Hepatitis C: Current Status and
Future Directions for Antiviral Therapy
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Introduction

Hepatitis C virus (HCV) was first identified and shown to be the cause of
almost all cases of non-B posttransfusion hepatitis in the late 1980s [1,2].
The virus, now classified within the genus Hepacivirus of the family
Flaviviridae, is unique in its ability to establish persistent infection in the
great majority of infected persons, many of whom develop evidence of
chronic inflammatory liver disease [3]. These chronically infected per-
sons are at risk for cirrhosis and, to a lesser extent, hepatocellular carci-
noma [4,5]. Such serious complications of HCV infection usually develop
over several decades, although in exceptional cases life-threatening liver
disease can become evident within 10 years or less of infection. Despite
this, most infected individuals appear to reach a relatively healthy equi-
librium with this infection, and the majority of infected persons will
probably die of causes completely unrelated to hepatitis C. Little is known
of the reasons why certain infected patients do well, while others get into
trouble with this infection. This lack of understanding extends to an
absence of prognostic tests that are capable of predicting disease outcome
in individual patients.

Another unexplained mystery is that most American patients who do
succumb to liver disease related to chronic hepatitis C die as a result of
cirrhosis and liver failure, while most HCV-related deaths in Japan are
due to hepatocellular carcinoma [6]. The factors that may account for this
apparent difference in the natural history of the infection are not known.
However, these may include genetic differences in the populations of the
two countries, dietary or other environmental factors, differences in the
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infecting strains of HCV, differences in the age-specific distribution of
HCYV infections in the two countries, or other yet unrecognized factors.

Epidemiology of Hepatitis C: Contrasting Patterns in the US and Japan

HCV infection accounts for under 20% of acute viral hepatitis cases
within the United States. However, it is by far the leading cause of chronic
viral hepatitis and is present in 40%-55% of persons who succumb to
chronic liver disease of any type. The Centers for Disease Control and
Prevention (Atlanta, GA, USA) recently estimated that HCV infection
contributes to as many as 8000-10000 deaths annually due to chronic
liver disease within the United States [7]. A recent serologic survey of over
20000 Americans has been carried out by this government agency using
sera that were collected by a stratified, randomized sampling of the popu-
lation. The results of this study indicate that, overall, approximately 1.8%
of all Americans are positive for HCV antibody, and thus most likely
persistently infected with the virus. Strikingly higher prevalences of infec-
tion were documented in African Americans and Mexican Americans,
compared with Caucasian Americans. Most importantly, the highest
prevalences of infection were noted in persons aged 30 to 50 years, with
substantially lower antibody prevalences found in older persons of any
racial background.

This pattern of the age-related seroprevalence of HCV infection
strongly suggests that there has been an upsurge in new HCV infections
among young adults over the past 2-3 decades. This is almost certainly
related to increases in illicit injection drug use in the US since the early
1960s. Since HCV infection persists for many decades and progresses only
slowly to serious liver disease, it is likely that this relatively recent epi-
demic spread of HCV will be reflected in substantial increases in liver-
specific mortality during the next two decades. By the year 2010, it is
predicted that the number of HCV-related deaths will increase to 24 000-
30000 per year [8]. This would represent a tripling of the present
estimated death rate due to hepatitis C, and an annual HCV-related
death rate comparable to the present number of AIDS-related deaths in
the US.

These predictions are made credible by increases in the death rate due
to HCV-associated hepatocellular carcinoma that have been observed
over the past 20 years in Japan [9,10]. During this period, the rate of death
due to liver cancer tripled among Japanese men, and this increase in
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cancer deaths was related exclusively to HCV-associated tumors. Inter-
estingly, there has been little increase in the incidence of liver tumors
among Japanese women during the same period, despite the fact that the
seroprevalence of HCV is roughly similar in both genders. Equally strik-
ing, however, is the age-related seroprevalence curve in Japan [11]. In
contrast to the US, where a major peak is present in the 30-50-year-old
age group, seroprevalence increases continuously with advancing age in
Japan. This reflects the widespread dissemination of HCV infection
within the Japanese population in the early post-WWII era, probably due
to a combination of injection needle practices and frequent blood trans-
fusions related to endemic tuberculosis.

