsy 

slow progression rate of fibrosis (0.05 unit/year). These values are based upon single, 
not paired, biopsies, and suspected (rather than proven) duration of infection from the 
patient's history. Shiratori et al. [38] calculated fibrosis progression rates using paired 
biopsy samples which were obtained at a significant time interval (Table 5-b), indicating 
that the natural fibrosis progression rate, calculated as the change of fibrosis staging 
per year, is approximately 0.100 unit/year in untreated patients free from alcohol. This 
fibrosis progression rate value was similar to the data of Sobesky [41], although they 
calculated the rate using a short-term interval (20 months) (Table 6). 

Factors contributing to fibrosis progression 

Factors contributing to histological progression were age, duration of disease, high level 
of ALT, and high histological activity index. Fibrosis has a strong correlation with 
periportal necrosis as well as portal inflammation. In addition, several studies revealed 
that histological progression is associated with age, HCV genotype and viral level, and 
alcohol intake is an independent risk factor in the clinical and histologic progression 
of HCV infection. Furthermore, Benhamou et al. [24] demonstrated that the fibrosis 
progression rate in HCV-HIV coinfected patients was 0.153 unit/year, in contrast to 
0.106 unit/year in HCV-infected patients (Table 6), and that HIV seropositivity, alcohol 
consumption, age at HCV infection and severe immunosuppression are found to be 
associated with an increase in the fibrosis progression rate. 
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Table 6. Fibrosis progression rate in relation to host factors 

Author (year) Factor 

all cases with HCV infection 

alcohol >50g/day 

alcohol <50g/day 

no alcohol 

male 

female 

Fibrosis progression rate 

(unit/year) 

0.133 

0.168 

0.143 

0.125 

0.154 

0.111 

Poynard Y et al. (39) (n = 2235) 

Mathurin P et al. (40) (n = 80) 

patients with normal ALT 0.050 

Shiratori Y et al. Using paired biopsy- (38) (n = 106) 

no alcohol 0.100 

Sobesky R et al. Using paired biopsy- (41) (n = 102) 

0.103 

Benhamou Y et al. - Using paired biopsy- (24) 

HIV-HCV coinfection (n = 12) 

Matched HCV infection (n = 12) 

0.153 

0.106 

(n = ): number of patients examined. 

Interferon response 

After the introduction of interferon (IFN) for chronic hepatitis C with beneficial effects 
in the 1980s [42, 43], factors predictive of sustained response to IFN have been studied 
extensively [44-46]. Early studies used biochemical response to assess the efficacy of 
IFN therapy. However, as biochemical response during and after IFN administration 
cannot predict sustained response, virological evaluation is superior to biochemical 
response in long-term follow-up studies [43]. Thus, the efficacy of IFN therapy is 
defined virologically as the loss of serum HCV RNA, which can be measured at > six 
months posttreatment (sustained response: SR). 

Recent long-term follow-up studies revealed that patients who tested negative for 
HCV RNA six months after treatment remained in remission with normal liver function 
and improved histological features, and they may have been cured of infection [47-49]. 
In contrast, approximately 20% of patients who have a long-term decrease in serum ALT 
concentration have evidence of the presence of HCV RNA in serum, and ultimately may 
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suffer later relapse. Thus, the stable disappearance of indicators of HCV infection and of 
necroinflammatory and fibrogenetic process in the liver is assumed to represent the cure 
of the disease, and it may be used as the best surrogate end point. 

Histological response with interferon 

Liver histology offers an important insight into disease progression, prognosis, and 
treatment response. Though questions may arise regarding the appropriateness of 
liver biopsy after treatment to evaluate the effects of therapy and to determine the 
progression/regression of liver disease, a repeated biopsy performed at a remote time 
interval from the completion of treatment may provide qualitative and quantitative 
information about long-term response and define the extent of progression or regression 
in responders and nonresponders. In fact, previous studies revealed that biochemical 
and virological responses to IFN therapy are associated with a significant improvement 
in liver histology during and shortly after IFN therapy. The short-term (less than 
two years after the end of IFN therapy) histological improvement indicates the changes 
in inflammatory activity grade, especially in sustained responders [32, 33, 51-56]. 
However, long-term effects on histological changes in fibrosis remained unclear, with 
the exception of some recent publications. 

Change in activity grade 

Short-term effect 

Short-term effects of IFN therapy on histological improvement have been previously 
examined by many authors, and most studies have shown that histological improvement 
is seen at treatment cessation and/or within one to two years of follow-up [32, 33, 37, 
50-58] (Table 7). A decline in the three inflammatory components (piecemeal necrosis, 
lobular inflammation, and portal inflammation) was observed at the end of treatment, 
especially in patients who were responders, including relapse patients (PR) and sustained 
responders (SR). A recent metanalysis shows the correlation of biochemical response 
(normalization of serum ALT) to IFN with histological improvement of inflammatory 
activity (periportal necrosis, interlobular necrosis, portal inflammation) [59]. The 
reduction in inflammatory activity among sustained responders persisted for six to 12 
months after completion of IFN therapy. 

Long-term effect 

In contrast to a large number of studies with short-term observation after IFN therapy, 
only five studies revealed that an improvement of activity grade in patients with 
sustained response persisted beyond the two-year follow-up [38, 48, 60-62] (Table 8]. 
They also showed that activity grade in nonresponders was not improved, but remained 
unchanged. 
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Table 7. Change in activity grade between the paired biopsy samples (short-term observation: < 2 years) 

Author (year) Interferon 

response 

Pretreatment End-of-

Tx 

12 months 

after Tx 

CammaC(51)(1998) 

Schiffman M (52) (1997) 

Lindsay KL (53) (1996) 

Hiramatsu N (54) (1995) 

KasaharaA(55)(1995) 

Craxi A (56) (1995) 

DeAlavaE(33)(1993) 

Camps J (32) (1993) 

YamadaG(57)(1993) 

SieckJQ(58)(1993) 

MarcellinP(37)(1991) 

SR (n = 35) 

PR (n = 14) 

NR(n= 18) 

SR (n = 45) 

NR (n = 45) 

SR (n = 62) 

NR(n = 48) 

SR, PR (n = 25) 

NR (n = 15) 

SR (n = 16) 

PR (n = 10) 

NR (n = 8) 

SR (n = 17) 

PR (n = 14) 

SR (n = 10) 

SR (n = 15) 

PR (n = 8) 

SR (n = 12) 

PR (n = 7) 

NR (n = 10) 

N R (n = 19) 

PR (n = 16) 

NR (n = 22) 

10.1 

9.8 

11.3 

9.6 

9.6 

9.1 

8.7 

6.8 

6.6 

6.0 

5.0 

6.0 

5.7 

6.7 

9.7 

9.7 

7.0 

8.9 
10.7 

12.0 

8.9 

7.8 

7.4 

3.9 
4.7 

12.4 

5.0 

7.7 

5.7 

7.0 

2.4 

4.9 

2.4 

2.0 

6.0 

1.8 

4.1 

4.2 

4.1 

4.2 

4.1 

7.8 
11.4 

8.4 

4.4 

7.2 

4.6 

Scores of necroinflammatory activity were evaluated using the histological scoring systems of Knodell or 

Scheuer et al. 

(n = ): number of patients. Tx: treatment 

SR: Sustained response, PR: Partial response (Relapse), NR: Nonresponse 
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Table 8. Change in activity grade between the paired biopsy samples with IFN therapy (long-term 

observation: > 2 years) 

Author (year) 

Reichard O (48) (1995) 

TsubotaA(60)(1997) 

Marcellin P (61) (1997) 

Lau DTY (62) (1998) 

Shiratori Y (38) (2000) 

Interferon 

response 

SR (n = 14) 

SR (n = 93) 

SR (N = 80) 

SR (n = 5) 

NR (n = 5) 

SR (n = 183) 

PR, NR (n = 

Pretreatment 

3.0 

6.6 

8 

10 

10 

2.1 

304) 1.9 

End-of-

Tx 

0.5 

1.6 

4 

4 

8 

Date 

after Tx 

2 year 

0.4 

2 year 

1.2 

2-6 year 

1.1 

1-7.6 years 

3-4 

5-11 years 

3 

10 

3.2 years 

0.6 

1.7 

SR: Sustained response, PR: Partial response (Relapse), NR: Nonresponse 

(n = ): number of patients. Tx: treatment 

Change in fibrosis stage 

Short-term effect 

In contrast to the improvement in activity grade in patients with SR and PR after a 
short-term interval following IFN therapy, amelioration or aggravation of the fibrosis 
staging score could not be determined during or shortly after the end of IFN therapy, 
due to the short time interval between paired biopsy samples (Table 9). The impact 
of treatment on the history of such a slowly progressive disease cannot be ascertained 
by evaluating results at the completion of treatment in a short-term observation of 
less than two years. 
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Table 9. Changes in fibrosis staging between the paired biopsy samples with IFN therapy (short-term 

observation: < 2 years) 

Author (year) 

Lindsay KL (53) (1996) 

HiramatsuN(54)(1995) 

KasaharaA(55)(1995) 

Craxi A (56) (1995) 

Gallorini A(63)(1994) 

Marzella G (64) (1994) 

DeAlavaE(33)(1993) 

Camps J (32) (1993) 

CapraF(65)(1993) 

MarcellinP(37)(1991) 

Interferon 

response 

SR (n = 62) 

NR (n = 48) 

SR, PR (n = 25) 

NR (n = 15) 

SR (n = 16) 

PR (n = 10) 

NR (n = 8) 

SR (n = 17) 

PR (n = 14) 

SR(n= 15) 

PR(n= 11) 

NR (n = 9) 

PR (n = 16) 

NR (n = 8) 

SR (n = 10) 

SR (n = 15) 

PR (n = 8) 

PR (n = 12) 

NR (n = 8) 

PR (n = 16) 

NR (n = 22) 

Pretreatment 

2.6 

3.3 

1.9 

2.1 

2.2 

1.7 

3.1 

2.2 

2.3 

1.9 

1.8 

2.3 

2.4 

2.4 

1.3 

2.1 

1.9 

2.7 

2.0 

2.0 

1.8 

End-of-

Tx 

2.4 

3.1 

1.1 

2.0 

1.3 

1.2 

2.9 

1.6 

2.6 

1.7 

1.9 

2.6 

2.5 

2.2 

1.3 

1.5 

1.9 

2.6 

2.0 

2.1 

1.8 

12 months 

after Tx 

-
-

-
-

-
-
-

-
-

-
-
-

-
-

1.3 

-
-

-
-

-
-

Scores of fibrosis staging were evaluated using the histological scoring systems of Knodell or Scheuer et 

al. SR: Sustained response, PR: Partial response (Relapse), NR: Nonresponse. (n = ): number of patients, 

Tx: treatment. 
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Long-term effect 

The effect of treatment on fibrosis regression or progression should instead be evaluated 
on a long-term basis. For this reason, it is possible that repeated liver biopsies performed 
at remote time intervals from the completion of treatment may provide qualitative and 
quantitative information about long-term response and may serve to define the activity 
grade and the extent of progression or regression in responders and nonresponders. 
As indicated in Table 10, amelioration of the fibrosis staging score was observed more 
than two years after IFN therapy in sustained responders. 

