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Description: 
This single topic conference will bring together experts in the fields of antiviral therapy directed 
against HIV, hepatitis C, and hepatitis B.  The purpose of doing so at this time is that, as new 
antiviral compounds are being developed against HCV and HBV, hepatologists are encountering 
viral resistance to these new compounds, as was experienced in the HIV field a decade ago.  HIV 
experts learned many lessons about viral resistance, its consequences, and drug development that 
can inform the fields of HCV and HBV at this time.  Each of these viruses is distinct, but a thorough 
discussion of the evolution of therapy and resultant resistance in each will help to inform the 
management of all. 
 
Goals and Objectives: 

 
• State what is currently known about mechanisms of viral resistance to antiviral therapy in 

HIV, hepatitis C, and hepatitis B  
 

• Understand the path of antiviral therapy development in HIV: which medications were 
developed, what was known about resistance to each, how medications came to be 
combined, and how resistance is currently measured and influences clinical practice 

 
• Identify current and future therapies for hepatitis C and hepatitis B 

 
• Be able to discuss current barriers to antiviral therapy development for hepatitis C and 

hepatitis B, and how these barriers might be overcome 
 
Support of this program by the AASLD / Roche Pharmaceuticals Hepatitis Single Topic 
Conference Endowment is gratefully acknowledged. 
 
This program in not a Continuing Medical Education (CME) activity. 
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Hepatitis Single Topic Conference 
Viral Hepatitis Therapy: Lessons to Be Learned from HIV 

 
Thursday, July 24, 2008 

 
Session I:  Viral Biology, Antiviral Mechanisms 
Moderator:  Alexander Monto, MD 
 
2:00pm   Registration  
    
6:00 – 6:10pm  Opening Remarks  
    Alexander Monto, MD, Robert T. Schooley, MD, and Ira M. Jacobson, MD 
 
6:10 – 6:40pm   HIV Structure, Replication, and Mechanisms of Inhibition   
    Constance A. Benson, MD 
    University of California San Diego 
 
6:40 – 7:10pm   HBV Structure and Replication, Antiviral Mechanisms  
    Marc Ghany, MD 
    NIH/NIDDK 
 
7:10 – 7:40pm  HCV Structure/Replication, and in Vitro Replication Models 
    Brett Lindenbach, PhD 
    Yale University     
 
7:40 – 8:00pm  Panel Discussion  
    Moderator: Alexander Monto, MD 
    
Friday, July 25, 2008  
 
7:00 – 8:00am  Continental Breakfast 
  
Session II:  Drug Development by Virus 
Moderator:  Raymond T. Chung, MD  
 
8:00 – 8:10am  Day 2 Remarks  
    Alexander Monto, MD, Robert T. Schooley, MD and Ira M. Jacobson, MD 
 
8:10 – 8:30am  How HIV Achieved Co-Therapy with Multiple Experimental Agents 
    Paul Volberding, MD 
    University of California San Francisco 
 
8:30 – 8:50am  Anti-HBV Agents, In Vitro Models   
    Scott Bowden, PhD 
    Royal Melbourne Hospital, AUSTRALIA 
  
8:50 – 9:10am  Mechanisms of Action of Current Therapies for HCV 
    Raymond T. Chung, MD 
    Massachusetts General Hospital 
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9:10 – 9:30am  Panel Discussion 
    Moderator: Raymond T. Chung, MD 
  
9:30 – 10:00am  Break  
 
Session III:  Mechanisms of Resistance 
Moderator:  Jean-Michel Pawlotsky, MD, PhD 
 
10:10 – 10:20am  State of the Art: How HIV Acquires Resistance  
    Douglas D. Richman, MD 
    VA San Diego Healthcare System  
 
10:20 – 10:40am  Mechanisms of Hepatitis B Virus Drug Resistance  
    Fabien Zoulim, MD, PhD 
    INSERM, FRANCE 
  
10:40 – 11:00am  What is Known About Hepatitis C Resistance?  
    David L. Wyles, MD 
    University of California San Diego 
 
11:00 – 11:30am  Panel Discussion: How Resistance Differs by Virus   
    Moderator: Jean-Michel Pawlotsky, MD, PhD 
    
11:30 – 11:50am  Oral Abstract Presentation 
    Ivana Carey 

King’s College Hospital, UNITED KINGDOM  
 
11:50am – 1:00pm Lunch 
 
Session IV:  Insights from HIV 
Moderator:  Robert T. Schooley, MD 

 
1:00 – 1:20pm  HIV Replication Dynamics: Implications for HIV Therapy 
    Ruy M. Ribeiro, PhD 
    Los Alamos National Laboratory 
     
1:20 – 1:40pm  How HIV Resistance Influences the Clinician in 2008  
    Roy M. Gulick, MD, MPH 
    Weill Cornell Medical College 
 
1:40 – 2:00pm  How HIV-1 Resistance Influences Clinical Decision Making  
    Daniel R. Kuritzkes, MD 
    Brigham and Women's Hospital 
 
2:00 – 2:15pm  Panel Discussion: Lessons To Be Learned from HIV  
    Moderator: Robert T. Schooley, MD 
 
 
 
 
 

x



Session V:  Viral Hepatitis Therapy/Mutations 
Moderator:  Ira M. Jacobson, MD 
 
2:15 – 2:35pm  HBV Mutations, Alterations in Therapy Based on Kinetics   
    Jean-Michel Pawlotsky, MD, PhD 
    Hopital Henri Mondor, FRANCE 
 
2:35 – 2:55pm  HCV Mutations, Replicative Fitness  
    Tara Kieffer, PhD 
    Vertex Pharmaceuticals 
 
2:55 – 3:15pm  Will Interferon Always be Required for HCV Therapy?  
    Alan S. Perelson, PhD 
    Los Alamos National Laboratory 
 
3:15 – 3:30pm  Panel Discussion:  Origin of Mutant Strains, Restoration of WT Virus 
    Moderator: Ira M. Jacobson, MD 
    
3:30 – 3:50pm  Break  
 
Session VI:  Therapeutic Decision-Making 
Moderator:  Andrew H. Talal, MD, MPH 
 
3:50 – 4:10pm  When Should Therapy Be Initiated? HIV, HBV, HCV  
    Robert T. Schooley, MD 
    University of California San Diego 
 
4:10 – 4:30pm  Therapeutic Considerations in HIV-HBV Coinfection  
    Douglas T. Dieterich, MD 
    Mount Sinai School of Medicine 
 
4:30 – 4:50pm  Therapeutic Considerations in HIV-HCV Coinfection 
    Mark S. Sulkowski, MD 
    Johns Hopkins University School of Medicine 
 
4:50 – 5:10pm  Pediatric Issues Related to HIV, HBV, HCV  
    Maureen M. Jonas, MD 
    Children's Hospital Boston 
     
5:10 – 5:30pm  Panel Discussion: Special Considerations, Clinical Trials in Coinfections 
    Moderator: Andrew H. Talal, MD, MPH 
 
5:30 – 5:50pm  Oral Abstract Presentation 
    Philippe J. Zamor, MD 

University of Cincinnati 
  
6:00 – 7:00pm  Reception 
   
 
 
 

xi



Saturday, July 26, 2008 
 
7:00 – 8:00am  Continental Breakfast 
 
Session VII:  Future Directions in HBV, HCV Therapy 
Moderator:  John G. McHutchison, MD  
 
8:20 – 8:30am  Day 3 Opening Remarks 
  
8:30 – 8:50am  FDA: Priorities, Obstacles in HBV, HCV Drug Development  
    Russell D. Fleischer, PA-C, MPH 
    Food and Drug Administration 
 
8:50 – 9:10am  What Should Endpoints of Clinical Trials in HBV, HCV Be?  
    Kenneth E. Sherman MD, PhD 
    University of Cincinnati 
 
9:10 – 9:30am  Reasons for Accelerating Combo Drug Development: HBV 
    Robert P. Perrillo, MD 
    Baylor University Medical Center Dallas 
 
9:30 – 9:50am  Accelerating the Development of Combinations Therapy for Chronic  
    Hepatitis C  
    Ira M. Jacobson, MD 
    Weill Cornell Medical College 
 
9:50 – 10:10am  Panel Discussion: Non-responders, Maintenance Therapy, peri-OLT 
    Moderator: John G. McHutchison, MD 
    
10:10 – 10:40am  Break  
 
10:40 – 11:00am  Current Problems, Solutions: HIV, HBV, HCV  
    Alexander Monto, MD 
    University of California San Francisco 
 
11:00 – 11:20am  Imagining the Future: How Therapies, Resistance Will Evolve  
    John G. McHutchison, MD 
    Duke Clinical Research Institute 
 
Speakers and topics are subject to change. 
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Constance A. Benson, MD 
Anti Viral Research Center 

University of California San Diego 
150 West Washington Street, Suite 100 

San Diego, CA 92103 
 

Phone: 619-543-8080 Fax: 619-298-0177 
Email Address: cbenson@ucsd.edu 

 
HIV Structure, Replication, and Mechanisms of Inhibition 

 
HIV Structure  
HIV is a single stranded RNA virus. Mature infectious virions bud from a host cell membrane to 
form a sphere with an outer lipid bilayer and a nucleocapsid with a dense, cone-shaped core. 
The outer membrane has 72 spiked knobs, which consist of trimers of the outer envelope 
protein gp120, bound to the transmembrane protein gp41. The viral membrane is cholesterol 
rich. HIV contains two molecules of single-stranded RNA surrounded by the p17 matrix protein, 
located between the major capsid protein (p24) that forms the capsid shell and envelope 
protein, and the p7 nucleoprotein. Viral proteins critical to replication are also incorporated 
within the virion and include protease, reverse transcriptase, integrase, virion infectivity protein 
(vif), viral protein R (vpr), trans-activator of transcription (tat), regulator of virion protein 
expression (rev), viral protein U (vpu), negative regulatory factor (nef), and virion protein x (vpx). 
Protease is essential for viral assembly; reverse transcriptase and integrase are essential for 
viral DNA synthesis and integration. Once produced and integrated into the host cell genome, 
HIV-1 proviral DNA has the genomic structure common to most retroviruses, i.e., gag-pol-env 
flanked by two viral long terminal repeat sequences (LTRs) that contain transcriptional 
regulatory sequences, RNA processing signals, packaging sites, and the integration sites. The 
gag gene encodes core and matrix proteins; the pol gene encodes viral protease, reverse 
transcriptase, and integrase; the env gene encodes the outer and transmembrane envelope 
proteins.  
 
HIV Replication 
Early events include viral attachment, fusion and entry into the host cell cytoplasm. Replication 
is initiated by binding of the virion gp120 envelope protein to the CD4+ molecule on the surface 
of target cells followed by a complex interaction of gp41 transmembrane protein with one of two 
additional chemokine co-receptors, CXCR4 (T-cell tropic) or CCR5 (macrophage tropic), 
completing the fusion step allowing viral entry into the host cell cytoplasm. Viral disassembly 
follows using a cellular protein, cyclophilin, which binds to viral capsid p24, as well as accessory 
viral proteins Vif and Nef. This is then followed by reverse transcription of viral RNA to make 
double-stranded DNA. During the formation of double-stranded DNA, the uncoated 
nucleoprotein preintegration complex is transported into the nucleus, where it is integrated into 
the host cell genome. This is thought to be a necessary step in every replicative cycle, although 
unintegrated viral DNA may survive as a stable intermediate in quiescent cells temporarily not 
permissive for infection. These intermediates may proceed to integration if cell activation occurs. 
Integration of viral DNA results in the presence of a linear copy of the viral genome in the host 
cell. New viral RNA and proteins are then synthesized utilizing host cell enzymes regulated by 
host and cellular factors required for activation of viral promoters. Cellular factors, such as the 
nuclear factor-kB (NF-kB), are inducible transcription factors that aid in the processing of viral 
mRNA and genomic RNA transcripts. These splice, cap, polyadenylate, and transport mRNA 
and genomic RNA transcripts to the cytoplasm where viral regulatory proteins are produced, 
accumulated, and expressed, including Tat (induces and enhances activity of viral promoter 
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increasing RNA and protein production), Rev  (enhances expression of unspliced and singly 
spliced mRNAs that encode for late viral proteins), Gag, Pol, Env, Vif (induces efficient cell free 
transmission), Vpr (required for nuclear localization) and Vpu (enhances virion release from 
cells). Packaging of genomic RNA within a virus particle requires two “zinc finger” domains 
found in the p7 Gag protein. Mature viral particles are assembled at the cell membrane and the 
mature viral particle then buds from the cell surface. 
  
