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1. Introduction

Viral hepatitis is a major global health problem.
There are five known viruses that primarily infect
the liver and cause hepatitis: hepatitis A; B; C; D
and E. Hepatitis B, C, D virus (HBV, HCV,
HDV) infections can lead to chronic liver disease
with its attendant long term sequelae including
cirrhosis and hepatocellular carcinoma (HCC).
Rapid developments in molecular techniques dur-
ing recent years have had a tremendous impact on

our ability to diagnosis and understand the patho-
biology of these important viral infections. This
enhanced understanding has led to the develop-
ment of improved antiviral therapy and, in some
cases, vaccine strategies.

Between November 1 and 3, 1998, a symposium
on viral hepatitis was organized and convened by
The Macrae Group (New York, NY, USA) to
review the recent progress in the rapidly evolving
field of viral hepatitis. During this conference,
leading basic scientists and clinicians, from the
US and abroad, focused on important aspects of
viral hepatitis including natural history, epidemi-
ology, diagnosis, and current and future ap-
proaches to treatment. The aim of this manuscript
is to review the information presented during this
conference. The meeting was chaired by T. Poy-
nard, S. Schalm, H.C. Thomas, and T. Wright.
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Other presenters at this symposium were Wol-
fram Gerlich (Institute of Medical Virology,
Klinikum der Justus-Liebig-Universitat, Giessen,
Germany), Gabriele Missale (Azienda Os-
pedaliera di Parma, Italy), David Wong (Har-
vard Medical School, Boston USA), Lorne
Tyrrell (University of Alberta, Canada), John
Thompson (Vertex Pharmaceuticals, Boston,
MA, USA), Hung Le (Schering-Plough Research
Institute, Kenilworth, NJ, USA), Darius Morad-
pour (University of Freiberg, Germany), Bud
Tennant (Cornell University, Ithaca, NY, USA),
Patricia Marion (Stanford University, Palo Alto,
CA, USA), Patrizia Farci (University di
Cagliari, Italy), Peter Karayiannis (St. Mary’s
Hospital, London, UK), Anna Lok (University
of Michigan, Ann Arbor, MI, USA), Geoffrey
Dusheiko (Royal Free Hospital, School of
Medicine, London, UK), Rajender Reddy (Uni-
versity of Miami, Miami, FL, USA), Phillip
Furman (Triangle Pharmaceuticals, Durham,
North Carolina, USA), Mark Atkins (GlaxoW-
ellcome, London, UK), Jack Wands (Massachu-
setts General Hospital, Boston, MA, USA),
Stephen Locarnini (Fairfield Hospital, Victoria,
Australia), George Drusano (Albany Medical
College, Albany, NY, USA), and Johnson YN
Lau (Schering-Plough Research Institute, Kenil-
worth, NJ, USA).

The symposium was sponsored by the Inter-
national Society for Antiviral Research and the
National Institute of Allergy and Infectious Dis-
eases, NIH. Educational grants were provided
by Boehringer-Ingelheim (Canada), Bio-Méga
Research Division, F. Hoffmann-La Roche, Ge-
nentech, GlaxoWellcome and Triangle Pharma-
ceuticals.

2. Mechanisms of viral persistence

In general, viruses establish persistent infec-
tions by inducing little direct cell damage and/or
by evading immunologic surveillance. Indeed, in
vivo and in vitro data suggests that hepatitis
virus infections generally cause minimal cyto-
pathic damage. Lack of direct cell injury allows
the virus the opportunity for continued viral

replication and the establishment of chronic in-
fection.

2.1. Hepatitis B 6irus

Viral persistence in HBV infection is likely re-
lated to the failure of the host to respond to
viral antigens. The increased chronicity rate ob-
served in immunodeficient individuals such as
the young, elderly, and immunosuppressed, sup-
port this contention. Animal and human studies
clearly indicate that the establishment of chronic
HBV infection is inversely proportional to the
age at infection. Infection in the perinatal period
or during infancy leads to chronic infection in
over 90% of cases, while chronic infection oc-
curs in B5% of those infected later in life.
Newborn transgenic mice that synthesize high
levels of hepatitis B ‘e’ antigen (HBeAg) have
been shown to be tolerant to both HBeAg and
its precursor HBcAg (Millich et al., 1990). The
similarity between the immunologic events in
transgenic mice and natural perinatal HBV in-
fection suggests that HBeAg may function to
induce immunologic tolerance and result in
chronic infection. Perinatally acquired HBV in-
fection is characterized by high-level viremia and
absence of liver disease; thus, further supporting
immune tolerance in the development of viral
persistence.

Viral persistence can also be related to the
ability of the HBV to change under specific
drug-induced or immune-mediated genetic pres-
sures. Drug resistant HBV ‘mutant’ viruses arise
during antiviral therapy, which results in contin-
ued viral replication and chronic infection.

2.2. Hepatitis C 6irus

The mechanism responsible for viral persis-
tence in HCV infection is not well defined but
viral heterogeneity (quasispecies nature) likely
plays a major role. The ability of HCV to
change under environmental pressure allows the
emergence of variants that can evade immuno-
logic surveillance and lead to persistent infec-
tion. Such HCV variants capable of escaping
cellular immune recognition have been impli-
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cated in the establishment of persistent infection
in chimpanzees and humans (Weiner et al., 1993,
1995). The development of chronicity has also
been directly correlated with degree of viral het-
erogeneity during acute infection (Enomoto et al.,
1993; Sakamoto et al., 1994; Yamagushi et al.,
1994). Experimental evidence suggests that HCV
may also infect lymphoid cells (Shimizu et al.,
1992; Muller et al., 1993). Thus, sequestration
into immunologic ‘privileged’ sites, may be an-
other mechanism that promotes chronic HCV in-
fection.

3. Mechanisms of hepatocellular damage

In general, viral infection leads to cellular dam-
age in vivo by two mechanisms; namely, direct
cytopathicity and immune-mediated injury,

targeted against either viral or auto-antigens (Fig.
1). Direct cytopathic effects are the result of the
toxic actions of viral products on the infected cell
and are usually recognized by morphological al-
terations of cellular architecture (Ginsberg, 1988).
On the other hand, immune-mediated mecha-
nisms rely on lysis of viral-infected cells by either
direct lymphocyte cytotoxicity, antibody-mediated
damage, or viral-induced autoimmunity. In viral-
specific lymphocyte cytotoxicity, antigen-present-
ing cells (APC) recognize and phagocytize viral
particles. After processing, viral antigens are pre-
sented to helper/inducer T-lymphocytes (CD4+ ),
which in turn, activate suppressor/cytotoxic T-
cells (CD8+ ). The cytotoxic T-lymphocytes then
attack target cells expressing processed viral pep-
tides, which are usually 8–10 amino acids long, in
conjunction with the human leukocyte antigen
(HLA) class-I molecules. In antibody-mediated

Fig. 1. Possible pathogenetic mechanisms responsible for hepatocellular damage in viral hepatitis: (1) direct cytopathicity; (2)
immunemediated damage; (3) autoimmune mechanism. ICAM, intercellular adhesion molecule; ADCC, antibody dependent cellular
cytotoxicity; APC, antigen presenting cells. (Reprinted with permission from González-Peralta, R.P., Davis, G.L., Lau, J.Y.N., 1994.
Pathogenetic mechanism of hepatocellular damage in chronic HCV infection. J. Hepatol., 21, 255–259).
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injury, APC present the viral antigen(s) to B-cells
and induce the production of specific anti-viral
antibodies. These antibodies then mediate the
elimination of viral infected cells either through
its direct cytotoxic effect, complement cascade
activation and/or antibody-dependent cellular
cytotoxicity.

HBV and HCV may be directly cytopathic in
situations that allow unusually high levels of viral
replication and protein expression such as in im-
munosuppressed patients. However, accumulating
experimental evidence suggests that immune-me-
diated mechanisms play a critical role in mediat-
ing liver cell damage injury in chronic infections.
The pathogenesis of hepatocellular damage in
HBV and HCV infections has been the focus of
recent reviews (Koziel, 1998; Nelson and Lau,
1998).