Thus, both countries have experienced a cohort-effect with respect to
HCYV infection and disease during the last half of this century, with the
Japanese experience preceding the American experience by 2-3 decades.
This epidemiologic view is supported by phylogenetic analyses of HCV
strains in the two countries, and is very sobering from the American
perspective. It accentuates the need for a better understanding of the
pathobiology of this infection, and the accelerated development of better
therapies.

Mechanisms of HCV Replication: Ample Targets for Novel Antivirals
The HCV Polyprotein

Like other flaviviruses, HCV is a positive-strand RNA virus [12,13]. The
virus particles possess an extensively glycosylated envelope within which
the 9.7kb single-stranded RNA genome is packaged in association with a
highly basic, nucleocapsid (core) protein. As with many other positive-
strand viruses, HCV expresses its protein complement in the form of a
single giant polyprotein that is encoded by a large open reading frame
extending through much of the length of the genomic RNA (Fig. 1).
Unlike yellow fever virus and other members of the genus Flavivirus,
HCV and other Flaviviridae classified with the genus Pestivirus initiate
translation of this polyprotein via internal entry of the 40S ribosome
subunit on the virion RNA. This process is controlled by a highly struc-
tured RNA sequence located within the 342 nucleotide-long 5’ non-
translated RNA (NTR), which is called the internal ribosome entry site (or
IRES) [14]. The precise structure of the 5" end of the genomic RNA is not
known, although it is presumed not to possess a typical 5’ cap structure.
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Fig. 1. Diagram depicting the genetic organization of the hepatitis C virus (HCV)
genome. Major protein products derived from proteolytic processing of the
polyprotein are indicated. EI and E2, secreted glycoproteins that form the envelope of
the virus

The 3’ nontranslated RNA appears also to be relatively structured [15,16],
but it also contains a lengthy pyrimidine-rich tract that is largely poly-(U)
in composition. The function of this tract is unknown.

The polyprotein of HCV is comprised of approximately 3000 amino
acid residues. It undergoes cotranslational and posttranslational cleav-
ages that are directed by both host cell and virus-encoded proteinases
(Fig. 1) [17-19]. Signal sequences located within the amino terminal third
of the polyprotein direct its secretion into the endoplasmic reticulum
(ER). There, several cleavages directed by host cell signalase produce a
series of structural proteins. These include the nucleocapsid protein
(otherwise known as the core protein), two envelope glycoproteins, El
and E2, and a small membrane-associated protein, p7 (or NS2A) that
plays an uncertain role in viral assembly. The nucleocapsid protein re-
mains within the cytoplasm and may possibly undergo further proteolytic
processing. In contrast, E1 and E2 are secreted, and extensively
glycosylated within the ER and Golgi [20,21]. Their subsequent trafficking
within the cell remains uncertain. However, there is little evidence that
these glycoproteins reach the cell surface, and it is possible that viral
assembly involves budding of virus particles into internal membranous
structures within the cell.

The remaining segment of the polyprotein is processed entirely under
the control of two viral proteinases. What may be a primary cleav-
age occurs at the NS2/NS3 junction, under control of a cis-acting zinc-
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dependent metalloproteinase that spans this junction [18,19]. Further
processing of the polyprotein is controlled by the viral serine proteinase
located within the amino terminal third of the NS3 protein, and is likely to
involve both cis- and trans-active cleavages. A small polypeptide, NS4A,
which appears to be cleaved from the residual amino end of the nascent
polypeptide following the release of NS3, assembles noncovalently with
the NS3 molecule to form a fully active proteinase [22,23]. Although the
temporal sequence of the processing cascade remains poorly docu-
mented, this NS3/NS4A complex cleaves at several different sites within
the polyprotein, resulting in several additional proteins (NS4B, NS5A,
NS5B). While NS5B is an RNA-dependent RNA polymerase, the func-
tional roles of these additional proteins are not well understood. None-
theless, it is likely that each of the resulting cleavage products has a
specific function related to replication of the RNA. In addition to its
proteinase activities, NS3 has NTPase and RNA helicase activities map-
ping to its carboxy two-thirds [24,25]. NS4A plays a role in controlling the
phosphorylation of NS5A [26], although the function of the latter protein
remains uncertain.