When the fibrosis regression or progression rate was calculated using a validated 
evaluation equation (Table 5-b), Sobesky et al. [41] showed the amelioration of the fibrosis 
progression rate in 185 IFN-treated patients (calculated as 0.000 unit/year) in comparison 
with 102 untreated patients (0.103 unit/year), especially in the IFN responders, but the 
interval between the paired biopsies was too short (20 months) to evaluate the long-term 
histological changes. Furthermore, using a large number of patients (593) with paired 
biopsy samples at a remote interval of one to 10 years, a recent study by Shiratori et al. 
[38] showed that fibrosis was found to be regressed in patients with virological SR at a 
rate of -0.282 units/year. Among the patients with virological SR, the fibrosis progression 
rate ranged from -0.152 to -0.374 units/year (regression), irrespective of the initial fibrosis 
stages. They clearly showed that the fibrosis progression rate was retarded at a rate of 
0.024 units/year, even in patients with non-SR after IFN therapy (Figure 3). 

Table 10. Change in 

observation 

Author (year) 

Reichard O (48) (1995) 

Tsubota (60) (1997) 

Marcellin P (61) (1997) 

Lau DTY (62) (1998) 

Shiratori Y (38) (2000) 

fibrosis stage 

: > 2 years) 

Interferon 

response 

SR (n = 14) 

SR (n = 93) 

1-7.6 years 

SR (n = 5) 

NR (n = 5) 

SR (n = 183) 

PR NR rn = 

between the paired biopsy samples with 

ML 

Pretreatment 

1.3 

2.3 

SR (N = 80) 

1.2 

3 

2.2 

2J 

End-of-

Tx 

1.2 

1.7 

1.6 

0.5 

3 

IFN therapy (long-term 

Follow-up 

after Tx 

2 year 

0.8 

2 year 

1.4 

2-6 year 

1.3 

1.0 1.2 

5-11 years 

0 

3.6 

3.2 years 

1.5 

22 

SR: Sustained response, PR: Partial response (Relapse), NR: Nonresponse 

(n = ): number of patients. Tx; treatment 
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Chronic 
Hepatitis 

Chronicity 

Figure 1. Scheme of natural course of HCV infection (fibrosis progression to cirrhosis and HCC development). 
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Figure 2. Effect of IFN therapy on fibrosis regression. Progression of fibrosis was different according to 

gender, alcohol drinking, and serum ALT levels (see in the text). 
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Figure 3. Progression of fibrosis in natural course of HCV infection and regression of fibrosis in patients with 

IFN therapy. SR; sustained virological responders, NR; nonsustained responders. 
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Table 11. Change in fibrosis progression/regression rate after interferon therapy 

Shiratori Y et al. - Using paired biopsies- (1-10 year observation) [38] 

IFN-treated patients fibrosis progression rate 

(fibrosis unit/year) 

Sustained responder (n = 183) -0.282 

Nonsustained responder (n = 304) 0.024 

Sobesky R et al. - Using paired biopsies- (20 months observation) (41) 

IFN-treated patients (n = 185) 0.000 

-I-; progression of fibrosis, -; resolution of fibrosis 

Correlation between improvement of histological activity and fibrosis regression 
after IFN therapy 

The studies cited above show that the activity grade was markedly reduced after 
IFN therapy, especially in patients with sustained virological response. The reduction 
in activity grade in patients with sustained response could be observed soon after 
IFN therapy, and persisted thereafter. Fibrosis staging was regressed among these 
patients, and the change in fibrosis staging regressed stepwise and became dominant 
in association with the long-term interval after IFN therapy. This phenomenon may 
be explained by the fact that the severity of hepatic inflammation may be a major 
factor driving progression of chronic hepatitis C to cirrhosis, and improving hepatic 
inflammation may be associated with regression or retardation of fibrosis. 

Clinical improvement in natural course through IFN therapy 

Delayed progression to cirrhosis 

The benefit of therapy is remarkable, considering that cirrhosis is a major prognostic 
factor, and IFN prevents and delays these complications. Fattovich et al. [12] and 
Niederau C et al. [13] clearly showed the delay of decompensation, although IFN 
therapy did not reduce the risk of HCC, perhaps due to the small number of HCC 
cases in their studies. In addition to these studies, several retrospective cohort studies 
clearly showed that IFN therapy reduces the risk for disease progression (Table 9). 
From the results of these studies, more efficient therapy using IFN and ribavirin may 
have a strong impact on the improvement of the natural course of hepatitis C infection, 
since combination therapy is known to induce a higher eradication rate compared 
with IFN monotherapy. 
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Reduced risk of HCC development in relation to fibrosis stage with IFN therapy 

In evaluating the effect of IFN therapy on inhibition of HCC development from 
published papers, the most important points that should be taken into account are that 
patients with advanced liver fibrosis are more likely to develop HCC, but are resistant 
to IFN therapy. The yearly incidence of HCC is 3% in the retrospective series of 
Caucasian patients with HCV-related compensated cirrhosis, in contrast to a yearly 
incidence of 5-7% in Japan [33-35]. 

There appears to be clear evidence of inhibition of HCC development after IFN 
therapy in a large number of patients with four to five years of follow up after IFN 
therapy [19, 66-72]. As the annual incidence of HCC development varies according to 
the fibrosis stage of the liver, the effect of IFN therapy was markedly demonstrated 
in patients with moderate fibrosis (F3 stage) in whom the risk of HCC development 
was high. On the other hand, the effect in patients with milder fiver fibrosis (FO, Fl) 
was low, because the annual incidence of HCC was low. In contrast, the difference 
between IFN-treated and untreated patients with liver cirrhosis did not attain statistical 
significance, due to low efficacy of IFN therapy among these patients. 

These studies clearly showed that the reduced risk of HCC development seems to be 
associated not only with the disappearance of viremia, but with histological amelioration 
of hepatic inflammation. Yoshida [19] and Ikeda [70] adjusted the background features 
using multivariate analysis, indicating that an inhibition of HCC development with IFN 
was found in patients with persistent ALT normalization, indicating that the decreased 
risk of HCC development may be related to the suppression of inflammation and 
regeneration in the liver. 

Conclusion 

Chronic hepatitis C is a common disease that is often asymptomatic and mild, but which 
may slowly progress to cirrhosis and eventually to hepatocellular carcinoma (HCC). 
The data on delay of decompensation and inhibition of HCC development with IFN 
therapy shown in this chapter depend on the histological improvement in activity 
grade and regression of fibrosis stage with IFN therapy. The data shown in the recent 
retrospective studies may indicate that fibrosis may be improved even in cirrhotic 
patients after IFN therapy, and the viral eradication status of the cirrhotic patients may 
be similar to that in patients receiving liver transplantation. 
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Ever since interferon (IFN) was found effective in clearing hepatitis C virus (HCV) 
from the circulation, it has become the mainstay for the treatment of chronic hepatitis C. 
In early clinical trials with IFN monotherapy, complete response with normalization 
of liver enzymes and clearance of detectable HCV RNA from serum, however, was 
achieved in only 5-30% of patients with chronic hepatitis C who received it. Response 
rates have been improved to 30-40% by long-term therapy with IFN alone or combined 
IFN and ribavirin. Development of pegylated IFN with a longer half-life and fewer 
side effects, especially when combined with ribavirin, is expected to increase the 
response rate to higher than 50%. Even with such an increase in response rate, 
however, attending physicians are left with the remaining -50% of patients with chronic 
hepatitis C who fail to respond to the combined therapy and who continue to have 
HCV in the circulation. 

Chronic hepatitis C in nonresponders can evolve to liver cirrhosis and eventually 
into hepatocellular carcinoma. Remarkable success with IFN and combined therapies 
averted, however, the general attention from nonresponders. It has become a pressing 
concern how to treat nonresponders to retard the progression of their liver disease, 
thereby preventing hepatocellular carcinoma. Fortunately, several lines of evidence 
have pointed to the possibility that the development of hepatocellular carcinoma can be 
retarded or aborted by suppressing necroinflammatory processes in the liver and keeping 
normal or low transaminase levels for many years. By so doing, the appearance of 
hepatocellular carcinoma would be postponed, hopefully, beyond the life expectancy of 
patients calculated as if they had no liver disease. Drugs for suppressing inflammation 
in the liver and lowering aminotransferase levels for symptomatic therapy of patients 
with chronic hepatitis C are reviewed, with a discussion of some clinical examples 
of their application. 
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Introduction 

In Japan, almost all patients who developed elevated levels of alanine aminotransaminase 
(ALT) in serum following a diagnosis of non-A, non-B hepatitis post-blood transfusion, 
have turned out to be infected with hepatitis C virus (HCV) by serological and molecular 
biological tests after HCV was discovered. Because the pathology in the liver does 
not progress rapidly, and remains mild even in patients with posttransfusion hepatitis 
having persistently elevated ALT levels for as long as 20 years, it may appear as if 
they have a favorable outcome. In individuals who have been infected with HCV for 
more than 20 years, however, liver pathology continues to progress. As time goes by, 
histology deteriorates from chronic hepatitis through Hver cirrhosis (LC) to eventual 
hepatocellular carcinoma (HCC) at constant rates. Hence, posttransfusion HCV infection 
gradually lapses into serious morbidity with a poor prognosis. 