3.1. Hepatitis B 6irus

That immune-mediated mechanisms play a crit-
ical role in the pathogenesis of hepatocellular
damage and viral clearance in HBV infection is
supported by the absence of overt liver disease in
immunosuppressed patients, the predominance of
CD8+ (cytotoxic T-lymphocytes, CTL) in areas
of histologic inflammation and by the enhanced
hepatocyte necrosis noted with stimulation of the
immune system. Several CTL immunodominant
epitopes have been detected within the viral nucle-
ocapsid protein (HBcAg) indicating that this
protein is likely a major target for immune activa-
tion (Missale et al., 1993). The induction of vigor-
ous CTL activity during acute HBV infection,
which lasts for up to 10 years, results in the
characteristic manifestation of liver inflammation.
A strong CTL immune response is necessary to
induce efficient HBV clearance and prevent the
development of chronic infection. In recent exper-
iments, lamivudine treatment resulted in the de-
tection of significant HBcAg-specific CD4+
proliferative responses in chronic HBV infection
(Boni et al., 1998). Interestingly, lamivudine also
enhanced the responses of peripheral blood
mononuclear cells to mitogens and recall antigens,
showing that its effect was not limited to HBV-
specific T cells. The immune recovery during

lamivudine therapy was seen early, within four
weeks after initiation of therapy. Although the
proliferative response in the treated patients was
similar to that seen in those with acute HBV
infection who subsequently recover, it was not
sufficient to induce durable and complete remis-
sion in chronically infected individuals. The exact
mechanism for this interesting finding is unknown
but it is likely that the findings suggestive of
immunologic recovery in this population were
related to the lamivudine induced reduction of
viremia.

3.2. Hepatitis C 6irus

Accumulating evidence indicates that immune-
mediated mechanisms also play a critical role in
the pathogenesis of liver damage in HCV infec-
tion. First, lymphoid aggregates are commonly
noted in liver biopsy specimens of patients with
chronic HCV infection. The lymphoid aggregates,
which suggest immunologic stimulation, consist of
a germinal center, comprised of activated den-
dritic cells and B-lymphocytes, surrounded by a
layer of CD4+ and CD8+ lymphocytes
(Mosnier et al., 1993). Second, essential immuno-
logic ‘players’, including activated CD8+ ,
CD4+ lymphocytes, HLA-I and HLA-II are
present and highly expressed in areas of liver
inflammation (Onji et al., 1992; Botarelli et al.,
1993; González-Peralta et al., 1993; Khakoo et al.,
1997). Third, resolution of acute hepatitis C has
been correlated with vigorous CD4+ prolifera-
tive responses and efficient CTL activity (Lech-
man et al., 1996; Missale et al., 1996; Cooper et
al., 1998). Fourth, HCV-specific CTL activity has
been demonstrated in peripheral blood mononu-
clear cells (PBMC) and in liver-derived
lymphocytes from patients with chronic hepatitis
C as well as in experimental chimpanzee infec-
tions (Koziel et al., 1992; Erickson et al., 1993;
Nelson et al., 1997). In one study, HCV-specific
CTL activity has been associated with disease
activity, less viremia and sustained response to
interferon-a therapy (Nelson et al., 1998); thus,
providing indirect evidence that immune mecha-
nisms are important in modulating viral replica-
tion and in mediating hepatocellular damage.
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Multiple viral-specific dominant CTL epitopes
(directed against structural and nonstructural vi-
ral proteins) have been identified within individ-
uals. The presence of multiple immunodominant
epitopes may hinder the development of specific
immune-based therapy such as peptide and
DNA vaccines.

In the model commonly used to study bulk
CTL activity, patient-derived Epstein–Barr virus
(EBV) immortalized B cells are used as targets.
The B-lymphocytes are infected with HCV-con-
taining vaccinia virus and labeled with radioac-
tive chromium. The radiolabeled B cells are then
cultured in the presence of serial dilutions of
autologous CD8+ lymphocytes (to satisfy
HLA-I restriction) isolated from peripheral
blood or liver. Recognition of viral antigens by
the CD8+ lymphocytes results in B-cell lysis
with release of chromium into the supernatant.
The amount of chromium released can be quan-
titated and provides a measure of CTL activity
to the particular viral peptide tested. CTL activ-
ity is usually expressed as a percentage of lysis
with respect to ‘wild type’ (nonHCV containing)
vaccinia virus. To accomplish fine epitope map-
ping, HLA-I binding sites on chromium-labeled
B-cells are saturated by incubation in the pres-
ence of excess overlapping peptides. The ‘pep-
tide-primed’ B-cells are then used as targets in
CD8+ cytotoxicity assays.

Although this system has been widely used to
study host-CTL responses in viral hepatitis, it is
labor intensive and relatively insensitive. To
overcome these limitations, innovative methods
have recently been developed including the
ELISPOT (McCutcheon et al., 1997; Schmittel
et al., 1997) and tetramer assays (Altman et al.,
1996). In the ELISPOT assay, patient-derived T-
lymphocytes (from blood or liver) are activated
by incubating with viral-specific peptides. Recog-
nition of viral antigen by CTL results in the
production of specific cytokines, which are cap-
tured by antibodies bound to a solid phase (mi-
crowell plate). The cytokines released from the
activated CTL can be detected by conventional
enzyme-linked immunoassays as ‘spots’ on the
microwell plate. The ELISPOT assay is a sim-
pler and more sensitive technique to assess CTL

frequency. However, in the presence of elevated
CTL precursor frequency, counting large num-
bers of spots can be relatively subjective and
lead to undesired variability. In the tetramer as-
say, fluorescent-labeled HLA-I molecules com-
plexed with viral-specific peptides are incubated
with patient-derived CTL (CD8+ lymphocytes).
If CD8+ cells that recognize the viral peptide
are present, they will bind the multimeric HLA/
peptide complexes. The binding can then be eas-
ily detected by fluorescent activated cell sorting
(FACS) analysis. Thus, reliable CTL frequency
can be rapidly accomplished with the tetramer
method, without relying on the more labor-in-
tensive cytotoxicity assays. The application of
these novel techniques to HCV will facilitate the
study of CTL in this infection.

4. Models of viral hepatitis

4.1. Hepatitis B 6irus

Animal models have been important in ad-
vancing our understanding of HBV infection,
particularly in defining the mechanisms of viral
replication. Several HBV animal models includ-
ing woodchuck, squirrel, duck, and transgenic
mice have been described and widely used.

4.1.1. Woodchuck model
Hepadna virus infection leads to chronic hep-

atitis and cirrhosis in woodchucks, as in hu-
mans. Higher chronicity rates are associated
with young age at infection, higher infectious
doses and animal-host factors. Animals who are
infected early in life become chronic viral carri-
ers. As in humans, infection is associated with
active HBV replication (high-level viremia and
hepatic viral antigen expression and mild inflam-
matory activity). In addition, nearly all chroni-
cally HBV-infected woodchucks develop HCC,
the major cause of death in these animals. It
appears then, that the biology of woodchuck
HBV is similar to that of its human counter-
part; thus, suggesting that pathobiological infor-
mation from this model may be applicable to
humans.
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Toxicology studies have demonstrated similar
safety profiles for several antiviral compounds in
woodchucks and humans. Thus, these animals
have been used in preclinical efficacy trials of
recently developed antivirals including
lamivudine, lobucavir and adefovir. Woodchucks
have also played an important role as a model to
study HBV kinetics. Mathematical analyses have
indicated that as in humans (see below), HBV
processing is a very dynamic process. Up to 1011

HBV particles are produced daily, so that each
infected hepatocyte produces between 10 and 100
virions daily.