Mechanisms of Inhibition 
There are currently 24 drugs available that inhibit each major step in viral replication, including 
inhibitors of viral attachment (bind or inhibit the CD4 receptor, chemokine receptors, both CCR5 
and CXCR4, or gp41 transmembrane fusion); reverse transcription, proviral integration, viral 
protein synthesis, and assembly of mature viral particles.  
 
References: 
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IN: Mandell GL, Bennett JE, Dolin R, eds. Principles and Practice of Infectious Diseases, 
6th Edition; 2005; pg. 2119. 

 
3. Department of Health and Human Services Panel. Guidelines for the use of antiretroviral 

agents in HIV-1-infected adults and adolescents; 2007; http://AIDSinfo.nih.gov. 
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Marc Ghany, MD 
LDB, NIDDK, NIH 

Building 10, Room 9B-16 
10 Center Drive MSC 1800 
Bethesda, MD 20892-1800 

 
Phone: 301-402-5115 Fax: 301-402-0491 
Email Address: marcg@intra.niddk.nih.gov 

 
HBV Structure and Replication, Antiviral Mechanisms 

 
Hepatitis B virus (HBV) is a small DNA virus. Three viral particles circulate in serum: the Dane 
particle representing the intact virion, which is infectious and two subvirion particles with a 
spherical or filamentous appearance on electron microscopy, which are non-infectious. These 
latter two particles are made in excess of the Dane particles and contain predominantly hepatitis 
B surface antigen (HBsAg) and host-derived lipids. The viral genome is compact, partially 
double-stranded and 3.2 Kb in length. The full-length, minus stand encodes four overlapping 
reading frames which give rise to 4 mRNAs a genomic (3.5 Kb) and 3 subgenomic (2.4Kb, 2.1 
Kb and 0.7 Kb) transcripts. Functionally important elements for regulation of transcription 
include promoter elements located 5′ to each of the HBV transcripts that are regulated by two 
enhancer elements (EnI and EnII), a polyadenylation signal within the core gene and a post-
transcriptional regulatory element (PRE) that is required for efficient processing and transport.  
 
Replication of the HBV genome occurs within a viral nucleocapsid that consists of the core 
protein, the pregenomic RNA and the viral polymerase. Nucleocapsid formation requires the 
coordinated binding of the polymerase to an RNA step loop structure at the 5′ end of the 
pregenomic RNA called epsilon, which triggers encapsidation by core particles. The polymerase 
bound to epsilon serves as a protein primer for DNA synthesis with epsilon also serving as the 
template for this reaction. The polymerase-oligonucleotide complex translocates to the 3′ direct 
repeat on the pregenomic RNA that is complementary to the short oligonucleotide and proceeds 
to synthesize the negative DNA strand while concomitantly degrading all but the last 15-18 
nucleotides on the 5′ end of the pregenomic RNA. This short RNA then translocates to the 
complimentary 5′ end of the newly synthesized negative DNA strand and serves as the primer 
for the positive DNA strand. Annealing of the primer to complimentary sequences at the newly 
synthesized 5’ end is possible due to an 11- to 12-nucleotide sequence homology referred to as 
direct repeats 1 and 2. When the positive DNA strand has been extended, a template switch 
occurs and allows for the circularization of the genome. Once replication is completed, the viral 
nucleocapsids can either interact with the envelope proteins in the endoplasmic reticulum to 
form mature virions that are secreted from the cell, or they can be transported back to the 
nucleus to replenish the pool of cccDNA. 
 
The development of antiviral resistance is a major limitation to the treatment of chronic hepatitis 
B. It is determined by viral, host and drug characteristics. The high mutation rate of HBV,1012 
virions per day, together with the absence of proof reading capability of the HBV polymerase 
means that all possible single base changes can be produced per day. During treatment the 
capability of a drug to select a particular mutation depends on its ability to suppress viral 
replication. An antiviral agent with low activity exerts minimal pressure on the virus to mutate 
and consequently the chance of resistance is low. Conversely, complete suppression of viral 
replication does not allow for the development of resistant mutations because this process is 
replication dependent. Drugs with intermediate activity have the highest risk for the development 
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of resistance. Other factors contributing to the development of resistance include the genetic 
barrier of a drug to the development of mutations, viral replication space, pharmacogenetics and 
immune status of the host. Comparative studies of the HBV polymerase with the HIV 
polymerase have allowed predictions to be made on the structural basis for drug resistance. In 
general, most mutations cluster in the vicinity of the incoming nucleotide and act by directly 
affecting the position or stability of the bound substrate, template or primer. Structural models 
do not always predict the results of functional studies and serve to highlight the limitations of the 
structural models. Nevertheless, they are useful tools for the designing new agents with 
improved resistance profiles. 
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HCV Structure, Replication, and in Vitro Replication Models 

Hepatitis C virus (HCV) was identified as the major cause of non-A, non-B viral hepatitis nearly 
20 years ago.  Yet until recently, only limited aspects of the viral life cycle could be studied in 
the laboratory because efficient culture systems for HCV did not exist.  We and others recently 
developed reagents and methods for producing infectious HCV in cell culture from cloned 
cDNAs, allowing the entire viral life cycle to be dissected at the molecular and cellular level.  We 
briefly review the development of these HCV genetic systems and describe how these tools 
have revealed fascinating new aspects of HCV biology.  It is hoped that these insights will 
provide new avenues to target HCV in infected patients. 

HCV is an enveloped, positive-strand RNA virus.  Upon entry into a permissive host cell, the 
viral genome is directly translated, replicated, and subsequently packaged within nascent 
virions.  Thus, as for other positive-strand RNA viruses, the HCV genome is directly infectious.  
The first HCV genetic systems were constructed as full-length cDNA clones of the viral genome, 
which could be transcribed and directly transfected into the liver of infected chimpanzees.  
However the lack of small animal models or HCV cell cultures systems limited the utility of these 
early systems.  The first broadly useful HCV cell culture systems became available when 
Lohmann and colleagues constructed selectable, subgenomic replicons that could replicate in 
transfected Huh-7 cells (1).  Based on a subgenomic replicon with unusually robust replication 
levels, we and others constructed full length HCV genomes that can replicate and produce 
infectious virus in cell culture (2, 3).  Cell-culture grown HCV (HCVcc) can infect naive Huh-7 
cells, chimpanzees, and mice bearing human liver grafts. 

Similar to their in vivo grown counterparts, HCVcc particles have an unusually low buoyant 
density due to their ability to associate with serum lipoproteins.  The molecular details of these 
interactions are not yet fully understood, but lipoprotein association appears to be a key 
determinant of HCV infectivity.  Moreover, recent work indicates that HCV assembly is intimately 
associated with VLDL assembly.  Thus, the HCV-lipoprotein interface may represent a new 
paradigm in virus structure and host-pathogen interaction.  We will summarize our current 
understanding of HCV structure and describe efforts to identify small molecules that disrupt its 
infectivity. 
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How HIV Achieved Co-Therapy with Multiple Experimental Agents 

 
A panel of the IOM was convened in 1986 to consider how the new HIV epidemic could be 
confronted.  Co-chaired by David Baltimore and Shelton Wolfe, one key and dramatic 
recommendation was that the government through the NIH should invest new funds, not 
diverted from other research, into the fundamental science of the newly recognized virus.  The 
panel argued against contracts and in favor of investigator initiated grants as the vehicle for this 
discovery and anticipated the development of new antiretroviral drugs.  They recommended the 
then startling amount of one billion dollars annually to this new target.  The wisdom of these 
recommendations and their implications for other challenges should, in retrospect, be evident.   
Even as the panel deliberated, the first candidate drug, AZT, was entering clinical trials that 
would establish its activity.   The extension of the real but modest efficacy of that drug 
absolutely required the basic scientific discovery funded by the NIH investments.  The lifecycle 
of HIV was quickly probed, revealing numerous targets for therapeutic drug discovery.  As these 
candidate drugs became available for human trials, another key NIH investment, this in the 
academically-based infrastructure, particularly the AIDS Clinical Trials Group, able to conduct 
human research, was also essential.  A trial element was a mobilized patient advocate 
community which insisted that the results of basic investigation and drug discovery be taken 
quickly to human trials and rapidly approved for use.   As these drugs were discovered, their 
use in combination was considered almost immediately.  In part this reflected their initial 
potency limitations but later the recognition of rapid selection of drug resistance by 
monotherapy.  The success in multiagent cancer chemotherapy also presented an evolved 
rationale for drug combinations.  HIV therapy moved almost immediately from one to two drug 
combinations.   Dual therapy, in retrospect, had considerable clinical efficacy but was quickly 
eclipsed by the striking benefit of three drug combinations, especially those including a protease 
inhibitor.  Also vital was the availability of highly accurate tests of HIV viral load and 
understanding of viral kinetics, along with statistical methods allowing immediate appreciation of 
the revolutionary changes effected in HIV management. 
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Anti-HBV Agents, In Vitro Models 

 
The antiretroviral drugs currently used in highly active antiretroviral therapy were developed and 
tested using in vitro cell culture systems capable of supporting multiple rounds of HIV 
replication. Unfortunately, equivalent systems do not exist for HBV, and primary hepatocytes are 
the only cells able to be infected in vitro.  Besides ethical and logistical problems associated 
with use of primary hepatocytes, they are not suitable for assays that require stringent 
standardisation. The few methods currently used for in vitro testing of anti-HBV agents are 
labour-intensive, technically demanding and poorly suited to high-throughput screening. 
 
Transient Transfection  
Cell lines capable of supporting HBV replication are transiently transfected with well-
characterised “laboratory” clones of HBV into which point mutations known or suspected of 
being associated with drug resistance are introduced by site-directed mutagenesis. The 
phenotype conferred by specific mutations is deduced by comparing the effect of their presence 
and absence on replication and antiviral drug sensitivity.  Alternatively, phenotypic effects of 
mutations can be studied in their natural genetic background by transiently transfecting cells 
with full-length HBV genomes that have been amplified from clinical isolates. Variation in 
transfection efficiency is the major problem with these methods. 
 
Transduction  
Recombinant baculoviruses (or other viral vectors) can be used to transduce HBV genomes into 
cells that support their replication, resulting in more controllable viral expression than is possible 
with transfection.  The need to continually generate, maintain and standardize stocks of viral 
recombinants is the main disadvantage of this approach. 
 
Stable Transfectants  
Transformed cells that have HBV DNA stably integrated into their nuclear genomes have been 
used extensively for screening potential anti-HBV drugs for activity and several sets of cell lines 
have been created specifically for drug resistance phenotyping. They carry integrated copies of 
either a wild type HBV genome or one of its mutant derivatives, expression of which is 
controlled by repressible or inducible promoters.  New lines have to be created for each HBV 
mutant and integration of viral DNA into the cellular genome may affect the expression of both 
viral and cellular genes. 
 