HCV infection in Japan primarily spread in the community through illicit intravenous 
injection with methamphetamine just after the end of the World War II. A secondary 
transmission of HCV occurred by transfusion of blood units donated by drug addicts 
who were infected. Thirdly and probably most significantly, the pool of HCV increased 
in size through medical and paramedical practices with the use of insufficiently sterilized 
needles and syringes. Such a stepwise spread of HCV has resulted in more than two 
million people who are infected in Japan today [1]. 

As the most dreadful sequel of HCV infection in the past, the incidence of HCC has 
kept increasing yearly since 1975. As we reported earlier, the causality rate in Japan 
due to HCC gradually increased from 10 per 100,000 in 1975 to 35 per 100,000 in 
1999. In addition, deaths due to fiver cirrhosis number 10-20 per 100,000 yearly, and 
this has stayed rather constant [2]. 

This background obligates hepatologists in Japan to prevent a rapid increase in 
mortality due to HCV-associated chronic liver disease. Fortunately, the treatment of 
chronic hepatitis C patients with interferon (IFN) can reduce the development of HCC 
by half, as we reported previously [2]. In addition, we have found that IFN decreases 
the development of HCC not only in the patients with chronic hepatitis C who respond 
by clearing HCV RNA from the circulation (virological responders), but also in those 
in whom ALT levels are normalized or suppressed (complete or partial biochemical 
responders), despite the continuation of HCV infection after IFN. Our observations have 
been corroborated by subsequent reports [3, 4]. 

A six-month IFN monotherapy with a high initial dose, which has been given in 
Japan, induces sustained virological response in 30% of the recipients, of whom 70% 
were infected with HCV genotype lb [2]. The response rate is similar to those achieved 
by a six-month combined therapy with IFN and ribavirin in many other countries. 
Large-scale clinical trials with combined IFN and ribavirin have been completed in 
the United States and Europe [5, 6]; the recipients are being followed for long-term 
outcome, with hopes for achieving great success. With the most optimistic projections, 
however, the rate for sustained virological response would not exceed 50% of the 
combined IFN and ribavirin recipients. 

The use of pegylated IFN combined with ribavirin is presently under evaluation, 
which may further increase the response rate. Even with this regimen, however, 
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approximately 40% of the recipients are not expected to clear HCV from the circulation 
and will continue to have progressive liver disease. Accordingly, clinical hepatologists 
are burdened with nonresponders to the optimal therapeutic regimen of combined IFN 
and ribavirin, as well as the patients with chronic hepatitis C who can not receive it for 
various reasons. Hence, of utmost concern to attending physicians is how to decrease 
morbidity and mortality in these unfortunate groups of patients. 

Symptomatic therapies for chronic HCV-associated liver diseases 

In general, treatment of patients with chronic disease has been conducted with 
medications that have long-lasting, alleviating effects on symptoms, which has been the 
measure of their long-term efficacy (for example, drugs for normalizing hyperlipidemia 
in coronary heart disease, reduction of blood glucose levels in diabetes mellitus and 
reduction of blood pressure in hypertension). Symptomatic therapies with these drugs 
have been evaluated for their capacity to improve the prognosis. As to the results, they 
all have been found efficient in decreasing the morbidity and mortality associated with 
the respective diseases in the long run. 

In the case of HCV-associated chronic liver diseases, some symptomatic clues have 
surfaced during long-term follow-up of patients. In patients who have been followed 
for a long time with checkups at regular intervals, those with low mean ALT levels 
did better, with reduced rates of progression to LC or HCC. Arase et al. [7] found in 
their clinical trial with a symptomatic therapy that HCC developed less often in the 
patients in whom ALT levels had been lowered artificially, and there was amelioration 
of inflammatory process in the liver. Their observations suggest, also, that lowered mean 
ALT levels during a long period would accompany a reduced rate of progression, from 
chronic hepatitis C to LC, and a decreased incidence of hepatic failure. 

It has to be pointed out that medications for symptomatic therapy of chronic hepatitis 
have not been licensed. This rejection is based on the failure to achieve histological 
improvements during a short period spanning only one to two years, despite the fact 
that symptomatic drugs do lower ALT levels and, therefore, are thought to suppress 
necroinflammatory processes in the liver. The authorities may have been too hasty with 
their decisions on this issue. 

Let's look at chronic hepatitis B, as an example. Individuals persistently infected 
with HBV who seroconvert to HBeAg (anti-HBe) either spontaneously or through 
treatment, and in whom hepatitis ameliorates, rarely show histological improvement, 
especially in the stage of hepatic fibrosis, within a short period of only 1-2 years. 
They still harbor HBV, and as a result probably continue to have slight to moderate 
inflammation in the liver. 

This is actually the case with chronic hepatitis C. The patients with chronic hepatitis 
C who clear HCV from the circulation improve the histopathology in the fiver during 
a follow-up of one to two years. Those who achieve sustained biochemical response 
with continuously normal ALT levels, but fail to respond virologically by clearing HCV 
RNA from serum, however, do not achieve improvement in hepatic fibrosis within a 
matter of one to two years [8], probably because slight inflammation goes on in the 
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liver; it takes five to 10 years for these patients with sustained biochemical response to 
have their liver histology improved. Fibrosis may not be lessened in degree for these 
patients; its rate of progression may be halted, however. Nonetheless, sustained normal 
or lowered ALT levels in serum, reflecting suppressed inflammatory processes in the 
liver, could prevent the evolution of chronic hepatitis to LC, and eventually into HCC, 
or retard this process, at least. Should this be achieved, mortality due to hepatic failure 
or HCC as sequelae of LC would be reduced substantially. 

Hence, although killing and eradicating HCV is the principal goal in treatment of 
chronic hepatitis C, normalizing or lowering ALT levels accompanied by suppression 
of hepatic inflammation should not be taken lightly, especially in patients who do not 
respond to IFN virologically by clearing HCV RNA from serum. From this viewpoint, 
symptomatic treatment of chronic hepatitis C at present would deserve much more 
attention than ever. 

1. Reduction of iron load 

Di Biceglie et al. [9] reported that in chronic hepatitis, of type C in particular, serum 
levels of iron, ferritin and saturation of transferrin are increased frequently, while few 
cases exhibit increased iron in the liver. Their observations led them to suggest that liver 
injuries would be responsible for increased iron and ferritin levels in serum. Takikawa 
et al., however, found an iron load in the liver higher in chronic hepatitis C than B, 
and on that basis, have implicated hepatic iron deposition in elevated serum ALT levels 
in chronic hepatitis C. They went on to report a correlation between serum levels of 
ferritin and ALT in male donors positive for anti-HCV [10]. On the premise that iron 
overload would be involved in liver injuries associated with HCV infection, Hayashi 
et al. [11] evaluated the effect of maintaining ferritin levels <10 ng/ml by weekly or 
biweekly phlebotomy on serum ALT. The mean ALT decreased from pretreatment 
levels of 152 ± 49 to 55 ± 32 lU/L after therapeutic phlebotomy, with five of ten 
patients normalizing serum ALT levels. They found phlebotomy more efficient in the 
patients with higher activity of hepatitis [12]. 

Recently, the effect of increasing iron load on hepatitis was examined in chimpanzees 
by Bassett et al. [13] Chimpanzees infected with HCV, when they were placed on a high 
iron load, accumulated more iron in the liver than noninfected controls, accompanied 
by aggravation in histological pictures of chronic hepatitis. Thus, they have validated 
phlebotomy as a means of decreasing iron load and improving liver pathology in 
chronic hepatitis C. 

Methods for reducing iron load are not restricted to phlebotomy, per se. An iron-
deficient diet, as well as deferoxamine, a chelator of iron, are capable of reducing 
serum ALT levels in patients with chronic hepatitis. Kaltwasser et al. [14] gave black 
tea to patients with genetic hemochromatosis. Intriguingly, they observed that tannate 
in black tea reduced the absorption of iron, thereby reducing iron load in the liver. 
Their experience may be extended to patients with chronic hepatitis C for the purpose 
of reducing iron load. 

Despite strong evidence for correlation between hepatic iron load and serum ALT 
levels, the mechanism is not fully explained. Farinati et al. [15], Sergent et al. [16] and 
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Weiss et al. [17] have tackled this issue to shed light on how iron disturbs hepatocytes 
and, conversely, why iron-reducing therapies work on chronic hepatitis. The present 
state of knowledge on these issues is summarized in the review by Bonkovsky et 
al. [18], as follows. 

It is generally accepted that iron increases the formation of hydroxyl radicals and 
other highly reactive oxidizing molecules in biological systems. Secondary reactions 
and indirect effects lead to lipid peroxidation, oxidative damage to proteins and 
nucleic acids, and to a net increase in collagen and ground substance formation. In 
iron-loaded livers, such changes produce defects in organelle function (lysosomes, 
mitochondria, endoplasmic reticulum) and chronic deposition of scar tissue, and 
eventually hepatocellular carcinoma. 

In addition, iron would have to be evaluated for the capacity to influence viral 
replication and mutagenesis, as well as for its direct or indirect effects on immune 
responses of the host. 

Another practical aspect of an iron-reducing strategy relates to IFN therapy on 
chronic hepatitis C. van Thiel et al. [19] reported finding lower iron contents in the 
liver of responders to IFN. Their observations have been reproduced in studies that 
followed [20, 21], and point to the possible influence of iron reduction on increasing 
response rates to IFN. Some misunderstandings of 'response to IFN' may mar the 
judgement on the effect of iron reduction, however, which needs to be taken into 
consideration. 

We have repeatedly discussed criteria for defining the efficacy of IFN on chronic 
hepatitis C [8, 22]. Our criteria have not achieved general consensus, mainly because 
the concept of 'response' differs widely depending on the doctors who use it, which 
has created much confusion. In the early days, when liver function tests were the only 
means of diagnosing non-A, non-B hepatitis, the response was judged by normalization 
of ALT levels during or at the completion of IFN therapy. Discovery of HCV has 
made it possible to detect HCV RNA in serum, and now it is increasingly used for 
evaluating the response to IFN therapy. Hence, 'response to IFN' has dual connotations 
at the present time, one of which is biochemical (normalization of serum ALT), while 
the other is virological (loss of HCV RNA from serum). These two distinct kinds of 
responses can create misjudgement in evaluating the efficacy of IFN therapy, because 
they do not associate. 