4.1.2. Duck model
Peking ducks are also susceptible to hepadna

virus infection. The avian model of infection of-
fers several important advantages. First, the
mechanisms of hepadna virus replication in ducks
are similar to that of human HBV infection.
Second, Peking ducks are available worldwide
and they are easy to house and handle. Third, all
animals develop chronic infection after viral inoc-
ulation with rapid onset of high-level viremia.
Finally, reliable avian in vitro hepatocyte-culture
systems are available that can be used to comple-
ment in vivo data. Potential limitations of the
duck hepadna model include differences in viral
protein production; the HB-X gene in human
HBV is not present in the avian hepadna virus.
Although chronic infection occurs in all inocu-
lated animals, the development of hepatitis is
unpredictable. This finding is likely, in part, re-
lated to differences between the host-immune re-
sponse to viral infections among infected animals.
HBV induced immune response, important in the
pathobiology of human HBV infection, in poorly
understood in ducks. Finally, infected ducks do
not develop liver cancer, which underlies impor-
tant oncogenic differences between avian and hu-
man HBV.

Peking ducks have also been used to test an-
tiviral agents in development. One of these com-
pounds, BMS200475, has induced effective
suppression of hepadna replication in cell cultures
(Innaimo et al., 1997) as well as in ducks (unpub-
lished data).

4.1.3. Transgenic mouse model
The transgenic mouse model has been particu-

larly important in defining mechanisms responsi-
ble for HBV persistence and hepatocellular
damage. The major advantage of the mice model
is that the virus produced is the human HBV. In
addition, mice are small-inbred animals whose
immune system is well characterized. One short-
fall of this animal model is that viral re-infection
does not occur; thus, replication in this system
likely represents only a partial life cycle of HBV.
Moreover, viremia noted in transgenic mice is
much lower than that observed in human HBV
infection, highlighting another potential limita-
tion of this model.

4.2. Models of hepatitis C 6irus infection

4.2.1. Chimpanzee
Besides humans, the natural host of HCV,

chimpanzees are the only animals that have been
shown to be permissive to HCV infection. In fact,
chimpanzee experiments confirmed the infectious
nature of HCV, many years before the virus was
discovered (Feinstone et al., 1975; Dienstag et al.,
1977). In addition, chimpanzee serum recovered
from experimental infections was used as source
from which physico-chemical properties of HCV
were initially determined (Bradley, et al., 1985).

In the absence of an efficient in vitro HCV
replication system, the chimpanzee has continued
to play a major role in HCV research. The persis-
tence of infection in a proportion of chimpanzees,
despite the presence of HCV-directed antibodies
suggests that such antibodies fail to induce viral
clearance. It has been demonstrated that chim-
panzees that effectively cleared initial HCV infec-
tion could be re-infected by both heterologous
and autologous inoculation (Farci et al., 1992).
Chimpanzees challenged with in vitro neutralized
inocula indicated that serum obtained 11 years
before infection had no neutralizing effect,
whereas serum sample collected 2 years after in-
fection was able to neutralize the infecting strain.
Cloning and sequencing analysis of viral isolates
suggested that the emergence viral diversity (qua-
sispecies) was responsible for the failure of neu-
tralization (Farci et al., 1994a,b). Finally,
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chimpanzees have been used in the initial develop-
ment of HCV vaccines. In preliminary experi-
ments, 5 of 7 chimpanzees immunized with HCV
envelope 1 and 2 glycoproteins were protected
from intravenous challenge of a homologous viral
strain (Choo et al., 1994).

4.2.2. Tetracycline-regulated in 6itro replication
model

While the chimpanzee model has contributed
to our understanding of HCV infection, this ani-
mal model has several limitations including ex-
pense, availability, and different host-immune
response. Several groups have shown in vitro
HCV replication in lymphoblastoid and liver-
derived cells. However, only low level viral repli-
cation have been demonstrated in these
replication systems, based on the intermittent
detection of HCV RNA and replicative interme-
diates. A novel in vitro replication system that
overcomes these limitations has been recently
developed (Moradpour et al., 1998a,b). In this
system, the entire HCV genome is cloned into a
plasmid, which contains a tetracycline-responsive
repressor element. Thus, in the presence of te-
tracycline, HCV transcription does not occur
but in its absence the complete viral genome is
precisely reproduced. Of importance, the viral
proteins produced in this system are faithfully
processed, indicating that the cellular and viral
proteolytic machinery and post-translational
modification pathways are fully functional in
these cell lines. Recent studies have demon-
strated the utility of this system. In one series of
experiments, shortening of the HCV protease
(created by site-specific mutations) resulted in
reduction of the half-life from 24 h for the in-
tact protease to 3 h for the shortened protein.
Moreover, only intact viral protease was local-
ized to the endoplasmic reticulum, the presumed
site of HCV processing. Thus, these results sug-
gest that the intact HCV protease is more stable
and that its stability may be critical to its func-
tion. Ongoing experiments with this system have
focused on elucidating the effects of the interac-
tions of HCV proteins with interferon-a induced
cellular responses.

4.2.3. Hybrid hepatitis C 6irus-GBV chimera
Another in vitro system that is currently being

developed is the use of hybrid HCV-GBV viruses.
GB viruses (GBV-A, GBV-B, and GBV-C) are a
newly discovered group of infectious agents that
are phylogenetically related to HCV (Karayiannis
and McGarvey, 1995; Simons et al., 1995; Linnen
et al., 1996). GBV-A and GBV-B are naturally
occurring viruses in tamarins, while humans are
the natural host for GBV-C. Initial studies sug-
gested that GBV-C virus was associated with
chronic liver disease, hence it was also named
hepatitis G virus (HGV). However, numerous
subsequent studies have failed to confirm this
association. The observed similarities in genetic
organization, replication strategy and polyprotein
processing between HCV and GBV viruses would
suggest that it may be possible to use hybrid
chimeric viruses to infect tamarins with HCV-con-
taining GB viruses. Tamarins are smaller and
easier to handle than chimpanzees, which make
them more attractive model animals. Importantly,
GB viruses are less heterogeneous than HCV and
do not display quasispecies nature in either the
core, envelope or protease regions. The decreased
genomic heterogeneity facilitates the generation of
chimeric infectious clones, which is currently in
progress.

5. Treatment of viral hepatitis

Significant advances have been made in the
treatment of chronic viral hepatitis during the
past few years. In general, the goals of antiviral
therapy include prevention of progression from
acute to chronic hepatitis, viral eradication (from
serum and possibly liver), improvement of the
signs and symptoms of chronic liver disease, pre-
venting histologic inflammation, and prevention
of the long-term consequences of chronic hepatitis
such as cirrhosis and HCC.

5.1. Hepatitis B 6irus

The natural history and clinical course of HBV
infection depends on the age at which infection
occurs. HBV infection during the perinatal period
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and infancy leads to the development of a ‘carrier-
state’ in over 90% of patients characterized by
persistence of HBsAg, high-level HBV DNA and
minimal (if any) liver disease. In contrast, HBV
infection in adults results in an acute ‘icteric’
hepatitis with active inflammation that resolves in
90% of those infected. In HBV-infected adults
who develop chronic hepatitis, there is persistent
liver dysfunction and risk of progression to cir-
rhosis and HCC. The prevention of these long-
term consequences forms the rationale for
antiviral therapy.

5.1.1. Interferon-a
Interferon-a is an established treatment for

chronic hepatitis B. Numerous prospective, ran-
domized placebo-controlled clinical trials have
shown that a four to six month course of inter-
feron-a is effective in inducing viral remission
(HBV DNA and HBeAg seroconversion) in 25–
40% of patients with chronic hepatitis B (Perrillo,
1993; Hoofnagle, 1998 and references contained
within). Longitudinal follow-up of treated pa-
tients has demonstrated that the response rate in
these individuals is sustained and that a significant
proportion of them becomes HBsAg negative over
time. These studies have also indicated that, in
comparison to control patients, signs and symp-
toms of chronic liver disease resolve and the risks
of decompensated liver disease and HCC decrease
in interferon-treated patients.