Virtual Phenotyping 
This is an approach that is relatively new for HBV, although it has been used extensively to 
predict phenotypes of HIV isolates. It relies on computer-assisted analysis and correlation of 
information from large databases of genotypic, phenotypic and clinical data. However, this 
approach cannot predict phenotypic effects of new mutations.  
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Mechanisms of Action of Current Therapies for HCV 

  
Current best management of chronic HCV is a combination of peginterferon-alfa and ribavirin, 
which produces sustained virologic response in 54-56% of treated patients. Interferon acts 
principally as an antiviral agent, with induction of a broad array of genes that provide innate 
antiviral control, including suppression of viral protein and RNA synthesis. The multitarget 
nature of IFN's action is accordingly associated with no identifiable virally encoded resistance. 
Nonetheless, the inability of nearly half of patients (over half of genotype 1-infected patients) to 
mount an adequate response to IFN-based therapy might be explained by viral subversion of 
the IFN response, an intrinsic genetically mediated defect in the host response to IFN, or 
both.  Indeed, many IFN-stimulated genes are successfully induced in the liver of nonresponder 
patients, which suggests that only a subset of such genes are responsible for viral clearance.  
Ribavirin, an essential component of antiviral therapy for HCV, has been proposed to act as an 
antiviral, an RNA mutagen, and as an immunomodulator. While debate continues, recent 
evidence supports its ability to augment IFN-stimulated gene induction.  
  
Exciting progress in the development of small molecule inhibitors of direct HCV enzymatic 
functions (particularly the HCV-encoded NS3-4A serine protease and the NS5B RNA-
dependent RNA polymerase) has been made, with demonstration of potent antiviral activity for a 
number of inhibitors, including peptidomimetic NS3-4A inhibitors, nucleoside and nonnucleoside 
polymerase inhibitors. For protease inhibitors, their ability to liberate HCV's suppression of 
the IFN-inducing gene IRF-3 offers the distinct possibility of two mechanisms of action.  
However, with introduction of intensive selection pressure provided by enzyme inhibitors, 
selection of preexisting viral variants has been rapid (protease, nonnucleoside > nucleoside). 
Fortunately, these variants remain uniformly IFN-sensitive. This has led to an clinical trial 
strategy of adding these compounds to a backbone of PEGIFN and ribavirin in patients with 
genotype 1 infection.  There remain challenges, including management of PEGIFN and RBV 
nonresponders, as well as patients in special groups such as HCV-HIV coinfection and post-
liver transplant HCV. The implications of resistance selection for the natural history of HCV and 
future treatment options, as well as drug-drug interactions and toxicities, will need to be carefully 
studied. Other compounds in earlier phases of clinical or preclinical testing include inhibitors of 
host cofactors for viral replication, as well as inhibitors of viral entry, fusion, and secretion. It is 
possible to envision a cocktail strategy of oral, mechanistically nonoverlapping agents to 
improve viral clearance rates in the not-too-distant future. 
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State of the Art: How HIV Acquires Resistance 

 
Several factors contribute to the rapid evolution and generation of genetic diversity that are seen 
with HIV, HBV and HCV.  These factors include error-prone polymerases, lack of proof-reading 
mechanisms, very high magnitudes of replication, and a number of important selection 
pressures.  These selective pressures include drugs, cellular and anatomic compartments and 
immune responses. 
 
This rapid evolution and genetic diversity has important practical implications for the 
development and use of antiviral drugs for these chronic infections:  1. Genetic variants with 
single and probably double mutations preexist.  (Why some regimens fail.)  2.  Genetic variants 
with 3 or more drug resistance mutations rarely exist.  (Why some combination regimens 
succeed.)  3. The prevention of the cumulative acquisition of drug resistance mutations requires 
the suppression of replication. 
 
Drug resistance can be acquired with unsuccessful therapy (secondary resistance) or by 
transmission (primary resistance).  The prevention of acquired resistance requires attention to 
the practical implications mentioned above with attention to 3 critical components:  1. The 
patient who must be adherent; 2. The prescribing care provider who must select an optimal 
regimen and properly counsel the patient; and 3. The drugs which must be potent, tolerable and 
have good pharmacokinetics. 
 
These principles will be discussed concluding with a plea to the hepatitis treating community not 
to rediscover the wheel.  Please learn from our mistakes and do not recapitulate the errors 
learned the hard way by the antiretroviral treating community. 
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Mechanisms of Hepatitis B Virus Drug Resistance 

 
With the development of new antiviral agents, drug resistance is one of the most challenging 
issues in the management of chronic hepatitis B therapy. The main antivirals available for the 
treatment of chronic hepatitis B belong to the nucleoside analog family. They may select for viral 
polymerase gene mutants that exhibit a lower susceptibility to the drug. This usually results from 
a lower binding activity of the compound in the catalytic site of the enzyme or from excision of 
the drug, among the potential mechanisms.  
 
There are several viral and host determinants involved in the selection of HBV drug resistant 
mutants.  
 
Viral dynamics are rapid for HBV with a daily production of virions in the range of 1012-1013 for 
HBV. In the recent reports, the half-life of free HBV particles varies between 3 and 24 hours. 
The half-life of HBV infected hepatocytes has been estimated to be up to 100 days, with large 
lifespan heterogeneity, which is one of the major reasons for the requirement of long-term 
therapy in chronic hepatitis B.  
 
Mutations occur spontaneously during the replication of HBV. The HBV reverse transcriptase is 
intrinsically error prone and lack proofreading function, allowing for frequent replication errors to 
occur. The result is the generation of multiple viral variants, known as a quasi-species that 
coexist and reach population densities in direct proportion to their relative replication fitnesses. It 
has been predicted that every nucleoside of the 3.2 Kb HBV genome theoretically can be 
substituted every day within a given infected patient.  
 
Since any drug pressure may act to select pre-existing drug resistance viral variants, the speed 
for selecting drug resistance mainly depends on the turnover of the viral nucleic acid acting as 
source of new viral genomes. Viral genome mutations are supposed to be archived in cccDNA 
present within the nucleus of infected hepatocytes as extra-chromosomal (episomal) material. 
HBV cccDNA is relatively stable within infected hepatocytes. The time needed for selecting drug 
resistance mutations, present at baseline only as minority genomic variants, to expand and fill a 
major part of the virus population is relatively long for HBV. It depends on the fitness of the 
mutant viruses in the presence of the drug and the replication space available  in the liver for the 
spread of the mutants. In chronic hepatitis B, the replication space is provided by hepatocyte 
turnover, which allows the loss of HBV wild-type infected cells and the generation of non-
infected hepatocytes that are susceptible to new HBV mutant infections. This process is usually 
very slow in chronic hepatitis B because the immune mediated killing of infected cells is slow.  
In a situation in which most potential target cells are already infected and releasing virions, it is 
clear that infected cells with a long half-life will provide only a minimal opportunity for replacing 
the original virus population by a new one of drug-resistant variants. This is the case for HBV, 
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whose infected hepatocytes may survive for several weeks or months. This is one of the 
reasons why the dynamics of selection of drug resistance are so different comparing HBV and 
HIV. 
 
Viral fitness is another important factor in the mechanism of selection of drug resistant mutants. 
This includes replication advantage conferred by the mutations in the presence of the drug, but 
also the adverse effect of the mutations on the replication capacity of the mutants.  The 
polymerase gene mutations may confer a decreased susceptibility of HBV mutants to the drug; 
resistance may need a sequential addition of mutations to achieve higher levels of resistance, 
as this may be the case for entecavir (primary resistance mutations at position rt204, and 
secondary resistance mutations at position rt184, rt202 or rt250). Many of the main resistance 
mutations are associated with compensatory resistance mutations to restore the replication 
capacity of the mutant virus. The newer generation of antivirals seems to have a higher genetic 
barrier to resistance (i.e., number of mutations needed for the establishment of resistance 
and/or resistance mutations resulting in reduced viral fitness). The kowledge of the cross-
resistance profile of the antiviral drugs is also very important to choose antivirals for combination 
of add-on therapy.  
 
Apart from the direct effect of the polymerase gene mutations on the enzymatic activity of the 
viral polymerase, which may result in impaired replication capacity, there are conservatory 
constraints due to the fact that the HBV genome shows overlapping reading frames. Changes at 
one position in the viral polymerase may affect the structure and function of the surface protein. 
Therefore it was shown that some lamivudine-associated resistance mutations may modify the 
antigenicity of the HBV surface antigen. HBV escape mutants induced by antiviral therapy have 
recently attracted much attention because of their potential spread in the population. Moreover, 
mutants of the viral polymerase gene may induce mutations in the overlapping surface antigen 
which may then generate defective or less infectious mutants that may need trans-
complementation of the mutant protein by wild type to package and propagate the mutant virus 
(some of the M204I and the A181T mutants are examples). The impact of the specific antiviral 
immune response on the selection of drug resistant mutants is not well known.  
There are major clinical implications from these fidings. Antiviral therapy should be based on 
nucleoside analogs exhibiting a potent antiviral effect and having a high genetic barrier to 
resistance to limit the emergence of drug resistance. In second line treatments, add-on 
strategies using on drugs with a complementary cross-resistance profile are preferred to inhibit 
the replication of the major variants of the viral quasi-species. The knowledge of the kinetics of 
the resistance mutant emergence has also implication in the virologic monitoring of antiviral 
treatment. All these informations should guide clinicians in the management of chronic hepatitis 
B therapy.  
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What is Known About Hepatitis C Resistance? 

 
The shortcomings of interferon-ribavirin therapy for hepatitis C virus (HCV) infection have led to 
the discovery of a number of virus specific HCV inhibitors. Inhibitors of the HCV NS3 protease 
and NS5B RNA polymerase have shown promise in vitro and in early clinical trials. As we 
approach the advent of combination therapy containing one or more virus specific inhibitors 
prevention, detection, and management of viral resistance will be mandatory for their effective 
implementation. 
 
HCV virology and how it impacts potential HCV resistance 
The hepatitis C virus is poised for the rapid development of resistance during therapy using 
virus specific inhibitors. Key among these viral features are a high rate of viral replication, an 
error-prone polymerase, and a lack of constraints due to overlapping reading frames.1 A direct 
result of these characteristics is the remarkable genetic diversity of HCV both globally and in 
individuals. Implication of this diversity include: across genotype (or even subtype) intrinsic 
resistance to compounds (protease and non-nucleoside polymerase inhibitors); and the 
presence of resistant minor variants in an individual, which can quickly be selected for on 
initiation of therapy. These aspects necessitate up front combination therapy and evaluation of 
the utility of baseline resistance testing. The lack of a long-lived cellular reservoir or an 
integrated/episomal replication intermediate, such as HIV-1 pro-viral DNA and HBV cccDNA, 
suggest that resistance mutations may not be archived. 
 
Resistance to HCV Protease and Polymerase Inhibitors 
Shortly after the discovery of HCV protease inhibitors in vitro resistance was described with 
mutations at aspartic acid 168 (D168V/A) and alanine 156 (A156S) being associated with the 
macrocyclic and ketoamide HCV inhibitors BILN-2061 and VX-950 (telaprevir), respectively.2 
Subsequent in vitro studies demonstrated that mutations at alanine 156 (A156T/V) conferred 
cross-resistance to both compounds.3 Resistance emerges rapidly in vivo during protease 
inhibitor monotherapy; a detailed clonal analysis of viral variants with resistance to telaprevir 
revealed mutations not seen in vitro (V36A/M, T54A and R155K/T) as well as combinations of 
mutations (V36M + R155K).4 Mutations at the alanine 156 position were rarely seen in vivo, 
likely due to the significant fitness cost incurred by the virus.4 The available data implies that 
cross-resistance among protease inhibitors may limit options for dealing with resistance.  
 