Patients with low pretreatment values of serum iron and ferritin have lower baseline 
ALT levels than those with high values. Hence, they are predisposed already to 
normalizing ALT levels after receiving IFN, which does not necessarily correlate with 
the loss of HCV RNA by IFN. Likewise, the implied effects of iron reduction prior to 
IFN therapy, to increase efficacy, need to be taken with caution; they can simply reflect 
ramifications of reduced iron load, as such, that may have been erroneously counted 
in for overestimating the true 'response' to IFN. Despite these serious reservations, 
the overall effect of iron reduction has been estimated impartially in previous studies, 
regardless of the judgement of 'response,' either by normalized ALT or loss of 
HCV RNA, which has produced deep confusion. To help answer this question, a 
randomized placebo-controlled clinical trial was conducted to evaluate the net effect of 
iron reduction on increasing the rate of sustained response (SR) in IFN therapy [23]. 
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One can expect little, if any, influence of iron reduction on SR inducible by IFN, and it 
has been borne out by the actual results [23]. 

2. Interferon (IFN) 

The SR rate to IFN increases in parallel with the duration of therapy, extending from 
six through 12 to 18 months [24]. Although longer treatment times with IFN increases 
SR, the patients who respond to long-term IFN are restricted to those who clear HCV 
RNA from serum while they are on IFN. 

It has to be pointed out that there are patients who fail to archieve SR, but in whom 
ALT levels continue to be normalized despite persistent high titers of HCV RNA during 
IFN. ALT levels in these patients elevate after the withdrawal of IFN. As long as 
they are continued on IFN, however, ALT levels stay normalized, accompanied by 
improved histopathology in the fiver. Long-term use of low-dose IFN, for suppressing 
necroinflammatory processes in the liver, is proposed by Shiffmann et al. [25]. 

Kasahara et al. [26] and Okanoue et al. [27] have reported a decreased incidence of 
HCC in transient responders to IFN, in whom ALT normalized and HCV RNA was 
cleared only while they were on IFN, in long-term follow-ups after the completion of 
IFN therapy. The effect of IFN in this situation is produced by its ability to retard the 
development of HCC by a time span of three to five years [26]; transient responders 
develop HCC at a rate comparable to that of nonresponders beyond that time point. 
Based on these observations, it may be possible to postpone the development of HCC in 
transient responders by placing them on IFN regularly at intervals of a few years. 

3. Glycyrrhizin 

Glycyrrhizin is the active substance in extracts of the root of Glycyrrhiza glabra 
(licorice root). Glycyrrhizin is composed of one molecule of glycyrrhetinic acid coupled 
with two molecules of glucuronic acid. It has been used for ages as an anti-allergic 
drug in China, and as a substitute for sucrose and an anti-ulcer drug in Europe 
[28]. In Japan, glycyrrhizin is supplied as an intravenous drug for the past 60 years, 
principally for treatment of urticaria and dermatitis. The indication for glycyrrhizin 
has been extended to chronic hepatitis, on the premise that hepatitis would be induced 
by allergic reactions. 

Encouraged by the early success of glycyrrhizin in reducing ALT levels in sporadic 
cases of chronic hepatitis, Suzuki et al. conducted a randomized double-blind trial 
of glycyrrhizin in 1977 in patients with chronic hepatitis, most of whom turned out 
to be infected with HCV. The results were introduced by them to Western societies 
of medicine in 1983 [29]. They showed that glycyrrhizin can lower ALT levels 
significantly. Since then, glycyrrhizin has been used for symptomatic treatment of 
patients with chronic hepatitis in Japan. Hino et al. [30] went on to demonstrate that 
glycyrrhizin not only lowers ALT levels, but also suppresses inflammation in the liver. 
As mentioned above, Arase et al. [7] have shown that long-term use of glycyrrhizin 
for more than 15 years can significantly decrease the incidence of HCC in patients 
with chronic hepatitis C. 
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Although glycyrrhizin evidently suppresses necroinflammatory processes in the liver, 
the mechanism is not certain despite many studies focusing on it. Glycyrrhizin in large 
doses can induce pseudoaldosteronism in a few patients, which is easily controlled by 
regular tests for serum electrolytes and prescribing spinorolactone to the patients with 
critically low K"̂  levels. The reproducible and reliable activity of glycyrrhizin to reduce 
ALT levels with minimal side effects has resulted in many clinical trials with it in 
patients with chronic hepatitis C in a number of European and Asian countries. 

4. Ursodeoxycholic acid (UDCA) 

UDCA represents one of the hydrophilic bile acids, originally identified in the bile 
of bears. It is contained in human bile in small amounts as a secondary bile acid. 
UDCA has been used for a long time in China as a drug for bowel disturbances and 
for stimulating secretion of bile. 

In 1976, Yamanaka et al. [31] conducted a randomized controlled trial in patients with 
chronic hepatitis using placebo, 150 and 600 mg/day of UDCA, and found that 600 mg/day 
UDCA significantly decreased the levels of ALT, aspartate aminotransferase and 
y-glutamyl transpepitidase. Their results were corroborated by Buzzelli et al. in 1991 [32]. 

Trauner et al. [33] reviewed in detail the effect of UDCA on chronic hepatitis; it has 
not been fully explained, as yet. The present understanding of the pharmaceutical effects 
of UDCA on chronic hepatitis includes: (1) replacement of endogenous toxic bile acids; 
(2) cytoprotective effects on hepatocytes and bile duct cells; and (3) immonomodulatory 
activity. UDCA stimulates the alimentary tract as a side effect, an effect which is 
circumvented by timing the intake to just before each meal. 

5. Ribavirin 

Ribavirin is an antiviral drug that has been in use for many years. By virtue of its ability 
to enhance the capacity of IFN to eradicate HCV, combined use of IFN and ribavirin 
has become the first therapeutic choice in the treatment of chronic hepatitis C. Ribavirin 
by itself, however, has a high activity to suppress ALT levels, although it does not 
prohibit the replication of HCV. Monotherapy with ribavirin was started by Richard 
et al. [34] in 1991, and followed by several groups of investigators thereafter. On the 
grounds that ribavirin cannot clear HCV from serum, even though it suppresses ALT, 
ribavirin monotherapy has been proposed to be ineffective for treatment of chronic 
hepatitis C [35]. Ribavirin has side effects represented by hemolytic anemia, and 
cholelithiasis is reported in recipients who have received long-term treatment. Due to 
the capacity of ribavirin for suppressing serum ALT, it is hard to dismiss ribavirin 
monotherapy from the list of symptomatic therapies for chronic hepatitis C. 

6. Corticosteroids (CS) 

Persistent HCV infection elicits a variety of autoantibodies [36], typified by antinuclear 
antibodies, and accompanies many extrahepatic diseases such as cryoglobulinemia, in 
which HCV proteins are involved, along with IgM rheumatoid factors [37]. Although 
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CS have not been evaluated for long-term efficacy in symptomatic therapy of chronic 
hepatitis C, Fong et al. [38] and Thiele et al. [39] refer to the effect of CS on patients 
with chronic hepatitis C. Their results agree on the capacity of CS for lowering serum 
ALT levels; the reduction is accompanied by increased HCV RNA titers in serum, 
however. CS are expected to lower ALT levels by means of a cytoprotective activity 
or immunosuppressive capacity, or both. Hence, CS would be particularly effective in 
patients with chronic hepatitis C who have stigmata of autoimmune hepatitis represented 
by high-titered autoantibodies. 

7. Cyclosporine A (CsA) 

CsA suppresses cell-mediated immune responses and, therefore, has been widely 
used for preventing graft-versus-host disease and allograft rejection in recipients of 
transplants, as well as for treatment of autoimmune diseases. Although the exact 
mechanism of hepatocyte injury in chronic hepatitis C is not clear, as yet, the 
involvement of cellular immunity mediated by lymphocytes is strongly suspected. 

Kakumu et al. [40] placed ten patients with chronic hepatitis C on daily 1.5-4.0 mg/kg 
of CsA. They found a significant decrease in ALT levels while the patients were given 
CsA, with minimal side effects inclusive of renal injuries. 

8. Interleukin-10 (IL-10) 

Frequent suppression or normalization of serum ALT levels has been reported by 
McHuchison et al. [41], who gave 4 or 8 |Lig/kg/day of IL-10 to 16 patients with chronic 
hepatitis C for 28 days. This was also verified by Nelson et al. [42], who prescribed 
the same doses of IL-10 to 24 patients for 90 days. Significant changes in HCV RNA 
were not seen during IL-10 in either trial, however. ALT returned to pretreatment levels 
after withdrawal of IL-10. Nelson et al. [42] compared paired biopsy specimens, taken 
before and after IL-10 therapy, and recognized significant suppression of fibrosis in 
the liver following treatment. All in all, IL-10 may be another promising candidate for 
symptomatic therapy of chronic hepatitis C. 

Application of symptomatic therapies to patients with chronic hepatitis C 

Optimal doses are not determined for any drugs for the symptomatic therapies of 
chronic hepatitis C reviewed above. In terms of practical care for patients with chronic 
hepatitis C, therefore, many issues remain unsolved, including long-term side effects 
of these drugs. 

We have gained experience on symptomatic therapies during the past 15 years, 
starting when chronic hepatitis C was called non-A, non-B hepatitis. Optimal therapeutic 
doses have been worked out for some of these drugs and will be presented with 
some examples. 

Of our series of 300 patients with chronic hepatitis C, with or without compensated 
LC, who have received symptomatic therapy for 10 years or longer, HCC developed in 
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only six (2%). The outcome is biased in that only the patients who received symptomatic 
therapies for a long while have been selected and followed, without appropriate controls. 
Even with such reservations, the incidence of HCC in them (2% in 10 years) would be 
very low by any standards and in comparison with historical controls. 

1. UDCA 

To the patients with serum ALT levels less than 60-70 lU/L, 600 mg of UDCA daily 
in three divided doses is given with the goal of maintaining ALT below 40 lU/L. 
As shown in Table 1, ALT levels decrease by one rank or more by this therapeutic 
regimen. When ALT decreases to around 30 lU/L, the dose of UDCA is reduced to 
300 mg. An example is shown in Figure 1 for a case in whom ALT levels were 
controlled for three years using UDCA. 