Molecular Events in HCV Replication

Replication of the viral RNA proceeds through a negative-strand interme-
diate, and is likely to occur in association with membranous replication
complexes in the cellular cytoplasm. These complexes almost certainly
include each of the nonstructural proteins of the virus [27]. Initiation of
negative-strand synthesis is likely to be dependent upon specific recogni-
tion of the 3'NTR RNA structure by this replicase complex. Among the
HCV proteins, RNA binding activities are present within the core protein
as well as NS3 and NS5B.

Similarly, the initiation of positive-strand RNA synthesis from newly
synthesized negative-stranded RNA is also likely to require specific recog-
nition of the 3’ terminal negative-strand structure by the RNA replicase.
This latter structure is of course formed by sequence complementary to
the 5'NTR of the virion RNA. The extent to which recognition of the 3’
and 5’ ends of the RNA by the replicase complex include common RNA-
binding activities is not known. However, it is noteworthy that there is
no recognizable structural homology between the 3’ ends of these
RNA molecules. Replication of the RNAs appears to occur asymmetri-
cally, with positive-strand synthesis exceeding negative-strand synthesis.
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Remarkably, however, most studies indicate that infected liver con-
tains less than 10-fold more copies of the positive-strand than the
negative-strand [28]. This is very different from the situation with the
picornavirus, hepatitis A virus (HAV), where the abundance of positive-
strand copies exceeds the negative-strand intermediate by a factor of
100 or more [29].

Thus, although HCV is a relatively simple virus that expresses less than
a dozen separate proteins, its replication is dependent upon a consider-
able number of virus-specified enzymatic activities or highly specific
macromolecular interactions. Each of these is a potential target for devel-
opment of new antiviral drugs. It is remarkable that a such a large amount
of information has been gathered concerning a number of these viral
activities, despite the fact that the virus is unable to replicate with any
degree of efficiency in cell culture.

Potential Mechanisms Underlying Viral Persistence

The morbidity and mortality associated with HCV infection is due largely
to its unique propensity to cause persistent infection in most persons, a
feature that distinguishes this virus from other known hepatitis viruses
[3]. Persistent infections with hepatitis B virus (HBV), for example, gen-
erally occur only in individuals who are immunocompromised, or who
are infected at birth, while truly persistent infections with HAV occur
rarely if ever. In sharp contrast, recent data from a cohort of injection
drug users that has been studied prospectively in Baltimore by Thomas
and colleagues suggest that persistent infection develops in about 85% of
adults who undergo acute HCV infection with seroconversion to the virus
[6]. Although the specific mechanisms underlying the persistence of HCV
are not known, the available evidence suggests several possibilities.

Regulated Replication of HCV

Among potential mechanisms contributing to viral persistence is the
possibility that the replication of HCV may be specifically regulated by a
mechanism that minimizes the expression of viral proteins. From a teleo-
logical point of view, this would offer several survival advantages to the
virus. First, it would contribute to the lack of cytopathic effect that ap-
pears to mark this flavivirus relatively uniquely. Second, it could conceiv-
ably lower the profile of the infection as seen by the host immune system,
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rendering an infected cell less likely to be recognized by virus-specific
cytotoxic T lymphocytes (CTLs). There is no solid evidence for specific
regulation of the HCV replication cycle. However, the hepaciviruses differ
significantly from the flaviviruses and pestiviruses (other members of the
family Flaviviridae) in that they lack the capacity for vigorous replication
such as that observed with yellow fever virus or bovine viral diarrhea
virus both in animals and in cell culture. It is noteworthy that HCV titers
in the blood are never very high, even during acute infections before the
evolution of virus-suppressive CTLs, despite the fact that the liver con-
tains an enormous mass of apparently permissive hepatocytes.

Furthermore, it is curious that, while HCV does apparently undergo
replication in cultured lymphoblastoid cells, it never adapts to growth in
these cells [30-32]. HAV readily adapts to growth in monkey kidney cells
over the course of 10-20 consecutive passages [33]. However, there is no
significant increase in the replicative capacity of HCV, even after continu-
ous passage for up to a year in lymphoblastoid cells. The infectious titer of
the virus present in harvests of these cells never exceeds 2-3log,,/ml. This
is puzzling for a positive-strand RNA virus that is known to undergo
relatively frequent mutation during the course of human infection [34].
These observations suggest an intrinsic restriction on replication of the
virus, at least in these cells.