Resistance to HCV nucleosides and non-nucleoside inhibitors (NNIs) has also been described 
in vitro. In vitro resistance to 2’-C-methyl nucleosides occurs via the S282T mutation.5 A second 
mutation, S96T, is associated with resistance to 4’-azido nuclesides.6 Cross-resistance has not 
been reported in vitro with 4’-azido and 2’-C-methyl HCV nucleosides.6 A third class of 
nucleosides with a 4’-azido group and lacking a 2’-�-substituent retain activity in vitro against 
both S282T and S96T mutants.7 These resistance profiles suggest that certain nucleosides may 
be useful in combination. Attractive features of nucleoside based therapy are the conserved 
nature of HCV polymerase active site and a higher barrier to resistance than current protease or 
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NNI inhibitors.8 NNIs bind to at least 4 unique allosteric sites on the polymerase with each site 
having unique resistance mutations.9 Similar to protease inhibitors, polymorphisms with intrinsic 
resistance and rapid resistance development in vivo during monotherapy with NNIs have been 
described.9,10 In summary, resistance has been described to inhibitors of the HCV protease and 
polymerase and will undoubtedly be encountered once they are introduced into clinical practice. 
The translational virology tools to assess resistance and compound interactions as well as 
forward thinking clinical trials taking cues from HIV therapy will be imperative. 
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A NOVEL HBV POLYMERASE MUTATION rtA181S, ASSOCIATED WITH LAMIVUDINE 
MONOTHERAPY, CONFERS RESISTANCE TO ADEFOVIR ADD-ON THERAPY BUT 
RETAINS IN-VIVO SENSITIVITY TO ENTECAVIR AND TENOFOVIR COMBINATION 

THERAPY 
 

Carey I, Bruce M, Horner M, Fletcher I, Shang D, Hughes S, Scalori A, Agarwal K and 
Harrison P.  
 
Background and Aims:  
Lamivudine (LAM) monotherapy in patients with chronic hepatitis B (CH-B) frequently selects 
for a virus bearing a HBV polymerase codon 204 mutation conferring LAM resistance and 
rarely for mutations conferring cross-resistance to other anti-viral agents. This study tracked 
the evolution of a novel mutation, A181S, within the viral polymerase gene during antiviral 
therapy in a 37-year old male with HBeAg positive CH-B, genotype D. 
Materials and Methods: HBV DNA isolated from 24 sequential, stored, serum samples was 
subjected to direct sequencing of the polymerase gene after amplification by nested PCR.  
 
Results:  
Two pre-treatment samples demonstrated wild-type (WT) sequence. Surprisingly, at week 
12 of IFN-α monotherapy, 9MU TIW, mutation rtM204V was detected, which persisted 
throughout treatment, and wild-type sequence returned only during a 6-month, therapy-free 
period. As IFN-α treatment failed, LAM monotherapy 100 mg/day was started: at month 2, 
mutation rtM204I was detected, which persisted for 12 months, and by month 5 it was 
accompanied by a compensatory mutation rtL180M; after 28 months, direct sequencing 
revealed the mutations rtM204I/V/M and rtA181S. Genotypical resistance data was not 
available to the clinician at this time and adefovir (ADV) 10 mg/day was added to LAM, as 
the HBV DNA response was sub-optimal. Although the patient continued with combination 
LAM+ADV for 20 months, HBV DNA was not monitored as the patient failed to attend 
appointments. On return to clinic, the viral load had increased 3log10 and DNA sequencing at 
months 20 and 21 on combinations LAM+ADV demonstrated the ongoing presence of 
mutation rtA181S only. Combination therapy with entecavir (ETV) 1 mg/day plus tenofovir 
(TDF) 245 mg/day resulted in the viral load dropping 3log10 and the appearance of a mixed 
sequence rtA181A/S within 1 month, whereas at month 3 only WT sequence was detected. 
At 6 months, the HBV DNA had fallen by 5log10, but mutations rtM180L and rtM204V were 
detected.  
 
Conclusion:  
The novel HBV polymerase mutation rtA181S, which developed during LAM monotherapy, 
was associated with a sub-optimal response to LAM, conferred in vivo cross-resistance to 
add-on ADV but retained sensitivity to combination therapy with ETV and TDF. 
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HIV Replication Dynamics: Implications for HIV Therapy 

HIV viral load in an infected patient remains at similar levels (quasi-steady state) for prolonged 
periods of time during the asymptomatic stage of infection. However, treatment with potent 
antiretroviral therapy results in a fast decay of virus in circulation – of up to 100-fold in as little as 
10 days [1, 2]. Modeling of this drop in viral load and analyzing data of experimental apheresis 
revealed that the half life of free virus is ~45 minutes and the half-life of infected cells is ~17h 
[3]. These numbers imply that over 3×107 infection events occur per day in a HIV-infected 
individual. Since the action of the reverse transcriptase of the virus is prone to errors at each of 
these infections, countless mutant viral variants are produced every day [4]. This leads to the 
observed fast development of drug resistance during treatment with single agents. Therefore, 
current treatment guidelines advise the simultaneous use of multiple antiretroviral agents from 
at least two different classes to prevent cross-resistance [5]. 

Unfortunately, the fast decay observed initially is followed after a couple of weeks by much 
slower decreases in viral load. The half-life of this second slope of viral decay is of the order of 1 
month [6]. To explain this slowing down, multiple hypotheses have been considered and 
modeled, including the existence of long-lived infected cells, viral reservoirs, drug sanctuaries or 
immune response effects. Each of these hypotheses could lead to different recommendations 
and research efforts to boost the efficacy of HIV therapy. If the second phase is mostly due to 
long-lived cells such as macrophages, it would be important to develop treatments that target 
viral replication in these cells. 

Studying of HIV replication dynamics in further clinical trials has also showed that drug regimens 
with multiple drugs impose a more stringent interference with viral production. For example, one 
study found that a protocol including NRTIs, NNRTIs and PIs was 20%-30% better at reducing 
viral production than two protocols with just NRTIs and PIs [7]. However, these findings from the 
early dynamics of viral treatment need to be tempered with issues such as side-effects of the 
drugs, probability of compliance with more complex protocols and the availability of alternatives 
for rescue treatment, in case the first line protocol fails. Thus, an important effort in research of 
HIV therapy has been the development of simplified regimens that maintain potency and drug 
class diversity. 

Analyses of viral dynamics during treatment of people infected with HBV and HCV have 
indicated that the turnover of these viruses is also very fast, with implications for treatment 
recommendations and the development of drug resistance [3, 8, 9]. 

Overall, the field of viral dynamics has provided important insights into the mechanisms of drug 
resistance and opened new ways to compare treatment protocols. 
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How HIV Resistance Influences the Clinician in 2008 

 
HIV drug resistance greatly influences the HIV practitioner in 2008 in at least 2 distinct clinical 
settings:  (1) the treatment-naïve patient in considering initial treatment options and (2) the 
treatment-experienced patient who has experienced failure on prior regimens and now is in 
need of a new regimen.   
 
Current estimates from the CDC are that ~10% of treatment-naïve patients newly diagnosed 
with HIV infection acquired viral strains with resistance to at least one of the major HIV drug 
classes (reverse transcriptase or protease inhibitors).  Clinical trials data conclusively show that 
virologic failure occurs more frequently on antiretroviral regimens containing drugs to which the 
virus is resistant.  Other analyses suggest that genotypic drug resistance testing is cost-effective 
in this clinical setting.  Consequently, treatment guidelines routinely recommend conducting 
genotypic drug resistance testing the first time a patient presents for HIV care and/or prior to 
starting antiretroviral therapy.  Clinicians use this information to select the optimal initial therapy 
regimen.  Further, clinicians will consider the resistance barrier of the drug regimen (i.e. how 
many mutations confer resistance to each of the drugs and over what time period) among 
factors that determine the optimal choice of regimens. 
 
HIV drug resistance tests, both genotype and phenotype, first proved useful when tested in 
treatment-experienced patients failing an antiretroviral regimen who went onto subsequent 
regimens.  Drug resistance testing offered improved virologic suppression over simply using the 
drug history alone by helping the clinicians to choose more active drugs for the next regimen.  
Over time, treatment guidelines recommended the routine use of drug resistance testing in this 
setting and the tests became part of the routine clinical management of such patients.  The 
current goal of HIV therapy is suppression of HIV RNA to <50 copies/ml (below the limit of 
detection) and this is achieved with a regimen containing 2, or preferably 3, fully-active 
antiretroviral drugs.  Of particular importance for the heavily treatment-experienced patient are 
drugs in existing drug classes with demonstrated activity against drug-resistant virus or drugs in 
newer classes they have a new mechanism of action (e.g. HIV entry inhibitors, HIV integrase 
inhibitors). 
 
In short, HIV drug resistance strongly influences HIV practitioners in choosing optimal treatment 
regimens.  Clinicians’ knowledge of drug resistance properties of the antiretrovirals is a critical 
determinant of regimen choice.  Further, HIV drug resistance testing is now the standard of care 
in the management of both treatment-naïve and treatment-experienced HIV-infected patients.  
These advances directly contribute to improved treatment responses, including reduced HIV-
related mortality and morbidity.   
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How HIV-1 Drug Resistance Influences Clinical Decision Making 

 
Resistance to antiretroviral agents develops as the consequence of failure to achieve and 
maintain complete suppression of HIV-1 replication.  Although drug resistance is a major cause 
of treatment failure, several factors contribute to incomplete virus suppression and lead to the 
selection of drug-resistant viral variants.  These factors include incomplete adherence to the 
prescribed treatment regimen, individual variation in drug absorption and/or metabolism, 
disease stage (eg, baseline virus load and CD4 cell count), and presence of unrecognized drug 
resistant virus (eg, due to transmission of a drug-resistant strain of HIV-1 or previous 
antiretroviral therapy).  The high error rate of HIV-1 RT and rapid turnover of the virus 
population contribute to the generation of extensive genetic variation in the HIV-1 quasispecies.  
Under appropriate selective pressure, these factors favor the rapid evolution of antiretroviral 
drug resistance.  Treatment failure does not universally lead to development of drug resistance.   
Emergence of resistance may be delayed or prevented by use of certain drug combinations.  
For example, combined use of lamivudine with zidovudine significantly delays the emergence of 
zidovudine resistance.  Likewise, failure of the ritonavir-boosted protease inhibitors is rarely 
accompanied by the emergence of protease inhibitor resistance in patients receiving these 
drugs for the first time.  In addition, the fitness cost of certain drug resistance mutations reduces 
the replication capacity of HIV-1 sufficiently so that continued drug administration confers 
ongoing clinical benefit despite the presence of high-level drug resistance.  The adoption of 
genotypic and phenotypic resistance testing as standard of care has greatly improved selection 
of appropriate antiretroviral regimens.  The best approach, however, remains preventing the 
development of HIV-1 drug resistance through the use of potent, well-tolerated and convenient 
antiretroviral regimens along with close monitoring of treatment response in order to ensure 
durable, long-term suppression of HIV-1 replication. 
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HBV Mutations, Alterations in Therapy Based on Kinetics 

 
Experience with highly active antiretroviral therapy (HAART) in HIV-infected patients shows that 
resistance to HIV reverse transcriptase inhibitors is acquired gradually, through the selection of 
preexisting resistant variants and gradual accumulation of new amino acid substitutions that 
confer stepwise increases in the level of drug resistance. Schematically, partial resistance 
conferred by a substitution in a preexisting viral population impairs drug efficacy sufficiently to 
restore a level of replication compatible with the accumulation of further mutations. The latter 
may restore the in vivo fitness of the resistant virus, allowing viral replication to return to 
pretreatment levels.  
 