Table 1. Average ALT levels before and during the administration of daily 600 mg ursodeoxycholic acid 

(UDCA) in 52 patients with chronic hepatitis C 

Mean ALT levels during 

6 months or longer (lU/L) 

>100 

70-100 

50-70 

32-50 

<32 

Pretreatment 

6 (12%) 

22 (42%) 

17 (33%) 

7 (13%) 

0 

During UDCA^ 

6 (12%) 

9 (17%) 

12 (23%) 

17 (33%) 

8 (15%) 

Lower than pretreatment levels (p < 0.05). 

80 

Case 1: Liver Cirrhosis; 69 years /Female 

UDCA 600 mg 

HCV RNA 

1996 1997 1998 

Figure 1. Symptomatic therapy with ursodeoxycholic acid alone. 
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2. Glycryrrhizin 

For patients with serum ALT levels higher than 50-60 lU/L, Stronger Neo-Minophagen 
C (SNMC; Minophagen Pharmaceutical Company, Tokyo Japan) is used. One ampoule 
of SNMC contains 40 mg of glycyrrhizin in a 20-ml solution, supplemented with 
20 mg/ml glycine and 1 mg/ml cysteine. With constraints for being an intravenously 
administered drug, SNMC does reduce ALT levels and has been used in tens of thousand 
patients with chronic hepatitis for more than 20 years in Japan, with minimal side 
effects. Patients are started on two ampoules, or 40 ml, of SNMC per day (equivalent to 
80 mg of glycyrrhizin), and if they fail to respond by lowering ALT below 60 lU/L, the 
dose can be increased to five ampoules, or 100 ml, of SNMC per day (equivalent to 200 
mg of glycyrrhizin). The dose of SNMC is gradually reduced, once a low ALT level is 
archieved, to the maintenance dose of two or four ampoules per day (equivalent to 80 
or 160 mg of glycyrrhizin) (Figure 2). 

When SNMC alone cannot suppress serum ALT below 50 lU/L, or if a decreased 
dose of SNMC is desired, UDCA may be combined for controlling ALT. Conversely, 
when UDCA alone cannot reduce serum ALT below 50 lU/L, SNMC may be added for 
suppressing ALT levels below 50 lU/L (Figure 3). 

300 

Case 2: Liver Cirrhosis; 67 years/Female 

SNMC 80 mg 

HCV RNA 

250 H 

200 

El50 

100 

50 

1997 1998 1999 2000 

Figure 2. Symptomatic therapy with varying doses of Stronger Neo-Minophagen C. 



Symptomatic therapies for prevention of hepatocellular carcinoma developing 525 

300 

250 H 

200 

Case 3: Chronic Hepatitis; 56 years/Male 

UDCA 600 mg 
HCV RNA 

1997 1998 1999 2000 

Figure 3. Treatment with Stronger Neo-Minophagen C superimposed on ursodeoxycholic acid. 

3. Phlebotomy 

Biweekly phlebotomy of 400 ml is repeated until serum ferritin decreases to 10-20 ng/ml. 
Usually, the target level of ferritin is reached within five to seven cycles of phlebotomy. 
If and when ALT increases thereafter, phlebotomy of 400 ml is performed for 
controlling ferritin levels. In most cases, a phlebotomy every four to six months suffices 
to maintain low ALT levels. 

One patient received phlebotomy when SNMC and UDCA could not suppress 
ALT levels below a desired level (Figure 4). Phlebotomy was effective in controlling 
ALT levels. 

IFN 

In many clinical trials reported in the literature, IFN at a dose of 3 MU three times 
a week normalizes ALT in 50-60% of the recipients. Sporadic cases are observed 
which achieve continued normal ALT levels, even though they keep serum HCV RNA 
(albeit in somewhat lowered titers) and fail to clear it from serum. A case is presented 
in Figure 5 in which SNMC and UDCA failed to sufficiently suppress ALT levels. 
Additional IFN-a at a dose of 3 MU three times a week normalized ALT, whereupon 
SNMC and UDCA were withdrawn. IFN-a was curtailed to two times a week; ALT 
was maintained for longer than three years. 
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200i 25 

150H 

^ 
LilOOi 

50 

Case 4: Liver Cirrshosis; 58 years /Female 
la/wi—•e/w 

20 

m i Phlebotomy 

500 

400 

1999 2000 

Figure 4. Triple treatments with Stronger Neo-Minophagen C, ursodeoxycholic acid and occasional phlebotomies. 

Case 5: Chronic Hepatitis; 57 years /Male 

UDCA600mg 

3MU2AA^ 

» • • • •-
1997 1998 1999 

Figure 5. Induction with Stronger Neo-Minophagen C, followed by urosdeoxycholic acid and maintenance 

with low-dose interferon-a. 
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5. CS 

CS at a dose of 5-10 mg/day can keep serum ALT levels low in some patients with 
chronic hepatitis C. Most of these patients have antinuclear antibodies in high titers 
in serum. An example is shown in Figure 6 for a case with antinuclear antibody 
in a titer of 1:1,280 before the patient was placed on IFN. It went up to 1:260 
during IFN treatment, accompanied by increased ALT levels. On the withdrawal of 
IFN, ALT decreased, but HCV RNA turned positive. For control of ALT levels, 
5 mg/day CS was given to the patient, which was effective in lowering ALT to within 
the normal range. 

200 

6MU3/W[lFivra| 

|1:1,280 1:2,560 
HCV RNA 
1+ + —h 

150 

3 

100 

Case 6: Chronic Hepatitis; 60 years/Female 

H I 600 ma 

1:1,28q 

1997 1998 1999 2000 

Figure 6. Normal ALT levels attempted by a triple therapy with Stronger Neo-Minophagen C, 

ursodeoxycholic acid and interferon-a. Levels were successfully maintained by a low-dose corticosteroid in 

a female patient with chronic hepatitis C who was seropositive for antinuclear antibodies. 
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Summary 

We investigated the association between hepatocellular carcinoma (HCC) and the 
genomic characteristics of the hepatitis C virus (HCV) isolated from residents of the 
inshore region of the Yangtze River. This area of China has one of the highest incidences 
of HCC. Our data revealed that nucleotide substitutions are unevenly scattered along the 
HCV genome, with a cluster of missense mutations in the region encoding the second 
hydrophilic domain of the core protein, and that the number of these mutations in the 
clustering variable region (CVR) is significantly higher in isolates from HCC patients 
than in those from individuals with chronic hepatitis. Moreover, we determined the 
sequence divergence of the CVR in HCV isolates from cancerous and noncancerous 
liver tissues in Japanese patients with HCC. The number of nucleotide substitutions 
giving rise to changes in amino acid residues in the CVR was significantly greater 
in liver tissues than in sera from HCC patients. The number of amino acid residues 
in the CVR that differed from the representative clone from cancerous liver portions 
was significantly higher than the number differing from noncancerous portions in each 
patient. An amino acid alteration from Gly to Ser at core codon 45 in the CVR was 
dominant in noncancerous portions, rather than in cancerous portions and sera from 
HCC patients. These findings suggest that a large number of mutations, including 
biologically important amino acid sequence changes in the HCV core gene from liver 
tissue, might be related to hepatocarcinogenesis. 

Introduction 

Epidemiological studies [1-4] indicate that the inshore region of the Yangtze River, 
including Nantong, in eastern China, is a high-risk area for hepatocellular carcinoma 
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(HCC), with hepatitis B virus (HBV) having been identified as a risk factor. Hepatitis 
C virus (HCV) is a more important cause of HCC than HBV in Japan and Western 
countries [5-7]. Our preHminary studies [1-3] indicated that the prevalence of antibodies 
to HCV (anti-HCV) and HCV RNA is low in patients with chronic liver disease and 
HCC in Nantong. Comparative analyses of complete or partial genomic sequences of 
HCV isolates from Taiwan (HCV-T) [8], Beijing (HCV-PRCl) [9], Japan (HCV-J [10] 
and HCV-BK [11]), and the United States (HCV-1) [12] have indicated that the Chinese 
isolates (HCV-T and HCV-PRCl) are more similar to those from Japan than to those 
from the United States. All known HCV isolates are assigned to at least four genotypes 
on the basis of variation in the nucleotide sequence of restricted regions of the HCV core 
gene [13]. Genotype lb was detected in 86% of HCV infections in Beijing [14], and 
60% of individuals with non-A, non-B (NANB) liver disease in Japan [15]. Genotype 
2a, a minor type in Beijing and Japan, appears to be more sensitive to interferon 
treatment than genotype lb [15, 16]. Thus, knowledge of the heterogeneity of the 
HCV genome is important for developing prophylactic and treatment strategies for 
HCV-associated liver disease. However, detailed data on the association between HCC 
and the genomic characteristics of HCV isolates from this high-risk region for HCC 
have not been available. 

Long-term studies of nucleotide sequence changes in HCV-infected humans and 
chimpanzees have suggested that the HCV genome is highly susceptible to mutation 
[17, 18]. Furthermore, a high degree of HCV sequence variation has been proposed as a 
possible mechanism for escape from the host immune system [19]. However, previous 
studies focused primarily on the hypervariable region at the 5' end of the envelope [2] 
or nonstructural 1 (E2/NS1) glycoprotein gene of HCV [20, 21], despite the fact that 
the core protein of HBV has been suggested to be a target for cytotoxic T lymphocytes 
(CTLs) [22, 23]. Because studies on endogenously processed viral peptides from a 
nucleocapsid protein indicated that a peptide as small as eight amino acids could be 
recognized by CTLs [24, 25], it might be possible to detect alterations in deduced 
amino acid sequence in a restricted segment of the HCV core gene in response to 
pressure from CTLs. 