Several reports have suggested that American
and European patients have a higher response
rate to interferon therapy than Asians. While host
factors have been implicated in the reduced re-
sponse rate, studies have indicated that the poor
response to interferon in Asians is related to
degree of liver disease (serum transaminases and
histologic activity)(Lok, 1991; Wu et al., 1992). A
strategy to increase response rates, which would
be particularly applicable for patients with mini-
mal liver disease, has been to use short courses of
prednisone before interferon. ‘Prednisone prim-
ing’ is based on the fact that glucocorticoids
increase HBV replication and hence, enhanced
hepatocyte viral antigen expression. Upon pred-
nisone withdrawal, initiation of interferon therapy
results in a stronger immune response and would

theoretically lead to more effective viral clearance.
However, attempts to improve response rates by
pre-treating with prednisone have been generally
disappointing (Perrillo et al., 1990; Perez et al.,
1993; Zarski et al., 1994). Prednisone can also
cause severe decompensation of liver disease, and
must be, therefore, used with caution.

Factors that have been associated with a sus-
tained response to interferon therapy include ele-
vated serum transaminases, low HBV-DNA
levels, short duration of disease, adult-acquired
infection, active histologic liver inflammation, fe-
male gender, and absence of HDV, HIV or other
immunodeficiency disease (Perrillo, 1993; Hoofna-
gle, 1998 and references contained within). Over-
all, interferon has been well tolerated in most
patients. The most common adverse event de-
scribed is a flu-like syndrome characterized by
general malaise, fever, headaches, chills, and
myalgias, that generally resolves after the initial
2–3 doses of interferon. Other important side
effects include bone marrow depression, neu-
ropsychiatric disorders (anxiety and depression)
and fatigue.

5.1.2. Lami6udine
Nucleoside analogues are compounds that serve

as substrates for HBV polymerase (reverse tran-
scriptase). The incorporation of an analogue lack-
ing a 3%-hydroxy group into a growing HBV DNA
chain results in the termination of elongation and
inhibition of viral replication. These compounds
are generally well absorbed from the gastrointesti-
nal tract and have excellent bioavailability.

Lamivudine (3%-thiacytidine, 3TC), a cytosine
analogue, inhibits the synthesis of negative strand
HBV DNA from pre-genomic viral RNA. Initial
studies indicated that lamivudine effectively re-
duced active viral replication as measured by
rapid and marked reduction of HBV DNA during
therapy (Dienstag et al., 1995; Nevens et al.,
1997). However, viral relapse was common fol-
lowing cessation of treatment. A recent controlled
trial has confirmed these preliminary results (Lai
et al., 1998). In this Asian study, a 12-month
course of lamivudine (at least 100 mg daily) re-
sulted in normalization of transaminases and
clearance of HBV DNA in 100% of treated pa-
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tients (compared to 10% of those given placebos).
HBeAg and HBsAg seroconversion rates (the con-
ventional parameters that define sustained re-
sponse) at the end of therapy, were 17 and 3%,
respectively (Lai et al., 1998). In an attempt to
enhance therapeutic efficacy, combination
lamivudine-interferon was recently studied. Com-
bination lamivudine-interferon resulted in im-
proved, but not statistically significant HBeAg
seroconversion rates (29%) compared to either
interferon (19%) or lamivudine monotherapy
(18%). In addition, histologic improvement was
noted in similar number of patients receiving ei-
ther lamivudine or interferon alone or combina-
tion therapy (Heathcote et al., 1998). Importantly,
lamivudine has been very well tolerated in these
clinical trials.

5.1.3. Emergence of lami6udine resistance in
chronic hepatitis B

The use of potent inhibitors of viral replication
have resulted in the emergence of drug-resistant
viruses; a problem that is not unique to viral
hepatitis. Herpes virus strains resistant to ganci-
clovir, aciclovir and famciclovir and HIV strains
resistant to reverse transcriptase, protease and
integrase inhibitors have been reported. Accumu-
lating experimental in vitro data suggest that
drug-resistant mutants are less replication-efficient
than their wild-type counterparts. In HIV infec-
tion, lamivudine resistance occurs early and
rapidly, so that by 6 months after initiation of
therapy, nearly all patients had evidence of mu-
tants. Interestingly, HIV viral load remained be-
low baseline pre-treatment levels despite the
emergence of drug-resistant variants suggesting
that mutant viruses were also less replication-effi-
cient in vivo.

Analysis of patients with chronic hepatitis B
who have received lamivudine therapy in several
large clinical trials has shown that drug-resistant
mutants occur in up to 40% of patients by the end
of 2 years of therapy (Atkins et al., 1998; Leung et
al., 1998). Lamivudine resistance is usually con-
ferred by mutations within the HBV polymerase
gene (‘YMDD’ mutation). The emergence of re-
sistance has been associated with several pre-treat-
ment variables, including histologic activity, high

serum HBV DNA levels and body mass. Of im-
portance, the emergence of resistant mutants has
been usually associated with elevation of serum
transaminases and HBV DNA. However, as oc-
curs in HIV infection, both of these variables
remain below pre-treatment baseline levels despite
the emergence of lamivudine-resistant strains.
Moreover, histologic inflammatory activity has
remained stable in the majority of patients who
developed drug-resistant strains. Of note, the
emergence of lamivudine resistance has not re-
sulted in lower virologic responses; HBeAg sero-
conversion rates are similar among patients with
and without mutants. Thus, these data support
the hypothesis that lamivudine-resistant mutants
are less replication-efficient than ‘wild type’ HBV
in vivo. Longitudinal follow-up studies to assess
carefully the long-term impact of lamivudine re-
sistance in chronic hepatitis B are ongoing.

The clinical management of patients who de-
velop lamivudine-resistant HBV mutants is not
well defined. Increasing lamivudine doses have
not led to effective clearance of drug-resistant
variants and drug withdrawal has resulted in ele-
vations of liver enzymes in a proportion of pa-
tients. As liver disease remains stable in most
patients who develop resistant viruses, continued
long-term antiviral therapy seems a reasonable
option. Controlled trials are needed to address
this important clinical issue.

The emergence of drug-resistant viruses has
also become an important problem in patients
with recurrent hepatitis B after liver transplanta-
tion. In these patients, the emergence of drug-re-
sistant mutants has been associated with a rapidly
accelerating, severe hepatitis that has resulted in
allograft failure and death (de Man et al., 1998;
Yoshida et al., 1998). The detection of HBV
variants that are resistant to more than one an-
tiviral agent further complicates treatment in the
immunosuppressed population. Ideally, the thera-
peutic goal in these patients should be to optimize
antiviral activity while minimizing the emergence
of viral resistance. This can be accomplished by
avoiding sequential antiviral therapy and using
synergistic potent antiviral combinations that
avoid the emergence of multi-drug resistance.
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5.1.4. Other nucleoside analogues
In addition to lamivudine, several other nu-

cleoside analogues are in clinical development in-
cluding dideoxyfluorothiacytidine (FTC),
D-diaminopurindixolane (DAPD) and L-
fluromethylarabinosyluracil (L-FMAU). As re-
ported in the meeting, all of these nucleoside
analogues share in common potent and selective
antiviral activity against HBV, which makes them
attractive therapeutic agents. Upon phosphoryla-
tion, FTC and L-FAMU are potent inhibitors of
HBV reverse trinscriptase (polymerase) and result
in marked reductions in HBV levels in wood-
chucks. DAPD is first deaminated to an interme-
diate metabolite (DXG), which upon
phosphorylation actively inhibits HBV poly-
merase. In contrast to D-FMAU, which was asso-
ciated with multi-organ failure in human clinical
trials, the active L-FMAU phophorylated inter-
mediate is not a substrate for human DNA poly-
merase and is not accumulated intracellularly.
Preliminary pre-clinical toxicity profiles of these
compounds is excellent; safety studies are ongo-
ing. In particular, mitochondrial damage, as
noted with D-FMAU, has not been observed with
L-FAMU.