Lamivudine and L-nucleoside Analogues Resistance 
The principal mutations associated with lamivudine resistance are located in domain C, in the 
YMDD catalytic motif of the HBV reverse transcriptase. They include rtM204V (YVDD 
sequence) and rtM204I (YIDD), and the more recently identified rtM204S (YSDD). Additional 
substitutions that are often co-selected with the resistance substitutions at rt204 position, such 
as rtL180M and rtV173L located in the B domain, can compensate for the loss of replication 
efficiency of rt204 variants. Cross-resistance has been reported between lamivudine and other 
L-nucleoside analogues, such as telbivudine, emtricitabine, valtorcitabine, clevudine or 
elvucitabine which all showed significantly reduced antiviral potency on HBV variants bearing 
the V, I or S substitutions at position rtM204. In vivo, resistance to telbivudine has been reported 
to be related to variants bearing an rtM204I (YIDD) substitution only. 
 
Entecavir Resistance 
Mutations at reverse transcriptase position 204 also confer reduced susceptibility to entecavir, 
although in vivo, entecavir is able to significantly reduce replication of lamivudine-resistant 
variants, but to a lesser extent than wild-type HBV variants. Additional substitutions were 
reported to restore baseline viral replication capacities when associated with substitutions at 
reverse transcriptase position 204 (with or without the rtL180M substitution). They include 
rtT184S/A/I/L, rtS202G/C and rtM250I/V. Some of them further reduce the entecavir 
susceptibility of rt204 variants in vitro, whereas they all substantially improve rt204 variants 
replicative fitness in the presence of entecavir. Full resistance to entecavir results of a three-
step selection-mutation accumulation process, subsequently involving substitutions at position 
rt204, the rtL180M substitution that improves rt204 variants fitness, and one or more of the 
entecavir-specific substitutions that restore full-replication fitness in the presence of the drug, 
which defines the high genetic barrier of the drug to HBV resistance. 
 
Adefovir and Tenofovir Resistance 
Long-term administration of adefovir has been shown to select variants bearing rtN236T or 
rtA181V/T, both of which confer low-level resistance (5- to 10-fold increase) to adefovir in vitro. 
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The emergence of adefovir resistance is slow and may be associated with different patterns of 
HBV DNA kinetics, as a result of the low replicative fitness of resistant variants. The rtA181V/T 
substitutions have been reported to confer cross-resistance with lamivudine, and potentially 
other L-nucleoside analogues. The amino acid changes that confer resistance to tenofovir 
administration in vivo are not known. The rtN236T substitution confers reduced susceptibility to 
tenofovir in vitro. 
 
Alterations in Therapy Based on Kinetics 
The strategy to delay the development of resistance to anti-HBV drugs is to use potent drugs 
with a high genetic barrier to resistance. Nowadays, only entecavir and tenofovir fulfill these 
criteria and can be used as first-line antiviral drugs in monotherapy. HBV DNA must become 
undetectable on treatment in a sensitive real-time PCR-based assay with a lower limit of 
detection of 10-15 IU/ml within the first year of administration. If HBV DNA remains detectable, a 
second drug should be added with no cross-resistance in order to prevent resistance to occur. 
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HCV Mutations, Replicative Fitness 

 
Due to the high replication rate of HCV and the low fidelity of the HCV RNA polymerase, every 
HCV-infected patient contains a heterogeneous population of HCV, including variants with pre-
existing mutations in the genes of proteins targeted by specifically-targeted antiviral therapy for 
HCV (STAT-Cs), such as protease or polymerase inhibitors.  Thus, HCV variants with varying 
levels of resistance to STAT-Cs exist prior to STAT-C treatment1,2.  Treatment with any STAT-C 
can select for resistant variants.  The likelihood of resistant variants emerging clinically depends 
on several factors, including the selection pressure applied by the drug, the genetic barrier to 
resistance, and the replication fitness of the resistant variants.  Evidence from several viral 
infections (HIV, HBV, and HCV) indicates that emergence of resistant variants is usually 
associated with some cost in viral fitness, with a higher cost for drugs binding directly to the 
active site of a viral enzyme.  However, a resistant variant can improve fitness by a step-wise 
accumulation of additional compensatory mutations.  
  
HCV variants with mutations conferring resistance to STAT-Cs have been observed in vitro and 
in clinical trials.  The fitness of these HCV variants is typically estimated in vitro by measuring 
replication capacity (by transient replication in the replicon system) and enzymatic fitness (by 
measuring catalytic efficiency).  STAT-C resistant variants have varying degrees of decreased 
replication capacity compared to wild-type virus.  The NS3 A156T mutation, which confers 
resistance to many protease inhibitors, has significantly reduced NS3•4A catalytic efficiency and 
replication capacity3-5.  The NS5B nucleoside inhibitor resistant mutation, S282T, also has 
decreased replication capacity6.  The non-nucleoside inhibitor resistant mutation P495A/L has 
decreased replication capacity, but fitness can be restored by compensatory mutations 
elsewhere in NS5B7.  However, because non-nucleoside inhibitors bind to allosteric sites that 
are not as conserved as the active site, the prevalence of patients with pre-existing resistant 
mutations is higher8.  For many of these STAT-C resistant mutations, the decreased replication 
capacity observed in vitro has not been confirmed in a more physiologically relevant setting.  
However, recently, the in vivo fitness of viral variants with decreased sensitivity to the HCV 
protease inhibitor telaprevir (TVR) has been estimated using a novel method that assessed 
growth rate in the absence of TVR selective pressure.  The replicative fitness of different viral 
variants was inversely correlated with their degree of resistance to TVR9. 
 
Fitness of resistant variants is not only important in determining the probability of resistance 
emerging clinically, but also impacts whether a quasispecies dominated by variants will revert to 
wild-type in the absence of drug selective pressure.  Resistant variants with significantly 
impaired fitness will be replaced by or revert to wild-type virus quicker in the absence of drug 
selective pressure9.  The antiviral response in patients whose HCV has reverted back to wild-
type (ie: resistant variant levels are similar to levels present before therapy) and are re-exposed 
to a STAT-C is unknown, but will be important in understanding future treatment options for 
patients who fail initial therapy.  Unlike HIV infection, where resistant variants generated during 
unsuccessful antiretroviral therapy are archived as latently integrated proviruses in resting 
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memory T cells, no such long-lived reservoir has been demonstrated for HCV.  Thus, re-
treatment with a STAT-C is a strategy that should be evaluated in future clinical trials. 
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Will Interferon Always be Required for HCV Therapy? 

 
Current therapy for HCV involves the use of pegylated interferon (IFN) and ribavirin (RBV).  
Both agents have serious side effects and thus new specifically targeted antiviral therapies 
against HCV (STAT-C) are being developed and many such compounds are in late stage 
clinical trials.  However, rapid development of drug resistance has been seen when HCV 
proteases inhibitors, such as telaprevir, have been used in monotherapy [1]. Viral kinetic 
modeling can provide insight into whether such observations of drug resistance reflect product 
failure specific to the compounds currently in use or whether they reflect an intrinsic property of 
all STAT-C agents.  Further, viral kinetic modeling can be used to evaluate whether 
combinations of STAT-C agents can be effective in the absence of IFN. 
 
The basic ideas that I will present are straight-forward. 1) HCV replicates in an error prone 
manner.  The precise error rate is not known but based on other RNA viruses one may suppose 
that base substitutions occur at a rate of 10-4 to 10-5 /base/generation [2]. 2) HCV with ~104 
bases will thus on average incur 0.1-1 errors each time a viral RNA is made. Using the lower 
mutation rate, and assuming these errors are distributed Poissonly, then one expects 0.09 HCV 
RNAs to have 1 mutation and 0.005 to have 2 mutations. 3) In a typical genotype-1 infected 
patient with a viral load of 106 HCV RNA/ml there would be ~3x109 HCV RNAs in 3L of plasma 
and presumably >1010 HCV RNA bodywide if HCV in extracellular body fluids and liver is 
considered. In 1010 viruses we expect 9% to have a single mutation and 0.5% to have a double 
mutation, i.e. 9x108  single mutants and 5x107 double mutants should pre-exist. 4) With 104 
bases there are only 3x104 possible single mutant variants and 4.5x108 possible double 
mutants. Hence before therapy with a single STAT-C agent one should expect all single and 
double mutants to pre-exist and hence a drug that requires only one or two substitutions to 
generate resistance should fail. 5) This suggests that combinations, probably of 3 or more 
STAT-C agents with different resistance profiles will be needed if we are ever to remove IFN 
from standard therapy.  
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When Should Therapy be Initiated? HIV, HBV, HCV 

 
Although substantial effort has been placed over the past several years on the development of 
consensus guidelines, making decisions about initiation of therapy for viral infections requires 
that the goals of therapy, as well as the risks and benefits of therapeutic interventions be 
decided in the context of each patient at each point in time.  Furthermore, as will be apparent in 
this section of the symposium, decisions about starting therapy related to these three particular 
viral infections are highly interrelated. 
  
HIV.  The goal of therapy is to increase disease-free survival.  The risk for HIV-associated 
morbidity and mortality increases with rising plasma HIV-1 RNA level and falling CD4 cell count.  
Although the considerations related to HIV-1 associated opportunistic infections and 
malignancies were previously paramount, it is now recognized that uncontrolled HIV replication 
is associated with morbidity and mortality from other coexisting conditions including renal 
disease, cardiovascular disease and hepatitis B and C infection.  With better tolerated, co-
formulated antiretroviral agents, antiretroviral therapy is indicated for patients with symptomatic 
disease at any CD4 cell count and should be considered for those who are asymptomatic with 
CD4 cell counts < 350 CD4 cells/mm3.  Therapy should also be considered for HIV-1 infected 
persons with co-infection with HBV or HCV, HIV-1 associated nephropathy or at substantial risk 
for cardiovascular disease at any CD4 cell count.   
  
HBV.  Chronic HBV infection is treated to prevent ongoing liver damage and the development of 
hepatocellular carcinoma.  Because antiviral therapy does not usually eliminate viral infection 
and since long-term efficacy is limited by the development of drug resistance, a number of 
factors including the age of the patient, the severity of liver disease and the likelihood of 
response must be balanced against the potential complications of therapy before treatment is 
initiated.  Antiviral treatment is generally indicated if the likelihood of HBV-related morbidity or 
mortality is high in the coming 5 – 10 years and it is felt likely that sustained control of viral 
replication can be maintained during therapy or in the next 10 – 20 years if the likelihood of 
sustained viral suppression after a defined course of therapy is high.  If patients are at low risk 
for HBV-related morbidity or mortality over the next 20 years and if the likelihood of continued 
suppression is low after a defined course of therapy, treatment would be recommended.  In 
general, those with higher plasma levels of HBV DNA and/or of serologic evidence of liver 
inflammation are more likely to benefit from therapy. 
  
HCV.  In contrast to the situation with HIV and HBV, the underlying goal for treating HCV is the 
elimination of the virus.  Whether or not the virus is eliminated, HCV related morbidity and 
mortality can be expected to be reduced by antiviral treatment.  Criteria for recommending 
therapy for HCV infection reflect a balance of considerations related to the likelihood HCV-
associated morbidity and mortality, the likelihood of achieving treatment goals and the short and 
long term risks of HCV therapy.  Currently indications for therapy are somewhat in flux with the 

38



realization that small molecular inhibitors of HCV replication are likely to substantially change 
the treatment landscape for those with HCV genotype 1 infection. 
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Therapeutic Considerations in HIV-HBV Coinfection 
 

Prolonged survival in HIV patients has been accompanied by an increase in illness from 
comorbid disease such as hepatitis B virus (HBV). Over the last two decades, HBV-related liver 
disease, such as cirrhosis and end stage liver disease and hepatocellular carcinoma; have 
emerged as a leading cause of morbidity and mortality in HIV-infected individuals. Coinfection 
has been shown to accelerate the course of chronic HBV-related liver disease and facilitate 
progression to cirrhosis. 
 