To investigate the possible role of the HCV core gene in hepatocarcinogenesis, we 
compared the sequence divergences of the genomic core gene isolated from serum 
samples in Chinese patients with and without HCC living in Nantong. Our data revealed 
that nucleotide (nt) substitutions are unevenly scattered along the HCV genome, with 
a cluster of missense mutations in the region encoding the second hydrophilic domain 
from the 5' end of the core gene in Nantong patients [26]. The clustering variable region 
(CVR) was located in a small segment of 38 amino acids (AAs), codons 39-76 from the 
start of the core gene. Moreover, we determined the genomic heterogeneity of HCV and 
the sequence divergence of the CVR in HCV isolates from cancerous and noncancerous 
liver tissues in Japanese patients with HCC, as well as those from serum samples in 
chronic hepatitis (CH), liver cirrhosis (LC), and HCC subjects [27]. 
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Sequence diveregence of the HCV core gene isolated from serum samples in 
Chinese patients with HCC 

Serum samples were obtained from 10 subjects with NANB liver disease (five with CH 
and five with HCC and LC) [26] at the Affiliated Hospital of Nantong Medical College 
in China. The sera of all patients were positive for HCV RNA with genotype lb, 
and were negative for hepatitis B surface antigen (HBsAg) and hepatitis B core 
antibodies (HBcAb). The clinical and laboratory data of these patients are summarized 
in Table 1 (patients 1-10). We also obtained serum samples as pooled sera positive 
for HCV RNA with genotype lb from NANB CH patients in Nantong. The HCV 
cDNA clones propagated from the pooled sera and the 10 individual sera from Nantong 
were designated as Nantong prototype HCV-N and isolates HCV-N-1 to HCV-N-10, 
respectively; isolates HCV-N-1 to HCV-N-5 were from patients 1 to 5 with CH, and 
isolates HCV-N-6 to HCV-N-10 were from patients 6 to 10 with HCC and LC. Five 
HCV cDNA clones were obtained from each Nantong patient with the exception of 
patients 2, 3, and 6, from each of whom one cDNA clone was isolated. 

Analysis of the sequence homology of the HCV core gene of HCV-N isolates 
with that of other isolates revealed that the Nantong prototype HCV-N was 94.6, 
95.2, and 89.7% identical at the nt level with the Chinese (HCV-T and HCV-PRCl), 
Japanese (HCV-J and HCV-BK), and United States (HCV-1) isolates, respectively; the 
corresponding values for identity of the deduced AA sequence were 93.5, 93.7, and 
92.1%, respectively. Thus, the nt sequence of the Nantong HCV prototype was more 
homologous to those of the genotype lb isolates from China and Japan than to that of 
the genotype la isolate from the United States. Moreover, the nt sequence of HCV-N 
isolates from Nantong patients with CH (HCV-N-1 to HCV-N-5) or HCC (HCV-N-6 to 
HCV-N-10) showed a higher degree of homology to those of the Chinese and Japanese 
isolates than to that of the United States isolate. The homology with other isolates was 
greater for HCV-N isolates from CH patients than for those from patients with HCC at 
both the nt and deduced AA levels [26]. 

As shown in Table 2, nt and deduced AA residues differing from those of the 
Nantong prototype HCV-N were identified in the core gene of the 38 HCV cDNA 
clones obtained from the 10 Nantong patients with CH or HCC. A total of 238 nt 
substitutions was detected in the 17 HCV cDNA clones from the five patients with CH, 
with a mean of 14.0 substitutions per clone, and 481 substitutions were detected in 
the 21 clones from the five HCC patients, with a mean of 22.9 substitutions per clone. 
For clones from patients with CH, the substitution rate at each nt position was 0.024, 
and the alteration rate at AA position was 0.034; of the 238 substitutions, 121 were 
missense mutations, with a mean of 7.1 per clone. Clones from HCC patients showed 
higher rates of nt substitutions and AA alterations (0.040 and 0.050, respectively) than 
those from CH patients. Of the 481 substitutions in clones from HCC patients, 244 
were missense mutations, with a mean of 11.6 per clone, a value significantly higher 
than that for clones from CH patients. 

The 314 A A alterations detected in the two groups were located in the core gene region, 
and 189 (60%) of these changes were clustered in a small segment of 38 AA (codons 
39 to 76 from the start of the core gene, corresponding to 20% of the core peptide). 
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Table 2. Nt substitutions and alterations in deduced AA residues in the core gene of HCV-N isolates from 

Chinese patients (numbers 1 to 10) with CH or HCC 

Samples 

CH CVR 

Other 

HCC CVR 

Other 

Nt 

114 

459 

114 

459 

AA 

38 

153 

38 

153 

Nt 

substitution 

6.5 ±1.4 

7.5 ± 1.3 

11.3 ±3.0* 

11.6 ±2.3* 

AA 

alteration 

3.6 ±1.3 

3.0 ±1.1 

6.1 ± 1.2* 

3.5 ± 1.8 

Substitution/ 

nt X 10-2 

5.7 ± 1.2** 

1.6 ±0.3 

9.9 ± 2.6*'** 

2.5 ± 0.5* 

Alteration/ Missense 

A A X 10-2 mutation/ Nt 

substitutions x 10-̂  

9.4 ±3.4** 59.8 ±3.1** 

2.0 ±0.7 42.6 ±2.1 

16.2 ±3.2*'** 62.8 ±3.2** 

2.3 ±1.2 38.8 ±2.1 

P < 0.05 vs. corresponding value for CH. 

P < 0.05 vs. corresponding other core gene sequence (two-tailed Mann-Whitney U test). 

The 17 HCV cDNA clones from five patients with CH (HCV-N-1 to HCV-N-5) and 21 clones from five 

patients with HCC (HCV-N-6 to HCV-N-10) were examined for nt substitutions and alterations of deduced 

AA residues in the entire core gene sequence (nt 1 to 573, codons 1 to 191 from the start of the core gene), 

as well as in the clustering variable region (CVR) (nt 115 to 228, codons 39 to 76) and the remaining 

(Other) sequence. Data are means ± SD. 

This CVR in clones from patients with CH or HCC showed a significantly higher rate 
of missense mutations per nt substitution and a higher rate of nt substitutions than the 
other core gene sequence (Table 2). The numbers of nt substitutions, AA alterations, 
and missense mutations in the CVR were significantly greater for clones from HCC 
patients than in those from CH. 

The hydrophilicity profiles of the products of the core gene of HCV-N-6, from an 
HCC patient and the HCV-N prototype, are shown in Figure 1. At least three domains 
of high local hydrophilicity and two hydrophobic domains were recognized in the 
upstream region (codons 1 to 120) and downstream region (codons 115 to 144 and 
157 to 186), respectively. Of the three hydrophilic domains, the second, containing 
the CVR, showed the greatest divergence of hydrophilicity scores between HCV-N-6 
and the prototype, whereas the scores of the two hydrophobic domains were virtually 
identical for the HCV-N-6 and HCV-N isolates. 

Like Nantong [1-3], Taiwan is also a high-risk region for HCC, with a low prevalence 
of HCV infection but a high prevalence of HBsAg [28]. However, in a case-control 
study of pairs of HCC patients and control subjects matched for age and sex, Yu et 
al. [29] showed that HCV infection is associated with an increased risk of HCC and 
has a synergistic interaction with HBV infection in Taiwan. Our study revealed the 
predominance of genotype lb in HCV infections in Nantong and the similarity of the 
HCV-N isolates to those of genotype lb from Taiwan (HCV-T), Beijing (HCV-PRCl), 
and Japan (HCV-J and HCV-BK). Moreover, a study showed that HCV is the major 
agent responsible for HBsAg-negative HCC, and also plays a role in HBsAg-positive 
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Figure 1. Relative hydrophilicity profiles of the products of the core gene of the HCV-N prototype (dotted line) 

and the HCV-N-6 isolate. The hydrophihcity score, corresponding to a window of six consecutive AA 

residues, is indicated along the core gene sequence of 191 AAs. The horizontal solid bar indicates the 

clustering variable region (CVR) (codons 39 to 76). 

HCC, in the inshore area of the Yangtze River (Yao et al., unpublished data). Thus, 
HCV may participate in the pathogenesis of HCC in HBV-hyperendemic areas such 
as Nantong and Taiwan. 

Virus-specific CTLs protect against virus infection in vivo and contribute to the 
development of disease by direct or indirect mechanisms [30]. In HBV infection, the 
core protein is thought to be an immunological target of CTLs [22, 23]. Clustered 
missense mutations in some regions of the HBV core gene have been shown to be 
related to Hver damage in individuals with chronic HBV infection [31, 32], consistent 
with our data on HCV infection. A study in which recombinant vaccinia viruses were 
used to express HCV proteins showed that HCV-specific, human leukocyte antigen 
(HLA) class I-restricted, CDS"̂  CTLs recognized epitopes in variable regions of the 
virus [33]. Furthermore, antibody-epitope binding experiments revealed HCV-specific 
linear epitopes located in the hypervariable region at the NH^-terminus of the E2/NS1 
glycoprotein [19]. The core, NS3, NS4, and NS5 proteins exhibit greater sequence 
conservation in isolated genotypes than the El and E2/NS1 glycoproteins [17, 18]. 
The hypervariability of the HCV envelope protein suggests that HCV may escape the 
host immune system by rapid mutation, and that mutations may stimulate new CTL 
responses, which are followed by further nt substitutions, as in infection with the 
human immunodeficiency virus [34]. Nevertheless, the relatively conserved epitopes 
in the core and NS5 regions, whose AA sequences show 94 to 100% identity within 
the same genotype [14, 35], have also been shown to be recognized by CD8"̂  CTLs 
in a patient with chronic HCV infection [36] and in mice after immunization with 
a vaccinia-HCV recombinant virus [37], respectively. In our study, the rates of nt 
substitutions, alterations of deduced AA residues, and missense mutations per nt 
change in the CVR were significantly greater than in the remaining region of the 
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HCV core gene. In addition, the number of nt substitutions that gave rise to changes 
in deduced AA residues in the CVR was significantly greater in HCC than in CH. 
These observations suggest that missense mutations in the CVR may be subject to 
higher selection pressure from the host immune system as liver disease progresses to 
HCC, and that they may play the dual roles of escape mutations and targets for CTLs in 
patients with chronic HCV infection. 

Comparison of sequence diveregences of HCV isolates between Chinese and 
Japanese patients with HCC 

To compare the genomic sequences of HCV isolates from Nantong with those of 
isolates from Japanese individuals with NANB chronic liver disease, we obtained serum 
samples from 15 Japanese patients (five with CH, five with LC, and five with HCC and 
LC) and liver tissues from seven patients [27] undergoing surgical resection of HCC at 
the University of Tokushima in Japan. For liver tissue specimens, the center part of the 
tumor was sampled as the cancerous portion, and the surrounding liver tissue clearly 
separated from the tumor was sampled as the noncancerous portion. All 22 sera were 
positive for HCV RNA with genotype lb and were negative for HBsAg and HBcAb 
(Table 1; patients 11-32). None had been treated with interferon-a or -p. In addition, we 
obtained serum samples as pooled sera positive for HCV RNA with genotype lb and 
negative for HBsAg and HBcAb from 10 CH patients in Tokushima. 