5.1.5. Targeted nucleotides
The use of targeted nucleotides is another

evolving approach to treat chronic viral hepatitis.
This approach relies on identifying essential and
accessible viral targets and on specifically deliver-
ing antiviral elements to hepatocytes, the primary
replication site of hepatitis viruses. As reported in
the conference, several potential classes of com-
pounds have been identified that can be used to
disrupt viruses including antisense oligonucle-
otides, ribozymes, and intracellular monoclonal
antibody. Developing efficient hepatocyte-specific
delivery systems has been a more difficult task.
Although a number of delivery systems have been
developed including adenoviruses, adeno-associ-
ated viruses, liposomes, retroviruses and asialo-
glycoprotein receptor-mediated endocytosis, none
are ideal. A novel delivery system currently being
developed includes the use of antibodies linked to
cholesterol-spermine molecules that assist in the
transmembrane transport into cells. The overall

negative charge on the covalently-bound linker
spermine results in accumulation of nucleic acid-
specific antiviral targets while the antibody con-
fers specificity. Another innovative mechanism
involves the use intracellular monoclonal antibod-
ies designed to react against specific viral targets.
In one such system in development, a single chain
monoclonal anti-HBs antibody has been directed
to the endoplasmic reticulum. In the endoplasmic
reticulum the anti-HBs antibody has been shown
to inhibit HBsAg processing, thereby providing
‘proof of principle’ that this approach can effec-
tively disrupt the life-cycle of HBV and can, there-
fore, potentially be exploited as antiviral therapy.

5.2. Hepatitis C 6irus

5.2.1. Interferon-a
Initial pilot studies, conducted even before the

identification of HCV, demonstrated that inter-
feron-a results in normalization of serum
transaminases in a significant proportion of
treated patients. Since then, multiple prospective
randomized trials have confirmed that a 12 month
course of interferon results in normalization of
transaminases and clearance of HCV RNA in
approximately 40% of patients by the end of
therapy (end of treatment response). However, up
to 60–70% of patients relapse within 6 months
after discontinuation of therapy (elevated
transaminases and reappearance of viral RNA).
Thus, only a minority of interferon-treated pa-
tients achieves a sustained response (Poynard et
al., 1996). Clinically relevant factors that have
been associated with sustained interferon re-
sponses include low viremia level, HCV genotype
other than 1, and pretreatment histologic activity
(Davis and Lau, 1997).

Ideally, patients could be selected for therapy
based on the risk of disease progression. In such
an approach, patients whose liver disease is more
likely to progress would be treated, while those
expected to have a benign course would be spared
treatment. However, the natural history of
chronic hepatitis C is complex and may depend
on many variables, including both host and viral
factors. Viral factors that have been suggested to
influence positively the rapidity of progression of
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the liver disease include high serum HCV levels,
viral genotype 1b, and a high degree of viral
genetic diversity. Host factors such as the age at
the time of infection, immune deficiency, alcohol
consumption, and coinfection with HIV and/or
HBV may also influence the rate of disease pro-
gression. Thus, it is reasonable to expect that the
minimal requirements for therapy should include
the presence of anti-HCV antibodies, HCV-RNA,
elevated serum transaminases and liver biopsy
compatible with chronic hepatitis C.

There have been several groups of patients for
whom interferon therapy remains problematic.
One of these groups includes those with minimally
elevated or normal serum transaminases. Several
studies have suggested that this group has a more
benign course of infection with minimal risk of
progression to cirrhosis if alcohol is not a co-fac-
tor. In addition, interferon monotherapy has been
associated with infrequent sustained response and
‘flair’ of the transaminases, raising concerns that
interferon may be changing the natural history of
this disease. These data underlie the recent NIH
recommendations against the use of interferon for
chronic HCV patients with normal liver enzymes
(Marcellin et al., 1997).

A difficult group to treat has been those with
cirrhosis. These patients have the greatest poten-
tial benefit from antiviral therapy (high risk for
decompensation and hepatocellular carcinoma),
but the lowest treatment response rates. There is
also an increased adverse events profile, particu-
larly in those with decompensated cirrhosis.
Therefore, antiviral therapy with an interferon
based regimen is not currently recommended in
the decompensated patient, but can be entertained
in the well compensated patient with cirrhosis.

5.2.2. Adjuncti6e Therapy: riba6irin
From the above discussion it can be summa-

rized that interferon therapy, although effective, is
only so in a minority of patients. Attempts to
increase the efficacy by increasing the dose and
duration of therapy have met with limited success.
Other strategies to expand and improve the an-
tiviral options available include combining inter-
feron with other agents (such as ribavirin), using a
long-acting interferon preparation, and the devel-

opment of HCV protease/helicase inhibitors and
immunomodulatory strategies.

Ribavirin, a guanosine analogue, has a wide
spectrum antiviral activity against RNA and
DNA viruses. As monotherapy, ribavirin lowers
serum transaminases in many patients with
chronic hepatitis C, but has little effect on serum
HCV RNA levels (Bodenheimer et al., 1997).
Thus, as a single agent, ribavirin has little efficacy
in the treatment of chronic HCV. However, when
used in combination with interferon, it reduces
post treatment relapse. Recent randomized
placebo-controlled trials in the US and abroad
have confirmed the enhanced efficacy of combina-
tion interferon-ribavirin therapy in patients who
have either relapsed after interferon monotherapy
(Brillanti et al., 1994; Davis et al., 1998) or in
untreated (‘naı̈ve’) patients (McHutchinson et al.,
1998; Poynard et al., 1998a,b; Reichard et al.,
1998). In a recent international study, 832 previ-
ously untreated adults with chronic hepatitis C
were randomly allocated to receive interferon or
interferon with ribavirin for either 24 or 48 weeks.
Sustained virological response at 24 weeks after
treatment was found in a significantly greater
proportion of patients treated with combination
therapy (43 and 35% of patients treated for 48
and 24 weeks, respectively) than in patients
treated with interferon alone (19%) (Poynard et
al., 1998a,b). Improved ribavirin-interferon sus-
tained response rates were also recently reported
in a large multi-center control trial in the US
(McHutchinson et al., 1998).

These recent trials have also identified variables
that influence response to combination interferon-
ribavirin therapy. Logistic regression analysis of
the large international study of naı̈ve patients
identified five independent pre-treatment factors
associated with better response rates: HCV geno-
type 2 or 3 infection; viremia level less than 2
million copies/milliliter, age B40 years, minimal
fibrosis, and female gender (Poynard et al.,
1998a,b). Multivariate analysis indicated that sus-
tained virologic response was significantly higher
among patients with fewer than three of these
factors. Moreover, histologic assessment of these
patients indicated that progression of histologic
disease was retarded most in those who had a
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sustained response, but was also observed in a
significant proportion of nonresponders (see be-
low). The side effects of combination therapy
were similar to interferon monotherapy except for
the increased incidence of ribavirin-induced
hemolytic anemia. The anemia was dose-depen-
dent and required dose-reductions in a small pro-
portion of treated patients. Close monitoring of
the hemoglobin is therefore required during the
first two months of therapy. Ribavirin has also
been suspected of having teratogenic potential
and needs to be used with caution in patients of
childbearing age.

Although combination therapy represents a
marked improvement in our ability to treat
chronic HCV infection, there are still approxi-
mately 50% of patients who will not respond to
combination therapy. Thus, improved therapies
are needed for the treatment of this chronic viral
infection, particularly for those patients that do
not achieve adequate responses to current avail-
able therapies.