A possible molecular mechanism for such regulation of virus replica-
tion is suggested by studies of the HCV IRES. Several lines of evidence
suggest that the 40S ribosome subunit forms an important primary con-
tact with the viral RNA directly at the site of the initiator AUG codon at nt
343 of the genome [35-37]. There is no scanning of the ribosome subunit
on the RNA prior to its being positioned over the initiator AUG. Interest-
ingly, the initiator AUG is located within the single-stranded RNA seg-
ment of what appears to be a small stem-loop (Fig. 2) [35]. Preservation of
this structure is not required for IRES activity in synthetic RNA tran-
scripts, and mutations which enhance its stability have a notable negative
effect on virus translation. Yet, this RNA structure appears to be present
in all strains of HCV that have been studied to date. One possible expla-
nation for these findings is that the stem-loop might act as a regulator of
translation, were it the target site of a viral RNA-binding protein that was
capable of stabilizing this RNA structure through a protein-RNA in-
teraction [35]. If this were the case, the viral protein could effectively
compete with the 40S ribosome subunit for the viral RNA, providing
a convenient mechanism for autoregulation of viral gene expression
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Fig. 2. Secondary and tertiary RNA structures that are present within the 5’
nontranslated RNA (5'NTR) of HCV and which control cap-independent translation
of the virus by a process of internal ribosome entry. A primary contact is formed
between the 40S subunit and the viral RNA near the site of the initiator AUG (shaded
box), which is located within the single-stranded sequence of a small stem-loop [35].
Modified from Lemon and Honda [14]}

through translational repression. There are as yet no hard data that sup-
port the autoregulation of HCV translation by an HCV gene product, but
very similar regulatory mechanisms have been demonstrated to exist
among some prokaryotic viruses.

Quasispecies Variation
Like the human immunodeficiency virus (HIV-1), HCV demonstrates

extensive nucleotide sequence variation within individual patients. The
virus is present in blood as a diversity of genetically related but individu-
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ally distinct sequences (i.e., a quasispecies “swarm”) [34]. The extent of
quasispecies variation is dependent on two major factors: the extent of
ongoing viral replication, and the presence of selective forces which favor
the amplification of certain quasispecies over others. Viral replication is
essential to this phenomenon, because it is the machine that allows the
virus to explore “sequence space” (i.e., all possible virus sequences). The
RNA polymerase, like all viral RNA-dependent RNA polymerases, lacks a
proofreading capability and makes relatively frequent errors during RNA
transcription. On average, this is likely to amount to more than one
misincorporated base in every progeny RNA molecule. The primary se-
lective forces that shape the process of quasispecies variation include the
replication capacity of the variant RNA, and immunologic pressure ap-
plied by CTL activity and neutralizing antibodies. These latter forces
lead to the continued evolution of both B- and T-cell escape mutants
in chronically infected persons [38-40].

The role played by this quasispecies variation in the establishment of
persistent infection has been extensively debated. Although genetic varia-
tion is extensive, it is far from clear that it is a cause of virus persistence.
It seems more likely that quasispecies variation occurs as a result of
persistence, with continuous replication providing the virus with the op-
portunity to explore sequence space. According to this hypothesis, the
evolution of escape mutants is then a reflection of the presence of an
active yet ultimately ineffective immune response to this infection.

Potential Role of the Envelope Glycosylation in Viral Persistence

The envelope proteins of HCV are glycosylated to an unusual extent, as
the addition of microsomal membrane preparations to cell-free transla-
tion reactions results in an approximate doubling of the molecular
masses of both E1 and E2 [17]. This is reminiscent of the extensive
glycosylation of the envelope protein of HIV. The glycosylation of the
HCYV envelope proteins likely reduces the ability of the immune system to
respond effectively to the presence of these proteins. On the whole, there
is relatively little evidence for neutralizing antibodies that are capable of
significantly reducing viral infectivity. The absence of an effective neu-
tralizing antibody response is reflected in generally high levels of anti-E2
antibodies in individuals who are viremic with HCV [41]. Another mea-
sure of the lack of an effective neutralization response is the high fre-
quency of second infections observed in chimpanzees on reexposure to
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an HCV inoculum that was previously used to infect the animal [42].
However, more detailed studies of the neutralizing antibody response to
HCV are not possible due to the absence of an effective cell culture system
for propagation of the virus. This has precluded the development of
classical viral neutralization assays.