From six to 12 independent clones were isolated from the 15 HCV RNA-positive 
sera and the noncancerous and cancerous liver tissues of seven patients with HCC, and a 
total of 231 clones were sequenced. A major representative clone in 12 clones obtained 
from pooled sera positive for HCV RNA from CH patients in Tokushima was sequenced 
and designated as Tokushima prototype (Figure 2): out of 12 clones, nine clones had an 
alteration of deduced A A residue to serine at codon 110 from threonine conserved in the 
genotype lb sequences of HCV-J [10] and HCV-BK [11]. 

Figure 2 shows the differences in deduced A A residues of the core gene (codons 1 
to 125) between the Tokushima prototype [27] and HCV isolates from serum samples 
of Japanese and Nantong patients with HCC. Whereas few alterations of the deduced 
AA residues, either inside or outside the CVR, were evident in the Japanese HCV 
isolates, the increased number of AA alterations apparent in the Nantong isolates were 
unevenly clustered in the CVR. 

As far as we are aware, the existence of the CVR in the core region of HCV isolates 
has not been previously described. The nt mutation rate of the HCV genome is about 
10^ times that of the human genome in the absence of immune pressure [17]. However, 
the HCV genotype lb isolates obtained from serum samples of Japanese HCC patients 
in the present study did not show mutation clustering in the CVR. The reason for the 
difference in mutation rate in the core region between Japanese and Nantong HCV 
isolates is unknown, but it may be attributable to differences in the distribution of HLA 
types between Japanese and Chinese [38, 39]. 
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Figure 2. Comparison between deduced AA residues of the core gene (codons 1 to 125) of HCV isolates 

from Japanese and Nantong patients with HCC. Ten deduced AA sequences of 11 HCV cDNA clones from 

Japanese patients 21 and 22 and six HCV cDNA clones from Nantong patients 6 and 7 were compared 

with that of Tokushima prototype [27]; differences are indicated by vertical solid lines. Core codons are 

numbered from the start of the core gene of the prototype. The horizontal solid bar indicates the CVR 

(codons 39 to 76). 

Comparison of sequence diveregences of HCV isolates from noncancerous and 
cancerous liver portions in Japanese patients with HCC 

As shown in Table 3, nt sequences and deduced AA residues differing from those of 
the Tokushima prototype were identified in the core gene of the 152 HCV cDNA clones 
obtained from the sera of 15 patients with CH, LC, or HCC, and the noncancerous 
tissues of three HCC patients. Clones from CH patients showed significantly lower 
frequencies of nt substitutions and AA alterations (1.7 x 10"̂  and 0.4 x 10"̂ , respectively) 
than those from LC and HCC patients. In all of the 109 examined clones from LC 
and HCC patients, there was no significant difference among the frequencies of nt 
substitutions and AA alterations, with the exception of the frequency of AA alterations 
in the CVR in clones from noncancerous tissue samples. The number (3.6 x 10^) of AA 
alteration frequencies in the CVR was significantly greater than that (1.5 x 10"̂ ) in the 
remaining region in clones from the noncancerous liver tissues, although the frequency 
of nt substitutions in the CVR was not significantly different from that in the remaining 
sequence. This finding clearly indicated that the number of nt substitutions giving 
rise to changes in deduced AA residues in the CVR was significantly greater in liver 
tissues than in sera from HCC patients. Moreover, at codon 45 in the core gene, an 
AA alteration from Gly to Ser with an nt substitution from G to A at the nt 133 was 
observed in 47 out of 88 (53%) clones isolated from serum samples in patients with 
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Table 3. Nt and deduced AA sequences differing from those of Tokushima prototype in the core gene of 

HCV isolates from Japanese patients (numbers 11 to 28) with CH, LC, or HCC 

Samples 

Sera 

CH 

LC 

HCC 

CVR 

Other 

CVR 

Other 

CVR 

Other 

Liver tissues 

HCC CVR 

Other 

Nt 

114 

234 

114 

234 

114 

234 

114 

234 

AA 

38 

78 

38 

78 

38 

78 

38 

78 

Nt 

substitution 

1.2 ±0.7 

4.7 ± 0.9 

2.5 ± 0.7 

7.7 ±0.8* 

2.8 ± 0.9 

8.4 ± 0.5* 

3.8 ±0.9* 

8.3 ±1.0* 

AA 

alteration 

0.4 ± 0.5 

0.1 ±0.6 

0.3 ± 0.4 

1.3 ±0.4* 

0.5 ± 0.7 

1.1 ±0.3* 

1.4 ±0.5* 

1.2 ±0.5* 

Substitution/ 

nt X 10-2 

1.1 ±0.6 

1.2 ±0.4 

2.2 ± 0.6* 

3.3 ±0.3* 

2.5 ± 0.8* 

3.6 ± 0.2* 

3.3 ±0.8* 

3.6 ± 0.4* 

Alteration/ 

AA X 10-2 

1.1 ±1.3 

0.1 ±0.7 

0.8 ±1.1 

1.5 ±0.5* 

1.3 ±1.8 

1.3 ±0.3* 

3.6 + 1 6*' *' *** 

1.5 ±0.6* 

* P < 0.05 vs. corresponding value for serum samples in CH. 

P < 0.05 vs. corresponding value for serum samples in HCC. 

P < 0.05 vs. corresponding value for the remaining (Other) core gene sequence (two-tailed Mann-

Whitney L -̂test with Bonferroni correction). 

HCV cDNA clones were examined for nt substitutions and alterations of deduced AA residues in a part (nt 1 

to 348, codons 1 to 116 from the start of the core gene) of the entire core gene sequence, as well as in the CVR 

(nt 115 to 228, codons 39 to 76) and the remaining (Other) sequence. Data are means ± SD. 

LC and HCC, and in 19 out of 21 (90%) clones from noncancerous liver tissues in 
HCC patients, whereas no changes were found at this position in any of the clones 
from serum samples in CH patients. 

There has been a similar report that HCV clones obtained from sera are different 
than those from liver tissues: a sequence analysis of the hypervariable region (HVR) 
at the 5' end of the envelope 2 or nonstructural 1 (E2/NS1) glycoprotein gene of 
HCV revealed that nt sequences of HVR in noncancerous, cancerous, and serum 
samples were different in the same patient [40]. On the other hand, single-strand 
conformation polymorphism (SSCP) analysis of HVR indicated that viral populations 
differed in noncancerous and cancerous portions, but were the same in the serum 
and the noncancerous portion in the same patient [41]. It is unclear whether or not 
the constitution of viral populations isolated from sera and liver tissues is the same. 
However, an analysis of the HCV core gene sequence by multiple fluorescence-based 
PCR SSCP demonstrated that different populations of HCV quasispecies proliferate in 
cancerous and noncancerous liver portions [42]. In this study, a deduced AA alteration 
from Gly to Ser at the core codon 45 accompanied by an nt substitution from G to A was 
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observed dominantly in noncancerous portions rather than in cancerous portions and sera 
from HCC patients. These findings suggest that HCV rephcation and populations may be 
heterogeneous among different regions in the liver tissue in the same patient with HCC, 
and may be supplied to sera, producing many quasispecies populations. 

The nt sequences and deduced AA residues in the CVR were determined using seven 
to 12 clones each from the noncancerous and cancerous liver portions of four patients, 
numbers 29 to 32. The frequencies of nt sequences and deduced AA residues that 
were different from the representative clone in each case were compared between 
clones from noncancerous and cancerous portions. In two cases out of four, the mean 
number of nt substitution frequencies was significantly higher in the cancerous than 
the noncancerous portions. However, in all four cases, the mean number of deduced 
AA alteration frequencies was significantly higher than that in noncancerous portions 
(Figure 3), because most nt substitutions in cancerous portions gave rise to changes 
in deduced AA residues. Furthermore, the AA alteration from Gly to Ser at the core 
codon 45 with the accompanying nt substitution from G to A at nt 133 occurred more 
frequently in noncancerous (36 out of 39 clones, 92%) than in cancerous portions 
(12 of40 clones, 30%). 

Alteration/AA x l O ^ 
2 4 6 

Figure 3. Comparison of deduced A A residues in clones from noncancerous ( • ) and cancerous ( • ) liver 

portions in Japanese patients (numbers 29 to 32) with HCC. The nt sequences and deduced AA residues in 

the CVR (codons 39 to 76) were determined using seven to 12 clones each from noncancerous and cancerous 

liver portions of four patients. The frequency of deduced AA residues that are different from the representative 

clone in each case was compared between clones from noncancerous and cancerous portions. *Two-tailed 

Mann-Whitney [/-test {p < 0.05) was performed. 
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HCV core protein and hepatocarcinogenesis 

Ravaggi et al. [43] and Suzuki et al. [44] showed that a truncated HCV core protein 
containing the residues of core codon from 38 to 43 without the hydrophobic COOH-
terminus had translocated to the nucleus, whereas the intact core protein was localized 
in the cytoplasm. Whether such a truncated core protein is actually produced during the 
course of HCV replication remains to be determined. Moreover, whether a core protein 
with a cluster of mutations in the second hydrophilic domain binds to nucleic acids 
is also not known. The HCV core protein contains potential phosphorylation sites for 
protein kinase A (Ser̂ ^ and Ser̂ ^ )̂ and for protein kinase C (PKC) (Ser̂ ^ and Ser^^). 
Shin et al. [45] showed that mutation of either of the two serine residues at codons 99 
and 116 to alanine or aspartate resulted in a marked reduction in the inhibitory effects of 
the protein on HBV gene expression, whereas mutation of Ser̂ ^ had no effect on such 
activity. All serine mutants of the HCV core protein retained the ability to translocate 
to the nucleus. In addition, the AA alteration from Gly to Ser at codon 45 caused a 
phosphorylation site, A A sequence of Ser-Val-Arg for PKC [46]. Moreover, there are 
several myristoylation sites in the HCV core gene sequence. The mutation from Gly to 
Ser at codon 45 resulted in the loss of the myristoylation site. The protein myristoylation 
is associated with important biological processes, such as growth control and virus 
replication [47]. These observations indicate that mutations in the HCV core protein 
may affect the regulation of the expression of genes, possibly including that of cellular 
oncogenes. Although the mechanism of hepatocarcinogenesis induced by HCV is still 
far from clear, further analysis of the HCV core protein may increase our understanding 
of the pathogenesis of HCV infection and its contribution to the development of HCC. 
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Abstract 

Hepatitis B virus X protein (HBX) has been implicated in the transactivation of 
diverse cellular genes, and possibly also the pathogenesis of human hepatocellular 
carcinoma (HCC). We report the characterization of HBX variants from HBV-related 
human hepatocellular carcinoma (HCC). Mutations and deletions were identified in 
well-defined functional domains of HBX essential for transactivation and Kunitz-like 
serine protease inhibitor activities. Genomic Southern blot analysis revealed that HBX 
sequences were integrated into the host chromosomes of HCC tissues. Analysis using 
reverse transcriptase-based polymerase chain reaction (RT-PCR) indicated that these 
integrated HBX genes were expressed in the HCC tissues. We also report a novel in vitro 
HBX activity assay based on color changes that were indicative of the (J-galactosidase 
enzyme activity. Conducted in wheat germ lysates, the transactivating function of 
either wild type or mutant HBX protein was measured through its interaction with the 
Early Growth Response factor 1 (Egr-1) that controls the P-galactosidase gene. Further 
analysis of these HBX deletion mutants using this assay may shed new insights on the 
significance of various mutations occurring in HCC-associated HBX. 