Currently, six agents, interferon, pegylated interferon alfa 2a, lamivudine, adefovir , entecavir  
and telbivudine have been licensed for the treatment of HBV. Additionally, several anti-viral 
agents, including tenofovir and emtricitabine that are licensed for HIV treatment demonstrate 
strong activity against HBV. Tenofovir is expected to be approved in the U.S for HBV shortly 
after the date of this meeting and is already approved in the EMEA.  Despite these drugs, 
effective treatment of coinfected individuals is complicated by the dynamic nature of the HBV 
infection, potential for drug resistance and cross-resistance, and adverse effects of anti-HBV 
therapy. 

{Thio et al. Lancet, 2002}{Konopnicki et al AIDS 2005}{Sheng et al, CID, 2004} 
DHHS. Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents  
January 29 2008. http://AIDSinfor.nih.gov 

Need to Treat Recommendation 

HIV and HBV 

TDF/FTC or TDF + 3TC considered first-choice NRTI backbones  
OR 

 ETV & 1 NRTI above (& two other preferred ARVs) 
 Avoid use of 3TC, FTC, or TDF as the only active anti-HBV agent 

because of the risk of HBV resistance 

HIV but not HBV 

TDF/FTC or TDF + 3TC considered first-choice NRTI backbones. 

Avoid use of 3TC, FTC, or TDF as the only active anti-HBV agent 

should be avoided because of the risk of HBV resistance 

HBV but not HIV 

Peg-IFN-α or ADV (theoretical risk of HIV resistance) 
Avoid FTC, 3TC, TDF, ETV w/o full HAART regimen because of HIV 

resistance. .Combination (Telbivudine and ADV seems ideal option 

DTD opinion Not HHS ) 
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Therapeutic Considerations in HIV-HCV Coinfection 
 

Introduction 
Due to its high prevalence rate and more rapid disease progression, liver disease due to chronic 
HCV is currently a leading cause of death among persons with HIV.  Current guidelines 
recommend that all HIV-infected persons with acute or chronic HCV infection should be 
considered for HCV treatment.1-3  On the basis of well-designed, randomized controlled trials, 
peginterferon (PegIFN) plus ribavirin (RBV) is the recommended treatment for hepatitis C in 
HIV-infected persons. Sustained virologic response (SVR) rates range from 14%–29% for HCV 
genotype 1 infection and 43%–73% for HCV genotypes 2 and 3 infection.4-7  Clinical 
development of direct acting antiviral agents for hepatitis C in HIV-infected patients is 
challenging due to high likelihood of drug interactions, increased side effects, and concern 
regarding treatment efficacy and compliance.  Nonetheless, in light of the important medical 
need, the FDA Antiviral Products Advisory Committee emphasized the importance of testing 
new anti-HCV drugs in this patient group prior to the initial approval of the drug.8 
 
Current treatment considerations 
Overall, SVR rates observed in HIV coinfected patients are lower than those reported in patients 
with HCV monoinfection.  While a number of factors influence the response to PegIFN/RBV 
therapy, the most important in coinfected patients is the magnitude of the HCV RNA level and 
most studies indicate that HIV infection is associated with higher levels of hepatitis C viremia.9 
The effect of HCV RNA level is most pronounced in patients with genotype 1 infection in whom 
the SVR rate was 18% and 62% with high (> 800,000 IU/mL) and low HCV RNA levels, 
respectively.5  By comparison, the SVR rates observed in HIV seronegative, genotype 1 infected 
persons treated with the same PegIFN/RBV regimen were 36% and 55% with high and low 
HCV RNA levels, respectively.10  Other factors influencing HCV treatment include CD4 cell 
count and concurrent HIV medication.  Specifically, several nucleoside analogues impact HCV 
treatment with PegIFN/RBV by increasing toxicity (zidovudine → anemia; didanosine → 
mitochondrial toxicity) or decreasing viral response (abacavir).11-13  Current HCV treatment is 
most effective for coinfected persons with well-controlled HIV disease, genotype 2 or 3 and 
genotype 1/low HCV load.  However, the effectiveness of PegIFN/RBV is markedly limited in 
coinfected persons with genotype 1/high HCV load, advanced HIV and/or liver disease, and 
comorbid medical conditions (e.g., addiction and psychiatric disease).14  
 
Future HCV treatment considerations   
The use of directly acting antiviral agents in coinfected patients raises a number of important 
considerations:  1) Drug-drug interactions with antiretroviral drug. For example, some HIV 
protease inhibitors inhibit and/or induce cytochrome P450 enzymes which may increase or 
decrease levels of agents with similar metabolic pathways.15  Further, many nucleoside 
analogue reverse transcriptase inhibitors require phosphorylation via intracellular kinases to 
active triphosphate forms which may antagonize similar anti-HCV nucleoside analogue 
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polymerase inhibitors16; 2) HCV drug resistance due to insufficient antiviral activity of 
PegIFN/RBV, particularly in persons with high HCV RNA levels; 3) Medication 
toxicity/intolerability (e.g., anemia, rash); 4) Adherence to complex medical regimens targeting 
both viruses.  Despite these challenges, the high prevalence of HCV disease and the stark 
ineffectiveness of current treatment paradigms underscore the importance of developing 
innovative approaches to HCV treatment in coinfected patients.     
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Pediatric Issues Related to HIV, HBV, HCV 

 
Viral hepatitis in children is associated with a unique set of challenges.  Although the prevalence 
may be lower in children than in adults, identification of infected children is important to interrupt 
transmission, monitor for progression, treat when necessary, and design strategies for 
immunization when available.  Identification of appropriate pediatric candidates for treatment 
and definition of optimal therapies for children are critical clinical challenges.  Analogies from 
pediatric HIV treatment include the range of disease severity, lack of pediatric pharmacokinetic 
data, lack of pediatric clinical trials, issues regarding availability and palatability of drug 
formulations, and pediatric-specific therapeutic goals and toxicities.  In addition, the potential for 
viral resistance should temper the use of nucleoside and nucleotide analogues in children who 
do not meet defined criteria in order to avoid further limitation of potential therapies later in life. 
 
Hepatitis B 
Some children with chronic hepatitis B have significant liver disease during childhood or 
adolescence that may be associated with important morbidity in young adult life.  Therapeutic 
options are limited.  Recombinant interferon-alfa (IFN-alfa) is safe and has and some efficacy in 
the treatment of chronic HBV infection in children, but is associated with many side effects.  In 
children, there is a concern about failure to gain weight, weight loss, or slowing of height 
velocity.  These effects seem to be temporary, and improve when IFN is discontinued.  
Lamivudine has been proven safe and effective in children with chronic HBV infection.  It has 
equivalent efficacy to interferon, but must be taken for at least one year.  Side effects are 
minimal, and responses are durable, but its use is limited by the development of viral resistance 
(19% after 48 weeks, 68% after 3 years.)  The optimal length of treatment with lamivudine has 
not been defined.  Preliminary data from a double-blind, placebo-controlled trial of adefovir 
dipivoxil (ADV) (EASPGHAN, Barcelona, May 9-12, 2007) demonstrated that in the 12−<18 year 
group more ADV-treated subjects achieved the primary efficacy endpoint compared to placebo-
treated subjects (23% versus 0, p = 0.007.) In the younger groups, differences between ADV 
and placebo were apparent but did not reach statistical significance.  The HBeAg 
seroconversion rate was 16% compared to 5% in the placebo group. No subject developed a 
mutation that has been linked to ADV resistance.  Each group achieved ADV concentrations in 
the target range. ADV treatment was well tolerated and safe.  Entecavir, telbivudine and 
peginterferon have not yet been tested in children with chronic HBV, but studies of these agents 
are in various stages of planning.  
  
Hepatitis C 
New pediatric hepatitis C infections are primarily due to perinatal transmission.  Most children 
with chronic hepatitis C have mild liver disease during the first 2 decades, but fibrosis increases 
with age and duration of infection, and cirrhosis is occasionally seen.  Decompensated cirrhosis 
and HCC have been reported during childhood.  Some children with chronic hepatitis C are 
candidates for therapy, but therapeutic options are limited.  
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Currently, in the U.S., the combination of interferon and ribavirin is approved for treatment of 
chronic hepatitis C infection in individuals 3 to 18 years of age.  An open-label multicenter trial 
demonstrated efficacy similar to that seen in adults.  Likelihood of SVR was genotype-
dependent, as in adults.  A large, multicenter trial of peginterferon with and without ribavirin in 
children 5 to 17 years of age has recently been done.  Baseline histologic findings were 
generally mild, but advanced liver disease, even decompensated cirrhosis, were noted to occur 
during childhood or adolescence. Safety and efficacy results are being analyzed. 
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UTILITY AND PREDICTORS OF RAPID VIROLOGICAL RESPONSE (RVR) IN HCV  
AND HCV/HIV HEMOPHILIACS 

 
P. Zamor, University of Cincinnati, N. Shire, University of Cincinnati, S. Rouster, University of 
Cincinnati, KE Sherman, University of Cincinnati 
 
Background:  
Rapid viral response (RVR) has been identified as a useful predictor of treatment outcome 
among patients  with hepatitis C virus (HCV) infection. Its utility in HCV monoinfected and 
HCV/HIV coinfected hemophilic subjects remains unexplored. We evaluated early predictors of 
viral response based upon viral kinetic modeling parameters from a prospective treatment trial.  
 
Methods:  
Hemophilic subjects with HCV or HCV/HIV coinfection were enrolled in a prospective trial, 
treated with pegylated interferon alfa-2a qw + ribavirin 800 mg qd for 48 weeks, and followed for 
24 weeks. Sustained viral response (SVR) was defined as HCV RNA not detectable by PCR at 
end of follow-up. RVR was defined as HCV RNA negative after 4 weeks of treatment. Viral 
kinetic parameters were calculated using data derived from serum samples collected at multiple 
time points during the first 28 days of treatment.  
 
Results:  
Twenty-three subjects were enrolled in the trial. Twelve were HCV monoinfected and 11 were 
coinfected. Most were male and Caucasian (91%). Mean age was 36.9 years. 10.5% had 
advanced fibrosis (F3-4). Mean HCV viral load was 6.6 log10 IU/mL prior to start of treatment. 
Genotype 1 or 4 was present in 65% of subjects. Median baseline CD4 was 746.4 cells/mm3 in 
monoinfected and 695 cells/mm3 in coinfected subjects.  SVR was achieved in 8/22 subjects 
(36.4%) who had detectable virus at the end of pre-treatment screening (1 subject was virus 
negative prior to first dose). ITT analysis demonstrated SVR in 45.5% versus 27% of those with 
monoinfection and coinfection, respectively. RVR occurred in 9 subjects and was observed in 7 
of 8 SVRs (87.5%) This association was highly significant (p=0.0004). Viral kinetic parameters 
were estimable for 18 subjects. Best subset regression of calculated variables suggested strong 
RVR association with ε (viral efficacy) and λ2 (2nd phase decline slope). Mean epsilon was 0.926 
(S.E.M= 0.067) among those with RVR and 0.53 (S.E.M.= 0.12) among those without. λ2 was 
also significantly greater among subjects with RVR (p= 0.006).   
 
Conclusion:  
RVR was highly predictive of SVR in both HCV monoinfected and coinfected hemophilic 
subjects. Kinetic modeling provided evidence for a strong association between RVR and early 
viral clearance efficacy (ε) and with Phase 2 viral decline slope. Larger prospective trials may 
permit identification of response and non-response parameters within the first week of 
treatment. 
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FDA: Priorities, Obstacles in HBV, HCV Drug Development 

 
The Division of Antiviral Products (DAVP) has regulatory authority over the development of 
drugs and therapeutic biologic products for treatment of viral infections including HIV, chronic 
hepatitis B (CHB) and chronic hepatitis C (CHC).   
 
Sponsors of new therapies consult DAVP on the design of development plans and clinical trials 
intended to support approval and marketing of those therapies in the US. Development of 
therapeutics targeting these infections is complicated and fraught with challenges related to trial 
design, selection of patient populations, endpoint selection, duration of therapy, safety, use and 
selection of controls, definitions of treatment response, and evaluation in special populations.   
 