Despite these indications of a poor overall neutralizing antibody re-
sponse to HCV, the E2 protein contains a highly variable domain near its
amino terminus (HVR-1 domain). This domain appears to form an im-
munogenic loop on the surface of the virion and it is suspected to interact
with neutralizing antibodies [38,43]. The HVR-1 domain is a prime site
for the evolution of quasispecies mutations. What specific role it might
play in the pathobiology of this infection is unclear.

Could HCV Specifically Disarm the Immune System?

Despite the above speculations, it seems likely that HCV, like many other
viruses, may have evolved specific mechanisms for evasion of the host
immune system. There are two suggestive lines of evidence for this. First,
the core protein of HCV has been shown to interact directly with the
cytoplasmic domain of the lymphocytotoxin beta receptor and other
members of the tumor necrosis factor (TNF) receptor family [44]. The
evidence suggests that this interaction occurs close to the “death domain”
through which an apoptotic signal is transduced to the nucleus following
the binding of ligand to the receptor. Although the molecular evidence for
this interaction is strong, its biologic significance remains uncertain. Ini-
tially suspected of potentially blocking signal transduction (and thereby
protecting the infected cell from attack by CTLs), recent evidence sug-
gests that the expression of core protein may actually sensitize some cells
to apoptosis following the binding of ligand [45-47]. While this makes
little sense in the context of infected hepatocytes, there is evidence that
suggests that HCV may also infect lymphoid cells [31,48]. In this case,
early apoptosis may prevent an infected lymphoid cell from participating
in the activation of CTLs or the production of antibody. Clearly, more
work is needed in this area, but efforts will be slowed by the continued
absence of a small animal model for hepatitis C.

A second possible way in which HCV could interfere with the host
immune response concerns the cellular interferon-inducible kinase, PKR.
Phosphorylation of this kinase is induced by the presence of double-
stranded RNA, and phosphorylated PKR acts to inhibit host cell transla-
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tion through phosphorylation of the cellular translation initiation factor,
elF-2. This results in both an antiviral and antiproliferative state in the
cell. Following discovery of an “interferon sensitivity determining region”
(ISDR) within the NS5A protein [49,50], it was shown recently that NS5A
interacts directly with the catalytic domain of PKR [51]. This suggests that
the presence of NS5A might create a cellular environment within which
interferon-mediated antiviral responses are relatively ineffectual. This is
an attractive hypothesis, because the virus clearly is able to survive the
endogenous host interferon response, despite its suppression by exog-
enous interferon administered in large doses. However, as with the core-
TNF receptor interaction, the biologic significance of the NS5A-PKR
interaction remains to be proven.

Careful consideration of the mechanisms underlying viral persistence
will be important to gaining an understanding of the pathobiology of
hepatitis C. It may even lead to novel strategies for intervention. However,
it is important to remember that there may be no single underlying cause
for HCV persistence. Instead, persistent infections may result from a
combination of factors, including both those that are described above as
well as others that are waiting to be discovered.

Vaccines Versus Antiviral Agents in the Control of Hepatitis C

In addition to quasispecies variation, there is considerable genetic diver-
sity among different strains of HCV [34]. Although classical neutraliza-
tion assays have not been developed and data are thus sparse, it is likely
that these different HCV genotypes also vary substantially in their antige-
nicity. Pairwise comparisons of the nucleotide sequences of NS5B from
different HCV genotypes reveal a magnitude of difference that is far
greater than that which exists between the RNA polymerase (3Dpol) se-
quences of types 1 and 2 poliovirus. This suggests that different HCV
genotypes may well be different serotypes in that they may stimulate little
if any cross-protective immunity to each other. However, as indicated
above, we lack the tools (neutralization assays and small animal models)
that would be required to test this point.