Introduction 

Persistent infection by hepatitis B vims (HBV) has been closely associated with 
the pathogenesis of human hepatocellular carcinoma (HCC) [1-3]. Moreover, HBV 
genomes have been found integrated in the host genomes of most HBV-related HCC [4]. 
The involvement of these integrated HBV DNA in hepatocarcinogenesis has been sug
gested by the formation of transformed foci in transfected mamjnalian cells [5]. While 
the in vivo oncogenic potential of the whole HBV genome has so far not been demon
strated in transgenic mice [6], overexpression of individual viral gene products including 
HBX protein may also contribute to the development of HCC in carrier mice [7]. 
Although the ability of HBX in inducing HCC has been seen in only one line of 
transgenic mice, an increased susceptibility to carcinogens and progression to HCC 
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in other lines suggest a synergistic role of HBX in interacting with other oncogenes 
involved in the pathogenesis of HCC [8, 9]. 

Consisting of 154 amino acid residues, HBX has been reported to interact with a wide 
range of cellular proteins [10], among them transcription activators that are involved 
in the activation of proto-oncogenes (c-jun) and growth control (Egr-1) [11, 12]. 
In addition to the domains that are important for the transactivation and in vitro 
transforming activities [13, 4], there is also a spht but functional Kunitz-like serine 
protease inhibitor domain [15]. The function of HBX as a protease inhibitor has been 
further strengthened by the recent identification of proteasome as its new target [16, 17]. 
These findings suggest a more general role for HBX in inhibiting cellular processes 
of protein degradation. 

Mutations and deletions have been identified in the integrated HBX sequences 
[18-21]. In contrast to mutations occurring in the immunogenic HBsAg that are 
characteristic of vaccine escape mutants [22, 23], the effects of these HCC-integrated 
HBX mutants on hepatocarcinogenesis remains unclear, although some 3' truncated 
HBX genes are shown to retain their activity [24, 25]. 

Identification of HBX variants in HCC 

To investigate the significance of HBX in HBV-related hepatocarcinogenesis, five 
patients who tested positive for both HBsAg and anti-HBc IgG were selected and 
designated as Gl to G5, respectively (Table 1). The serological profile of a healthy 
person without HBV infection (G6, Table 1) was included as a control. 

Table 1. Serological profile of patients 

Patient HBV DNA (pg/ml) HBsAg (|ig/ml) anti-HBs (mlU/ml) anti-HBc IgG 

Gl - 0.56 2 + 

G2 - 0.28 - + 

G3 - 0.90 - + 

G4 - 2.80 - + 

G5 - 4.30 - + 

G6 -

(Control, Non HCC) 

Serological markers tested by commercial kits (Abbott Laboratories, North Chicago, USA) 

Serum DNA was isolated from HCC patients and used for amplification of the 
HBX gene. Whereas HBsAg was amplified from Gl, G2, G3 and G5 in a separate 
PCR (data not shown), HBX was detected in G2, G3 and G5. No HBV DNA was 
amplified from G4 and the control sample G6. The deletions in the 3' part of the 
coding region were observed and resulted in C-terminal deletions of the predicted 
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amino acid sequences of both G2 (residues 143 to 154) and G5 (residues 117 to 154), 
as shown in Figure 1. 

M A A R M C C Q L D P A R D V L C L R P V G[TJE S R G R P V S G P)L[G T L P S P 

M A A R M C C Q L D P A R D V L C L R P V G ^ E S R G R P [I] S G P F G T L P S P , 
M A A R M C C Q L D P A R D V L C L R P V G A E S R G R P | I P1 G[S]FGTLPSP 
M A A R [ V 1 C C Q L D P A R D V L C L R P V G A E S R G R P V S G P F G T L P S P j 
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Figure 1. Multialignment of HBX protein sequences. Amino acid sequences G2, G3 and G5 were predicted 

from the serum HBX isolated in this study, while that of the wild type HBX (HBXwtadr) was derived from 

Genbank. Identical amino acid residues were boxed. Reference numbering was that of HBXwtadr. 

Genomic integration of HBX in HCC tissues 

To investigate whether the detected HBX mutants were also integrated into the genome 
of the HCC tissues, genomic DNA was extracted and restricted by EcoRI prior to 
Southern blot analysis. Results shown in Figure 2 revealed bands of variable sizes that 
hybridized with the digoxigenin-labeled HBX probe. These include the two bands in Gl 
(approximately 20 and 13 kb), four bands in G2 (approximately 18, 14, 9 and 7 kb), one 
band in G3 (approximately 16 kb) and two bands in G5 (19 and 14 kb). 

None of the integrated HBX sequences appear to have the complete coding region, 
as shown by PCR analysis on DNA extracted from the hybridizing agarose gel shces. 
The deletions encompassed the DRl element, a 11 bp direct repeat sequence that is the 
initiation site for DNA minus-strand synthesis and also the preferred site on the HBV 
DNA during integration into the host genome [26]. 
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Figure 2. Detection of integrated HBX sequences in HCC tissues. 10 |ig of genomic DNA were digested by 

EcoRI restriction enzyme prior to Southern blot analysis, using the digoxigenin-labeled HBX coding region 

as probe. Samples in lanes corresponded to the order of patients in Table 1 and were as follows: lane i : Gl; 

lane 2: G2; lane 3: G3; lane 4: G4; lane 5: G5 and lane 6: G6. Sizes of DNA molecular marker were shown 

on the left side of the figure. Hybridizing fragments were seen in all lanes except lane 6. 

RNA expression of HCC-integrated HBX 

To investigate the RNA expression of the integrated HBX in HCC tissues, a two-step 
nested PCR was carried out. The total RNA was extracted from both the serum and the 
frozen Hver tissues of the patients, and treated with Dnase I to remove the coexisting 
HBV DNA as the selected patients were tested positive for HBsAg. Results of the nested-
PCR shown in Figure 3 showed the amplification band of the expected size (210 bp) 
in all the HCC-integrated HBX. No PCR band was seen in the control amplification 
involving the RNA samples that were not reverse transcribed {data not shown). 

To rule out the possibility that the HBX RNA detected in HCC tissues was derived 
from RNA of serum HBV, similar nested-PCR was carried out using Dnase I-treated 
serum RNA as template. No PCR products were amplified {data not shown). It was 
therefore likely that integrated HBX was expressed in the respective HCC tissue. 

In vitro assay for HBX activity in wheat germ lysates 

To determine the significance of the in vivo expression of the HCC-integrated HBX 
mutants in the pathogenesis of HCC, a novel activity assay was developed on the basis 
of the synergistic interaction between HBX and Egr-1 in stimulating the expression of 
TGF-pl [12]. Because the extent of deletion for each integrated HBX remained to be 
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Figure 4. //i v/rro translation of Egr-1 and HBX proteins. The proteins were synthesized in wheat germ 

lysates in the presence of [^^SJMethionine. The translated products were separated on SDS-PAGE gel, dried, 

and exposed to autoradiogram overnight at ambient temperature. Panel A, translation product of expected 80 

kDa Egr-1. Sizes of rainbow protein migration markers (Amersham, USA) were indicated on the left. Panel 

B, translation products of HBX from wild type (WT), as well as mutants G2, G3 and G5. Expected sizes 

were seen as 17 kDa (WT), 16 kDa (G2), 17 kDa (G3) and 15 kDa (G5). Sizes of rainbow protein migration 

markers (Amersham, USA) were indicated on the left. 
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Figure 5. Novel activity assay for HBX. The bacterial p-galactosidase was placed under the control of the 

TGF-pl promoter containing Egr-1 binding sites. Stimulation of the bacterial p-galactosidase by synergistic 

action of Egr-1 and HBX (either wild type or mutants) on the upstream TGF-1 promoter was measured in 

wheat germ lysates by color changes. Mean value of four independent experiments was shown in bars, and 

represented the relative activity of the bacterial p-galactosidase. 

displayed a significant loss of stimulation, a detectable stimulation by G3 was seen. 
The significance of this assay was further strengthened by the increasing stimulation 
of the bacterial enzyme activity with an increasing amount of wild type HBX protein 
(data not shown). 
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The activity assay developed in our study has provided a simple and fast (within one 
day) method of measuring HBX activity and appears particularly useful in differentiating 
functional effects of various mutations detected in HBX. The choice of TGF-pi 
promoter that controls the expression of the bacterial P-galactosidase gene is also 
relevant in assessing the role of HBX in hepatocarcinogenesis, as high levels of TGF-J31 
are closely associated with the development of human HCC [29, 30]. 

Summary 

HBX mutants with deletions and mutations are identified in serum and host genomes 
of HBV-related human HCC. A role of the integrated HBX genes in the hepatocarcino
genesis is suggested by their active expression in the tumor tissues. Effects of the 
deletions/mutations detected in the HBX variants are assessed by a simple and novel 
in vitro activity assay, by measuring the co-stimulation of HBX with Egr-1 on TGF-pi 
promoter. Application of this assay on more HBX variants, either those integrated in 
HCC or others circulating in serum, should provide more information on the significance 
of various mutations occurring in HCC-associated HBX. 
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