The presentation will provide background information on various priorities and obstacles FDA 
and therapeutic sponsors face developing agents to treat CHB and CHC, and how some of the 
way forward is based on lessons learned from development of treatments for HIV.  The topics 
covered will include: criteria necessary to satisfy FDA’s regulatory needs in support of product 
approval, highlights of lessons learned from the HIV arena, assessment of the current clinical 
trial milieu for anti-CHB and CHC therapies, and a review of the advice being developed and 
conveyed to sponsors on the design of proposed development plans. 
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What Should Endpoints of Clinical Trials in HBV, HCV Be? 

 
Endpoints for clinical trials of agents used to treat hepatitis B and hepatitis C represent an ever 
changing target. The landscape of treatment outcomes is littered with the historical remnants to 
prior endpoints (e.g. ALT) that have been largely replaced by more definitive outcomes (e.g. 
histology, seroconversion). However, changes in test technology also complicate matters—
development of more sensitive viral nucleic acid assays clouds assessment and the value of 
previously established clinical correlatates. 
 
For hepatitis B, seroconversion among HBeAg positive patient remains an important outcome 
because of its clear association with relevant clinical outcomes. However, the value of viral 
clearance at 200 copy sensitivity vs. 500 copy sensitivity is less clear. Histological outcomes 
remain important, but are difficult to obtain and evaluate in light of potential for sampling area 
and frequency of low quality biopsies in obtained in the context of many clinical trials. Long term 
outcomes including survival, development of cirrhosis and of Hepatocellular carcinoma 
represent the most desirable endpoints, but are not usually practical in the setting of decisions 
regarding drug efficacy. 
 
Hepatitis C endpoints suffer from the same limitations as HBV, though sustain viral response 
(SVR) has proven to be a fairly resilient endpoint in terms of reliability, constancy, and long-term 
clinical outcomes. However, the lack of highly effective, easily tolerated treatments to date lends 
urgency to the clinical equation, and has resulted in a push by consumers, sponsors and 
clinicians to use short term surrogate endpoints (e.g. RVR, 12 week SVR) which may have not 
validated in the context of the agents being studied.  
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Reasons for Accelerating Combo Drug Development: HBV 
 
Resistance to nucleos(t)ide analogs occurs to varying degrees when used as single agent 
therapy for hepatitis B.  Recently, there have been increasing reports of multi-drug resistant 
HBV due to sequential monotherapy.   Higher rates of drug resistance are more likely with the 
following situations: (a.) use of a low genetic barrier drug whereby a single nucleotide 
substitution is sufficient to lead to viral breakthrough, (b) very high pretherapy HBV DNA levels, 
(c) failure to adequately suppress HBV DNA during the first 24-48 weeks of treatment, and (d) 
previous nucleoside analog therapy.  Situations (b) and (c) are interrelated and (d) is probably 
best explained by selection and archiving drug resistant mutants that accelerate or amplify 
resistance to switchover nucleoside analogs.    While only a few combination studies have been 
completed to date, lower rates of lamivudine resistance are consistently demonstrated when it is 
used in combination with a second drug, irrespective of whether the second agent is pegylated 
interferon or another nucleos(t)ide analog is not potentially cross resistant with lamivudine.  
Moreover, combination studies using pegylated interferon and lamivudine have demonstrated 
an additive effect on viral suppression, and a preliminary study comparing the use of adefovir 
plus emtricitabine to adefovir monotherapy has demonstrated improved viral kinetics and 
enhanced cellular immunity to HBV with the combination treatment.   As combination therapy is 
the keystone to successful management of HIV infection, many experts have also advocated it 
to be appropriate in the management of hepatitis B.   
 
Currently, the major advantage for combination therapy resides in its ability to reduce or 
possibly totally abrogate drug resistance.  The issue of combination therapy has been met with 
some reluctance in the greater scientific community due to several factors.   First, the pivotal 
clinical trials with nucleoside analogs have not used this strategy.  Accordingly, there is very 
information available on additional therapeutic benefit compared to monotherapy.    Second, we 
now have very potent nucleoside analogs with extremely low resistance rates when used long 
term, and the clinical relevance of combination therapy has come under question.   Third, many 
patients with chronic HBV infection have limited access to antiviral therapy due largely to the 
relatively high cost of drug therapy.  Thus, if combination therapy were to be recommended, 
limited access would become even more critical of an issue.  Part of this additional cost could 
be offset by the delivery of an orally available antiviral at a fair market price that incorporate two 
nucleos(t)ide analogs.  Unfortunately, industry-sponsored antiviral research has not moved in 
this direction either.  Accordingly, clinical trials comparing combination therapy to monotherapy 
with the inclusion of long term endpoints are still greatly needed.   Hopefully, this will be possible 
under the auspice of the NIH hepatitis B Clinical Center Network which is envisioned to begin 
clinical trials in this area in 2009.    
 
Admittedly, these studies will not be easy to conduct in the current therapeutic era.  It will be 
difficult to unequivocally prove enhanced antiviral potency or lower rates of resistance when 
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combination therapy is compared to monotherapy.   Unlike data in the woodchuck model, there 
is currently little evidence of an additive effect on viral suppression when more than one 
nucleos(t)ide analog is used.   Part of this may be attributable to the fact that these agents exert 
their effects on a limited number of pathways in the viral replication cycle and do not directly 
enhance immunoregulatory responses.  This issue invites further studies in which pegylated 
interferon is combined with a low resistance nucleos(t)ide analog that is given for a suitably long 
period of time.   If the primary intention is to demonstrate lower rates of resistance, combination 
therapy studies might prove even more challenging and require very large populations of 
patients followed for very long treatment durations.   Viral kinetic endpoints during the early 
phase of treatment may be useful to examine in these studies as long as these clearly relate to 
long term responses.    
 
Due to the impact that combination therapy is likely to have on added cost and its uncertain 
effects of enhancing antiviral potency, the most important question may be in which 
subpopulations of patients would this be preferential?   It seems unlikely, for example, that 
treatment naïve patients with relatively low viral burdens are at high risk of drug failure or 
developing resistance and correspondingly, are unlikely to need initial consideration of 
combination therapy.  One way of identifying the highest risk groups would be to stratify 
treatment in future clinical trials according to HBV DNA level, previous antiviral therapy or any 
other factors that are considered to have an important determining influence of the emergence 
of drug resistance.   Further efforts at identifying high risk patients could also come from study 
of the baseline features of patients entering the pivotal phase III trials that went on to 
demonstrate drug resistance.   Once we have a better way of gauging subsets of patients that 
appear to be resistance prone we would be in a better position to design studies that have the 
statistical power to assess clinically meaningful differences between combination therapy and 
monotherapy.  Advantages to such an approach would be that smaller numbers of patients and 
shorter durations of therapy would be necessary to either prove or disprove benefit.  The results 
of these investigations can then provide the strongest latticework for the selective and 
appropriate use of combination therapy in the future. 
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Accelerating the Development of Combinations Therapy for Chronic Hepatitis C 

     
In accordance with the theme of this symposium, therapy for HCV appears to be evolving 
substantially along lines which parallel the development of HIV therapy.  Since the introduction 
of the two pegylated interferons, we have been immersed in an “era of refinement” in which 
such issues as optimal dosing, duration of therapy, challenging populations, and strategies for 
nonresponders have been studied extensively.  Allowing for additional potential modifications 
such as the development of albumin interferon or taribavirin, it is likely that our capacity to attain 
SVR has reached a “plateau” with the currently available agents.   
 
We now stand poised at the threshold of a new era in HCV therapy with the presentation of 
recent data from phase 2 trials indicating improved rates of on-treatment and sustained 
virological response with regimens adding a specifically targeted antiviral therapeutic agent 
directed against HCV (STAT-C) to peginterferon and ribavirin, with the added benefit of 
shortened duration of therapy.  It is overwhelmingly likely that such regimens will represent the 
next plateau.  Beyond this, there is compelling theoretical and laboratory evidence that, 
ultimately, combinations of STAT-C agents will be at the heart of a new treatment paradigm, 
perhaps with interferon and/or ribavirin but quite possibly without the current standard drugs.  
An array of in vitro experiments has demonstrated the capacity of two or three drug 
combinations to induce additive or synergistic viral suppression (Grunberger) along with 
protection against the development of resistance against either drug, as well as suppression by 
a drug from one class of resistant variants arising after exposure to a drug from a different class.  
A question of profound importance is whether, unlike HIV, the biological nature of HCV as a 
“nonarchived” virus implies a capacity for complete eradication with antiviral drugs in the 
absence of an immunologic component (or interferon) to the regimen.   
 
Several STAT-C agents from both the protease and polymerase inhibitor classes have 
demonstrated the capacity to induce moderate to marked viral suppression when given as 
monotherapy.  Even when there is a tendency for resistant variants to emerge early during 
monotherapy, which is almost certainly attributable to the presence of small quantities of pre-
existing variants, the emergence of resistance is markedly inhibited by the concomitant 
administration of pegylated interferon and ribavirin, or even peginterferon alone (Kieffer).  In the 
PROVE1 and PROVE2 studies with telaprevir, for example, viral breakthrough was an 
infrequent event, especially when HCV RNA became undetectable during the first four weeks of 
treatment (McHutchison, Dusheiko).  In the SPRINT1 boceprevir trial in treatment naïve patients, 
only 4-7% of patients discontinued for viral breakthrough (Kwo), though this occurred much 
more often in the boceprevir nonresponder study (Schiff).  With the recently studied nucleoside 
polymerase inhibitors the clinical resistance profile has been excellent thus far both in short-
term monotherapy studies and in early combination trials.  It is likely that drugs from the 
protease and polymerase classes, perhaps in additional combination with non-nucleoside 
inhibitors or still other classes will target a broad range of viral variants and concomitantly 
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provide high levels of protection against the emergence of resistance.  Ultimately, it is this 
concept that should drive the exploration of interferon-free regimens. 
 
At the time of this AASLD Single Topic Conference, phase 2 trials have been completed or 
nearly completed with two protease inhibitors, with phase 3 trials either initiated or imminent.  
Phase 2 trials with nucleoside polymerase inhibitors are in progress, with such drugs already 
having demonstrated very high (>80%) rates of rapid virologic response when combined with 
PEG IFN and ribavirin (McHutchison, Nelson) , and a number of other promising agents are in 
phase 1 or preclinical testing including additional protease, nucleoside and non-nucleoside 
polymerase inhibitors.  Not to be omitted are several other agents which act either as 
immunomodulators, by interfering with host pathways required by the virus,  by augmenting 
intrinsic antiviral pathways, or via as yet uncharacterized mechanisms.  Examples include 
nitazoxanide, cyclophilin B antagonists, yeast cells expressing NS3 and core antigens, and, 
unexpectedly, silibinin.  Such agents can be subsumed under similar general considerations 
about strategies for clinical development of combination therapies as those which apply to 
STAT-C agents. 
 
Given the universal interest in studying combinations of specifically targeted agents, the timeline 
for development of such combinations is a critical issue.  There are four parties with enormous 
stakes involved: (a) patients; (b) physicians and other health care providers; (c) industry; (d) 
regulatory agencies.  To patients and most physicians the mandate is relatively straightforward: 
test combinations with promising potential efficacy at the earliest point that there are sufficient 
safety data with each drug, along with preclinical drug interaction studies, to lead to an 
expectation of safety with human use.  This may not be as simple as it initially seems, as some 
of the drugs tested so far appear to have overlapping toxicity profiles, e.g. hemoglobin 
reductions.  Nevertheless, a compelling argument can be made that some of the investigational 
drugs already being evaluated warrant consideration for early combination trials.   
 