5.2.3. Pegylated interferon.
Thrice weekly administration of interferon, as

used in current clinical practice, results in signifi-
cant variability between plasma peak and trough
drug levels. Theoretically, more continuous and
sustained plasma interferon concentrations would
result in enhanced antiviral effect. To achieve
more stable drug levels, interferon has been chem-
ically linked to polyethylene glycol (PEG). Phar-
macokinetic studies have indicated that such
‘pegylation’ results in slower interferon clearance
and more sustained drug concentrations. Al-
though the mechanisms are unknown, pegylated
interferon also appears to be less immunogenic.
An added benefit of its prolonged steady state is
that pegylated interferon can be given once
weekly. In a recent controlled phase II trial, esca-
lating doses of pegylated interferon were adminis-
tered to randomly allocated patients. The patients
were also stratified by HCV RNA level and geno-
type. End of treatment response (normal serum
transaminases and undetectable HCV RNA) was
achieved in approximately 60% of patients treated
for 12 months; better response rates were noted in
those administered higher doses of pegylated in-

terferon (unpublished data). Interestingly, a pro-
portion of patients who cleared viral RNA had
persistently elevated transaminases, suggesting
that pegylated interferon induces an earlier antivi-
ral effect than its unmodified form or that the
drug itself is associated with elevations in liver
enzymes. Efficacy analyses to assess the sustained
response rate of pegylated interferon are in pro-
gress. Large multi-center controlled trials of com-
bination pegylated interferon-ribavirin are now
underway in the United States.

5.2.4. Helicase and protease inhibitors
Another antiviral approach that has been suc-

cessfully used to treat viral infections is to inhibit
viral-specific proteins crucial for replication. HCV
protease is one such important protein that has
attracted attention as antiviral target. The HCV
protease is a serine protease that is critically im-
portant in the post-translational processing of the
viral polypeptide (Bartenschlager et al., 1993;
Eckart et al., 1993; Grakoui et al., 1993). The
HCV protease is only distantly related to human
serine proteases. Thus, theoretically inhibition of
viral protease may be specifically accomplished
without interfering in host-cellular processes. As
presented at the conference, three potential areas
within the HCV protease complex have been iden-
tified as candidates for inhibition; namely, the
transmembrane NS4 cofactor region, the zinc-
binding site and the catalytic domain. Detailed
structure analysis has indicated that the NS4 co-
factor region is embedded in highly hydrophobic
regions of the protein, which hampers the design
of inhibitory compounds directed against this
area. Moreover, effective inhibition of the zinc-
binding site would potentially require biologically
toxic compounds. Therefore, the catalytic domain
of the HCV has emerged as the most attractive
antiviral target and has been the focus of intense
research. The catalytic domain of the HCV
protease is similar to those of other serine
proteases. The HCV catalytic domain is ‘shal-
lower’ than the catalytic domain of the HIV
protease (against which effective inhibitors have
been successfully designed). This structural con-
formation hampers the ability to design antiviral
compounds that can effectively bind to this area.
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To overcome this obstacle, experiments are under-
way to link potential antiviral compounds to spe-
cific ‘binding-enhancing’ molecules. This strategy
has resulted in effective inhibition of interleukin
converting enzyme, a serine protease with a ‘shal-
low’ catalytic domain. Another potential problem
with the development of HCV protease inhibitors
is the complex interactions between the protease
and helicase domains of the viral protein. These
differences must be clearly taken into account
when designing inhibitors against this area. With
advances in drug design, protease inhibitors will
likely become available for clinical use in the very
near future.

Because of its importance in viral replication,
HCV helicase has been proposed as another an-
tiviral target. HCV helicase is a multifunctional
transmembrane protein essential for unwinding of
viral RNA-RNA complexes during HCV replica-
tion. Current helicase research has focused on
developing appropriate assays to test the efficacy
and selectivity of potential helicase inhibitors. A
number of chemical assays have been developed
to assess the enzymatic activity of HCV helicase.
In the scintillation proximity assay, double strand
nucleic acid hybrids are incubated with HCV heli-
case. After incubation, unwound processed nu-
cleic acid hybrids are captured onto magnetic
beads, using radiolabeled probes. The amount of
recovered radioactivity, measured by scintillation,
reflects the amount of unwound nucleic acid in
the sample and provides a measure of helicase-in-
duced unwinding. In fluorometric assays, nucleic
acid hybrids are treated with HCV helicase and
unwinding activity is measured by fluorescent
quenching or fluorescent dye displacement. Reli-
able selectivity assays have also been developed.
Recent screening analyses have identified several
potential HCV helicase inhibitors. Experiments
are underway to test their efficacy and selectivity.
Progress in this area is needed to develop effective
HCV helicase inhibitors to use in patients.

5.2.5. Immune modulation
The host immune response to HCV is made up

of both nonspecific and viral specific immune
mechanisms (Fig. 1). Nonspecific responses in-
clude interferon production and natural killer cell

activity. HCV-specific immune responses include
humoral and cellular components. Eradication of
HCV is probably dependent upon classical
CD4+ and CD8+ CTL responses. As already
noted, quantitatively, individuals who have a
more vigorous CD4+ proliferative and CD8+
CTL response to HCV antigens are more likely to
clear HCV after acute infection and clear viremia
during interferon-a therapy (Lechman et al., 1996;
Missale et al., 1996; Nelson et al., 1997; Cooper et
al., 1998). When infection persists, CD4+ and
CD8+ cells contribute to the inflammatory
infiltrate within the liver and may help mediate
ongoing hepatocellular injury.

An integral part of the CD4+ response to
HCV is the regulatory molecules that are released
by activated immune cells, which are called cy-
tokines. CD4+ T-cells are classified into Th1 and
Th2 subtypes, and an inactive Th0 type, based on
the profile of their cytokine production. Th1 cells
secrete interleukin 2 (IL-2) and interferon-gamma,
which are required for host antiviral immune re-
sponses including the generation of CTL and
natural killer (NK) cell activation. Th2 cells pro-
duce IL-4 and IL-10, which help augment anti-
body production and exert a negative regulatory
effect on the Th1 response. Recent immunologic
studies indicate that the Th1 response is activated
in the liver in response to HCV infection (Napoli
et al., 1996). Recruitment and activation of Th1
T-cells to the liver likely represents a host attempt
to achieve efficient control and eradication of
viral infection. This immune response to control
viral replication is ineffective in eliminating infec-
tion in most patients with HCV infection and
results in liver cell damage with the establishment
of persistent infection. The Th2 cellular cascade
likely represents an auto-regulatory response,
which originates from outside the liver and at-
tempts to confine the Th1 response to the liver,
the primary site of HCV replication.

Since immune-mediated mechanisms likely play
a major role in the control and pathogenesis of
hepatocellular damage in chronic HCV infection,
the system can potentially be manipulated to fa-
vor viral clearance. One such strategy is to en-
hance Th1 response, which would lead to
enhanced cell-mediated immunity and increased
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antiviral immune activation. Therapies with IL-12
(Th1 stimulatory) are currently in progress. In
contrast, one could augment the Th2 response
and suppress the Th1 response in hope of prevent-
ing further liver injury. Trials using IL-10 are
underway. On a theoretical basis, another innova-
tive mechanism would be to repress viral im-
munotolerance, presumably present in most
patients with chronic hepatitis C who are unable
to clear the virus. Recent work in the HBV trans-
genic mouse model has suggested that this can be
accomplished by the infusion of stimulated den-
dritic cells, which are ‘specialized’ antigen present-
ing cells (Shimizu et al., 1998). Another immune
modulating option is the development of ‘CTL
vaccines’ which would help stimulate HCV-spe-
cific CTL by exposing CD8+ cells to HCV pep-
tides that correspond to immunodominant
epitopes. The identification of many immunodom-
inant CTL epitopes in chronic HCV infection may
hamper these attempts.

5.2.6. Impact of anti6iral therapy on histologic
progression in chronic hepatitis C

The importance of HCV infection lies in its
propensity to cause insidious and progressive liver
damage with the development of chronic active
hepatitis, cirrhosis and HCC. However, progres-
sion of liver disease is not a uniform process.
Based on histologic changes over time, 3 groups
of patients with chronic hepatitis C have been
identified: those who have an accelerated course,
rapidly developing liver fibrosis, those in whom
fibrosis progresses slowly, and those who have an
intermediate progression rate (Poynard et al.,
1998a).