The industry and regulatory considerations are more complex.  Pharmaceutical and biotech 
companies must understandably be cautious about the potential for an unexpected severe 
adverse event, always present in development programs and all the more so a theoretical 
possibility in combination studies, resulting in a threat to the development program of an 
otherwise promising drug.  Close dialogue with regulatory agencies as such combination 
regimens are developed is important and might ameliorate some of the concerns about the 
impact on development programs of severe but isolated events.  One might speculate that the 
further along a new drug is in its development, particularly if it holds the promise to be a “first in 
class” agent, the higher the priority might be for its developer to seek licensure as a new 
component in an otherwise standard regimen.  However, it is equally conceivable that a 
company with breadth of vision might seek to conduct early combination studies in parallel with 
phase 3 trials of its drug or while awaiting licensing approval.  Moreover, if a drug is much 
earlier in its development, the greater the motivation might be for its developer to assume a 
higher level of  risk by testing it  in novel combinations – particularly if that developer has drugs 
of another class its pipeline or has the means to collaborate with other developers possessing 
such drugs, or acquiring them outright.   
 
The FDA and other regulatory agencies, of course, must put safety as the paramount 
consideration in its deliberations.   At issue is the required robustness of the safety database 
surrounding each drug of a proposed regimen before they are permitted to be combined.  It can 
be argued that the size of recent trials in the HCV field has been sufficient to generate safety 
data of adequate magnitude for drugs to begin to be combined after they have each gone 
through phase 2.  Such drugs could be studied in early combination trials with each other 
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simultaneous with their being tested in phase 3 combination studies with peginterferon and 
ribavirin or while awaiting licensure after completion of phase 3.  The published paper 
summarizing the FDA Advisory Products Committee recommendations from its meeting in 
October 2006 states that completion of phase 2b trials of a novel agent may provide adequate 
foundation for the incorporation of that drug into combination trials (Sherman).  The initial 
emphasis would be on safety and viral kinetics with a view toward expediting the development 
of larger trials, adding that the initiation of such studies should not delay approval of individual 
agents following completion of phase 3 trials.  It does not specify the size of the safety database 
required for initial combination trials to occur, but presumably it could number in the hundreds 
rather than thousands.  Conceivably, a sufficiently robust database characterizing antiviral 
activity and side effect profiles could be available even before total completion of a phase 2 
program to warrant consideration of initiation of combination trials. 
 
A single HCV-infected chimpanzee has already provided tantalizing “proof of concept” that a 
combination of an HCV protease and polymerase inhibitor can result in SVR (D Olsen, Merck), 
very preliminarily vindicating those who have argued that interferon-free antiviral regimens 
should be capable of effecting viral eradication without an immune modulatory (or an interferon) 
component.  While the world eagerly awaits the historical administration of two STAT-C agents 
to the first HCV-infected human, certain general principles can be proposed.  (1) Phase 1 
studies of STAT-C monotherapies should be abbreviated to the shortest duration necessary to 
establish PK and PD data guiding dose selection along with sufficient safety data to proceed to 
the next phase.  The concern about emergence of resistance has driven a recent emphasis on 
abbreviated monotherapy studies.  (2)  Once a dose of a new drug is selected based on dose-
ranging studies, co-dosing studies with peginterferon and ribavirin should involve as extended a 
period of exposure to the new drug as possible to expeditiously establish the safety database 
that will be needed not only for subsequent trials of that drug with standard combination therapy 
but potentially in combination with other antivirals;  (3) Consideration should be given to the 
inclusion of arms in early phase trials of novel antivirals combined with ribavirin to assess for 
interactions.  Data from the ribavirin-free arm of PROVE2 have provided what to many is an 
unexpectedly compelling case for the role of ribavirin in preventing the emergence of resistant 
variants.   Even more intriguing indications of this come from the recent data on telaprevir in 
prior nonresponders, with even prior null responders having impressive rates of RVR (44%) 
which rose to over 90% in a small cohort by 12 weeks, generally without the development of 
breakthrough due to resistant variants to which many observers had previously reconciled 
themselves as an inevitable outgrowth of giving a “functional monotherapy” to prior 
nonresponders.   Such data can be interpreted as providing a potential foundation for three-drug 
regimens consisting of two direct-acting antivirals plus ribavirin. 
 
The promising preliminary data from nonresponders in PROVE3 announced in a June 2008 
press release do not dispel the notion that  nonresponders are a population in whom the 
introduction of combination regimens would be particularly compelling.  Yet, as promising as the 
recent data are in treatment naïve genotype 1-infected patients, there will clearly be room for 
further improvement in SVR rates in these patients as well once approval is obtained for the first 
novel agents to be combined with peginterferon and ribavirin.  A distinction in the approach to 
drug development in these two populations was made recently by the Committee for Medicinal 
Products for Human Use of the Human Regulatory Agency (CHMP) of the European Medicines 
Agency (EMEA) in a document outlining its proposed guidelines for the development of direct-
acting agents (DAA) for HCV therapy and inviting comments.  It emphasizes a development 
sequence in which a DAA (e.g. DAA-1) would be added to standard of care (SOC) in treatment 
naïve patients and that, once approved, a comparison could then be made of another new DAA 
(DAA-2) added to SOC versus the newly approved regimen of DAA-1 plus SOC.  It adds that “if 
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exploratory studies indicate a need for combination DAA (either licensed or under development, 
the most informative design is SOC versus SOC+A versus SOC+B versus SOC+AB”.  Finally, it 
suggests that for null responders “…SOC cannot be viewed as a proper reference regimen.  It is 
foreseen that dual or triple DAA constitute putative treatment options”.  With regard to these 
passages, although the more urgent need in nonresponders is not contestable one could take 
the position that it is already clear we need combinations of DAAs, that the need for such 
combinations will not be restricted to null responders, and that it would be appropriate for arms 
in studies of treatment naïve patients to include DAA combinations (with or without interferon) at 
an earlier juncture than that proposed in the above schema.   
 
The prospect of accelerating drug combinations is not limited to specifically targeted direct-
acting antiviral agents.  As mentioned previously, host factor targeting and immunological 
approaches are also being explored.  Should one or more of these agents prove to be effective 
early in a development program, combinations of antivirals and such drugs would be worthy of 
further exploration.  The number of potential combinations that can be expected to be evaluated 
in future trials is extensive and it is timely to begin serious considerations of their design.  
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Current Problems, Solutions: HIV, HBV, HCV 

 
Separate magnitudes and types of problems affect treating communities for each virus.  
Worldwide, hepatitis B infects approximately 400 million, compared to 170 million for hepatitis C 
and 33 million for HIV.  Within the Unites States, however, hepatitis C infection is more than four 
times more prevalent than either HIV or hepatitis B, and also currently leads to four times and 
ten times as many deaths per year as HIV and HBV, respectively.  Worldwide, HIV is far more 
lethal than the other viruses, leading to over 2 million deaths per year, compared to <700,000 
from HBV, <400,000 from HCV.  Differential application and efficacy of antiviral therapy are 
other very important differences between these groups.  HIV therapy is very effective, but 
expensive for a healthcare system and requires lifelong compliance; hepatitis B medications are 
similar; hepatitis C medications require access to modern healthcare provision and laboratory 
facilities.  All are being accessed by <10% of patients infected with each virus worldwide, and 
<60% in industrialized countries. 
 
Therapies against these viruses are in different states of evolution, due in part to the fact that 
HIV was easy to culture and inhibit; HBV was also quite easy; and HCV was very difficult.  As 
such, nucleoside analogues and specific antivirals were the first forms of HIV therapy available, 
and immunotherapies are currently being studied.  HBV was intermediate, and in HCV, 
immunotherapies came first, and only now are specific antivirals becoming available. 
 
Current HIV problems, with effective therapies available, often revolve around: (a) patients in 
whom therapeutic response is inadequate (e.g. impaired CD4 response); (b) long-term 
complications of infection or particularly metabolic complications of therapy; (c) creating more 
tolerable treatment regimens, which dramatically improve adherence; (d) pharmacodynamic 
interventions (e.g. boosting of PI’s with Ritonavir) to overcome lack of potency of individual 
antiviral compounds, which can lead to viral resistance.  The increased incidence of a wide 
variety of cancers in patients with HIV/AIDS and in solid organ transplant recipients suggests a 
late secondary benefit to maintenance of immune status, either naturally or with HAART.  
 
In HBV, we have seen that principal disease outcomes (cirrhosis, hepatocellular carcinoma) are 
directly reduced through viral suppression.  We are lowering HBV DNA thresholds for therapy 
initiation (e.g. in cirrhotics), but still do not have data on the wider use of suppression.  We also 
lack data on the long-term safety of antiviral compounds; benefits of combination therapy over 
mono-therapy; and the cost-effectiveness of long-term therapy and monitoring. 
 
In HCV, the problem of patients with inadequate therapeutic response (nonresponders/ 
relapsers), and particularly the intolerability of current treatment regimens (disqualifying patients 
from or making them reluctant to pursue therapy) are paramount.  Progress is being made in 
understanding how treatment nonresponders may differ from responders.  Nonresponders’ 
persistent up-regulation of interferon-stimulated genes may make them refractory to viral 
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eradication strategies that rely on this system for clearance and new systems to target may 
need to be found.   
 
As HCV is the only of the three viruses that can be regularly eradicated with therapy, making 
maximal use of pharmacodynamic interventions that will promote this (e.g. multiple compounds, 
possibly potent agents with less potent agents) will likely be very important.  The issue is 
particularly acute for post-liver transplant disease, which is also unique to HCV.  Reinfection and 
progression to cirrhosis within 5-10 years after transplant represents a significant problem, as 
approximately 3,000 patients with HCV are being transplanted annually in the U.S. alone.  
Longer follow-up has supported the histological and survival benefits conferred by post-
transplant PEG/Riba leading to SVR, which has been achievable in 25-40%. 
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Imagining the Future: How Therapies and Resistance will Evolve 

 
The advent of newer therapies for the treatment of patients with viral hepatitis will continue to 
create an enriched environment for clinical research. It behooves all involved in the 
development of these newer agents, irrespective of their biological targets, to determine the 
most efficient and effective use of these new regimens. The overall goal should not simply be “ 
to get a drug approved” but rather how to navigate the regulatory hurdles as efficiently and 
safely as possible, while at the same time addressing a number of key issues.  
 
These major issues involve, but are not limited to the following. Determining the most 
appropriate combination of new agents to maximize efficacy, while at the same time minimizing 
adverse events. These regimens may also differ according to the targeted populations (a likely 
scenario is that regimens for African Americans with hepatitis C, may vary compared to other, 
easier to treat populations with the same disease). Evaluating each new regimen in terms of its 
“resistance” profile in combinations with other agents. Strategies and strict guidelines for 
evaluating resistance that will allow the safest regimens to be developed for patients in this 
respect will need to be developed and implemented across the board. Systems to evaluate 
whether certain classes of drugs interact more positively with others in terms of patient 
outcomes (for example, protease and polymerase inhibitors for HCV infection) in the clinic will 
be necessary, as will our ability to evaluate whether certain drugs have “class” effects will also 
be important. Strategies will be required to follow and treat patients who have developed 
treatment resistant mutations, but have failed to eradicate the viral infection in question. 
 
Future strategies should clearly be aimed at eradicating infection (as is now possible for HCV 
infection, but not as yet, HBV infection), rather than developing expensive, long-term 
suppressive therapies whenever possible. Virology portals and similar systems with resistance 
testing functions made available to health care practitioners will also be of utmost importance to 
manage patients most effectively.  
 
As newer therapies emerge and are developed and approved, up to date, effective guidelines 
and cost effectiveness analyses will need to be promptly developed. The final step should be 
then to implement quality outcome measures in the community, to assure that appropriate 
patients are treated and receiving the most appropriate therapies, in a quantifiable manner.  
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