Recent analysis of paired liver biopsies from
several large controlled clinical trials have demon-
strated significant reductions in fibrosis (using the
validated METAVIR score) in patients who re-
ceived either combination ribavirin-interferon or
interferon monotherapy but not in control pa-
tients (Poynard et al., 1998a). Histologic improve-
ment was greater in patients who received a 12
month course of combination therapy than in
those who were given 6 month course of combina-
tion therapy or interferon monotherapy. Al-
though the overall reduction in fibrosis was

greater in patients who achieved sustained re-
sponse to therapy, as measured by normalization
of serum transaminases and disappearance of
HCV RNA below detectable levels, it was noted
to be significant in a proportion of those who
were non-responders. These data suggest that an-
tiviral therapy can result in histologic improve-
ment even in patients who do not achieve
conventional sustained responses. A clinical study
has demonstrated a decreased incidence of cirrho-
sis with long-term interferon therapy (Poynard et
al., 1995). These observations were recently con-
firmed in a controlled randomized trial (Sobesky
et al., 1998). In this trial, significant reduction of
histologic progression was noted in patients with
HCV-related cirrhosis treated with long-term
maintenance interferon therapy, which further
supports the use of antiviral therapy in individuals
with advanced HCV-related liver disease. Taken
together, these data support the use of long-term
antiviral therapy even in those who fail to achieve
sustained response and challenge the current clini-
cal practice to discontinue interferon early in pa-
tients with persistent detection of viral RNA.

5.3. Hepatitis D 6irus (delta agent)

HDV is a small single strand, negative sense
RNA virus that is phylogenetically related to
plant virions (Branch and Robertson, 1984).
HDV is a rare cause of chronic hepatitis in the US
but it is endemic in various parts of Europe
(Rizzetto et al., 1992) It is a defective virus that
requires HBsAg for complete virus production.
As HDV is dependent on HBV, HDV infection
occurs only in individuals with HBV infection.
HDV infection can be acquired at the same time
as HBV (coinfection) or more commonly, can
occur in an individual with chronic HBV infection
(superinfection). Most patients who are coinfected
do not have active HBV replication (undetectable
HBV DNA and HBeAg negative). Although the
molecular mechanisms are unknown, this intrigu-
ing finding suggests that HDV may inhibit HBV
replication. Although HDV-HBV coinfection gen-
erally does not lead to chronic hepatitis, HDV
superinfection commonly results in chronic liver
disease, which progresses to cirrhosis in a signifi-
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cant proportion of patients. Spontaneous remis-
sion of liver disease rarely occurs in these patients.

Prospective, randomized controlled clinical tri-
als have shown that a 4–12 month course of
interferon is effective in inducing remission of
hepatitis in 30–50% of patients with chronic HDV
infection (Rosina et al., 1991; Farci et al.,
1994a,b). Higher interferon doses (9 million units
thrice weekly) have been generally associated with
enhanced biochemical and virologic response rates
and histologic improvement. However, virologic
relapses invariably occur upon discontinuation of
therapy so that only a few patients derive long-
term benefit from interferon in this infection. Rib-
avirin inhibits HDV replication in vitro, but has
not been effective in vivo as monotherapy (Rosina
and Cozzolongo, 1994). Clinical trials are needed
to determine whether combination interferon–rib-
avirin therapy would induce improved sustained
response rates in chronic hepatitis D.

6. Impact of viral hepatitis in liver transplantation

Although liver transplantation is an aggressive
and expensive approach, it is an important option
for many patients with chronic viral hepatitis. In
fact, HCV-related cirrhosis is the leading indica-
tion for liver transplantation in major centers
worldwide. Advances in the field of transplanta-
tion have resulted in excellent overall long term
clinical outcomes.

6.1. Hepatitis B 6irus

Prophylactic high-dose hepatitis B im-
munoglobulin (HBIG) led to markedly improved
outcomes in post-transplant hepatitis B. Despite
HBIG, recurrent post-transplant HBV occurs in a
proportion of treated patients. Two clinical pat-
terns of HBIG failure have been identified (Ter-
rault et al., 1998a,b). Early failures generally occur
within a few months after initiation of therapy.
These patients do not have detectable HBsAg
mutations; recurrent viral infection has been at-
tributed to insufficient HBIG doses. Late HBIG
treatment failures usually occur one year after
transplantation, in the presence of adequate levels

of HBIG. Mutations in HBsAg are commonly
detected in patients with late failure, and are
believed to be the cause of the HBIG inefficacy. A
recent pilot study demonstrated that lamivudine in
combination with HBIG effectively prevented
HBV recurrence following liver transplantation,
which resulted in excellent short-term survival
rates (Markowitz et al., 1998; Nery et al., 1998). In
addition, lamivudine monotherapy has resulted in
effective reduction of active HBV replication and
improvement of disease in patients awaiting trans-
plantation (Gish et al., 1997; Perrillo et al., 1990;
Markowitz et al., 1998; Terrault et al., 1998a,b).
Importantly, in one study, preemptive lamivudine
therapy led to disease remission or stabilization in
nearly 75% of patients. Clinical improvement was
impressive in a few patients in whom liver trans-
plantation was avoided (Terrault et al., 1998a,b).
It is important to point out that these clinically
labile patients with significant liver disease require
careful monitoring during therapy; up to 30% of
patients require lamivudine withdrawal related to
drug-induced adverse events.

Another important concern with lamivudine for
the treatment of HBV infection in the transplant
population is the emergence of drug-resistant
viruses, which have been detected in up to 25% of
treated cases. While little is known about the
natural history and clinical course of lamivudine-
resistant HBV strains, their presence has been
associated with the development of severe liver
disease, resulting in graft loss and death (de Man
et al., 1998; Yoshida et al., 1998). Anecdotal
experience using high-dose lamivudine or sequen-
tial antiviral therapy has not resulted in significant
long-term clinical benefits. Carefully designed
studies to define the evolution and clinical impact
of drug resistance and the efficacy of combination
antiviral therapy are critically needed in this area.

6.2. Hepatitis C 6irus

Recurrent HCV infection after liver transplan-
tation is nearly universal. Despite the high recur-
rence rate, HCV infection leads to graft disease in
a variable proportion of patients (Chazouilleres et
al., 1994; Gane et al., 1996). The degree of clinical
and histologic liver dysfunction also varies widely
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among patients with recurrent hepatitis C, rang-
ing from mild hepatitis to a rapidly progressive
cholestatic syndrome leading to graft failure and
death (Dickson et al., 1996). The factors that
determine the clinical outcome in these patients
are not clear, and likely involve viral (HCV RNA
levels, genotype, quasispecies heterogeneity) and
host factors (ethnicity, pre-transplant disease
severity, HLA type). A recent collaborative study
demonstrated a linear rate of progression of
fibrosis in recurrent HCV after liver transplanta-
tion (Berenguer et al., 1998). The rate of fibrosis
progression was only weakly correlated with pre-
transplant viremia but not with any other viral or
host factors studied. Despite lower immunosup-
pression, Spanish patients developed fibrosis
more rapidly than those from the US did, which
underlie the importance of differences in manage-
ment in determining the clinical course in recur-
rent HCV infection (Berenguer et al., 1998).

Results of interferon therapy for the treatment
of recurrent hepatitis C have been disappointing.
Although reductions of viremia have been
demonstrated in some clinical trials, effective
HCV RNA clearance has been rarely noted. Re-
cent clinical trials using combination ribavirin-in-
terferon therapy have been encouraging.
Research to define optimal therapy in these pa-
tients is critically needed.

7. Significance of viral dynamics in chronic
hepatitis

7.1. Hepatitis B 6irus

The development of potent inhibitors of viral
replication such as lamivudine has allowed the
study of HBV dynamics by mathematical model-
ing (Nowak et al., 1996). The model relies on the
rate of change of the uninfected susceptible cell
mass, the rate of change of HBV-infected cell
mass and the rate of virus production. Differen-
tial equations can be derived for each of these
variables and solved mathematically, assuming
complete inhibition of viral replication by
lamivudine. Analysis of the dynamics of HBV
infection using this model indicates that the half-

life of infected cells during active disease is ap-
proximately 10 days. Based on this short half-life,
it can be estimated that in case of complete sup-
pression of viral replication by antiviral agents,
eradication of HBV would require approximately
one year of treatment. In contrast, during chronic
persistent hepatitis, the half-life of infected cells
has been calculated to be markedly longer, rang-
ing from 10 to 100 days. With this long half-life,
viral cure would require many years of treatment.
Viral modeling has also suggested that like in
animal models, human HBV infection is an ex-
ceedingly dynamic process that yields up to an
estimated 1012 virions daily. Moreover, mathe-
matical calculations indicate that HBV infection
results in a rapid turnover of the liver cell mass.
This enhanced rate of liver cell regeneration, con-
trasts with the slow rate of hepatocyte turnover
in the normal liver and likely plays a role in the
development of HCC in HBV infection.

7.2. Hepatitis C 6irus

Similar mathematical modeling has been ap-
plied to HCV infection. These analyses have indi-
cated that, like in chronic hepatitis B, the half-life
of HCV infected liver cells is short (B3 h) (Neu-
mann et al., 1998). This model has indicated that
HCV infection is also a very dynamic process,
which results in the production of an estimated
1012 viral copies daily. However, numerous stud-
ies have indicated that the number of HCV-in-
fected hepatocytes is low, usually B20%, using
sensitive in situ techniques (Lau et al., 1996).
Thus, unless viral assembly and cellular export is
a very efficient and rapid process, it is unlikely
that the observed number of infected cells could
produce 1012 virions daily, as predicted by the
model. If the initial reduction in viral levels is
assumed to result from interferon induced im-
mune-mediated clearance, the daily estimated
production of virus is lower (median 1010) (un-
published data). The lower viral production rate
is biologically more plausible and in better agree-
ment with available in situ detection data. It
should be emphasized, however, that the differ-
ences in HCV dynamics predicted between these
mathematical models are directly related to the
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different assumptions that are driving the analy-
ses. Further testing of these hypotheses is needed
as this information can be clinically important in
estimating the length of effective treatment and in
determining maximum antiviral activity during
the early phase of therapy.

8. Conclusions

Chronic viral hepatitis is a major cause of liver
disease worldwide. Recent technical achievements
have led to significant advances in our under-
standing of the replication and pathobiology of
these important human pathogens. Of particular
importance has been identifying the critical role
played by immune-mediated mechanisms in the
pathogenesis of hepatocellular damage in HBV
and HCV infections. This enhanced knowledge
has led to considerable progress in the develop-
ment of therapeutic strategies directed against
these chronic viral infections. However, currently
available antiviral therapies are still ineffective in
a large proportion of patients with chronic viral
hepatitis. Ongoing research focused on the design
of potent and selective antiviral compounds and
immunomodulatory agents offer optimism for
these patients.
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R.P. González-Peralta et al. / Anti6iral Research 42 (1999) 77–9694

Davis, G.L., Esteban-Mur, R., Rustgi, V., Hoefs, J., Gordon,
S.C., Trepo, C., Shiffman, M.L., Zeuzem, S., Craxi, A.,
Ling, M.H., Albrecht, J., 1998. Interferon a-2b alone or in
combination with ribavirin for the treatment of relapse of
chronic hepatitis C. N. Engl. J. Med. 339, 1493–1499.

Davis, G.L., Lau, J.Y.N., 1997. Factors predictive of a benefi-
cial response to therapy of hepatitis C. Hepatology 26,
122S–127S.

de Man, R.A., Bartholomeusz, A.I., Niesters, H.G.M., Zon-
dervan, P.E., Locarnini, S.A., 1998. The sequential occur-
rence of viral mutations in a liver transplant recipient
re-infected with hepatitis B: hepatitis B immune globulin
escape, famciclovir non-response, followed by lamivudine
resistance resulting in graft loss. J. Hepatol. 29, 669–675.

Dickson, R.C., Caldwell, S.H., Ishitani, M.B., Lau, J.Y.N.,
Driscoll, C.J., Stevenson, W.C., McCullough, C.S., Pruett,
T.L., 1996. Clinical and histologic patterns of early graft
failure due to recurrent hepatitis C in four patients after
liver transplantation. Transplantation 61, 701–705.

Dienstag, J.L., Feinstone, S.M., Purcell, R.H., Wong, D.C.,
Alter, H.J., Holland, P.V., 1977. Non-A, non-B post-trans-
fusion hepatitis. Lancet 1, 560–562.

Dienstag, J.L., Perrillo, R.P., Schiff, E.R., Bartholomew, M.,
Vicary, C., Rubin, M., 1995. A preliminary trial of
lamivudine for chronic hepatitis B infection. N. Engl. J.
Med. 333, 1657–1661.

Eckart, M.R., Selby, M., Masiarz, F., Lee, C., Berger, K.,
Crawford, K., Kuo, C., Kuo, G., Houghton, M., Choo,
Q.L., 1993. The hepatitis C virus encodes a serine protease
involved in processing of the putative nonstructural
proteins from the viral polyprotein precursor. Biochem.
Biophys. Res. Commun. 192, 399–406.

Enomoto, N., Sakamoto, N., Kurosaki, M., Marumo, F.,
Sato, C., 1993. The hypervariable region of the HCV
genome changes sequentially during the progression of
acute HCV infection to chronic hepatitis. J. Hepatol. 17,
415–416.

Erickson, A.L., Houghton, M., Choo, Q.L., Weiner, A.J.,
Ralston, R., Muchmore, E., Walker, C.M., 1993. Hepatitis
C virus-specific CTL responses in the liver of the chim-
panzees with acute and chronic hepatitis C. J. Immunol.
151, 4189–4199.

Farci, P., Alter, H.J., Govindarajan, S., Wong, D.C., Engle,
R., Lesniewski, R.R., Mushalwar, I.K., 1992. Lack of
protective immunity against reinfection with HCV. Science
258, 135–140.

Farci, P., Alter, H.J., Wong, D.C., Miller, R.H., Govindara-
jan, S., Engle, R., Shapiro, M., Purcell, R.H., 1994a.
Prevention of HCV infection in chimpanzees after anti-
body-mediated in vitro neutralization. Proc. Natl. Acad.
Sci. USA 91, 7792–7796.

Farci, P., Mandas, A., Coiana, A., Lai, M.E., Desmet, V., Van
Eyken, P., Gibo, Y., Caruso, L., Scaecabarozzi, S.,
Criscuolo, D., Ryff, J.C., Balestrieri, A., 1994b. Treatment
of chronic hepatitis D with interferon-2a. N. Engl. J. Med.
330, 88–94.

Feinstone, S.M., Kapikian, A.Z., Purcell, R.H., Alter, H.J.,
Holland, P.V., 1975. Transfusion associated hepatitis not
due to viral hepatitis type A or B. N. Engl. J. Med. 292,
767–770.

Gane, E.J., Naoumov, N.V., Qian, K., Mondelli, M.U.,
Maertens, G., Portmann, B.C., Lau, J.Y.N., Williams, R.,
1996. A longitudinal analysis of hepatitis C virus replica-
tion following liver transplantation. Gastroenterology 110,
167–177.

Ginsberg H.S., 1988. Pathogenesis of viral infections. In: Dul-
becco, R., Ginsberg, H.S. (Eds.), Virology. JB Lippincott,
Philadelphia, pp. 131–145.

Gish, R., Dickson, R.C., Self, P., The Lamivudine Transplant
Group, 1997. Lamivudine for suppression and/or preven-
tion of hepatitis B when given pre/post liver transplanta-
tion. Hepatology 27, 260A.
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