Thus, genetic, and likely antigenic, variation poses major problems for
the development of vaccines against HCV. To a large extent, the technical
hurdles in HCV vaccine development mirror those that have been en-
countered in HIV vaccine development. Although a candidate vaccine
comprised of recombinant envelope proteins was shown to protect
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chimpanzees against a low-dose homologous challenge [52], the ability of
such a vaccine to protect against other HCV strains is doubtful at best. It
is an important point to test, however, and it would be premature to
consider dropping such a conventional approach to vaccine develop-
ment. In the long run, however, it seems likely that the extent of antigenic
variation among the envelope glycoproteins may ultimately point this
field in the direction of T cell vaccines. Such a vaccine has been shown
capable of protecting mice from infection with lymphocytic chorio-
meningitis virus [53].

In the absence of any clearly feasible strategy that might allow develop-
ment of effective immunization against hepatitis C, only three general
approaches offer any hope of decreasing the disease burden due to HCV
infection. First, new infections may be prevented in the absence of effec-
tive vaccines by screening blood products that pose risks for transmission
of HCV. Although it is likely that a small number of transfusion-related
cases of hepatitis C continue to occur, this approach has been spectacu-
larly successful in reducing the frequency of transfusion-related hepatitis
C since 1991 in many countries [7,54,55]. However, the impact of blood
screening is of course limited by the extent to which other mechanisms of
transmission (e.g., injection drug use) contribute proportionately to new
infections.

A second approach is to foster modification of risky behaviors in cer-
tain high-risk populations (i.e., injection drug users). This may be more
difficult to achieve than screening the blood supply. However, there have
been significant decreases in the incidence of all forms of viral hepatitis
associated with illicit injection drug use within the United States over the
past decade. The basis for these decreases is far from clear, but it is likely
that they reflect a reduction in risky needle-sharing behaviors related to
the fear of AIDS. Whatever the reason, there has been a dramatic decrease
in the incidence of new HCV infections within the United States since
1988 [7]. Nonetheless, approximately 4 million persons remain per-
sistently infected with HCV within the United States alone. These
individuals, most of whom are currently in their third and fourth decades
of life as indicated above, will remain at significant risk for cirrho-
sis and hepatocellular carcinoma in the absence of new therapeutic
modalities.

The third and last general strategy is the development of better thera-
peutic regimens that are capable of reducing or possibly even eliminating
the liver destructive effects of HCV infection.
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Interferon Treatment of Chronic Hepatitis C

A considerable number of controlled clinical trials have proven that treat-
ment with several different formulations of interferon may be beneficial
in a small proportion of patients with chronic hepatitis C [8]. This benefi-
cial response is marked by normalization of serum alanine amino-
transferase (ALT) values, elimination of viral RNA, and/or improvements
in hepatic histology. A full discussion of these reports is well beyond the
scope of this review. However, several points are worth emphasizing. First
of all, the mechanism by which interferon exerts its therapeutic benefit is
not well understood. There is a clear antiviral effect, with relatively rapid
declines in HCV viremia on institution of interferon therapy. However, it
is not clear whether this reflects a direct suppression of viral replication,
or enhanced immunologic suppression of viral replication due to the
immunomodulatory action of interferon. The latter includes the up-
regulation of class I markers on the surface of hepatocytes, which would
enhance the recognition of infected cells by virus-specific CTLs.

It is interesting to note, however, that improved liver histology is the
measure of response to interferon that occurs with the greatest frequency
in treated patients. This significantly exceeds the frequency with which
ALT levels are normalized or viral RNA eliminated. In early randomized,
placebo-controlled, prospective clinical trials, improvements in histology
occurred in an average of about 70% of all patients with hepatitis C who
were treated with interferon [56-58]. In contrast, ALT levels became
normal in only about 40% of patients by the end of 6 months of therapy
with 2-3 million units interferon-a thrice per week. Thus, whatever the
underlying therapeutic mechanism, at least a transient reduction in he-
patic inflammation frequently accompanies interferon therapy.

This suggests that interferon may have a significant impact on the
outcome of the disease, but data supporting a tangible improvement in
health or quality of life have been sparse. Nonetheless, one randomized,
controlled, prospective study has demonstrated a reduction in the inci-
dence of hepatocellular carcinoma in Japanese patients with well com-
pensated cirrhosis who were given relatively high-dose interferon therapy
(6 million units of interferon-a three times a week for 12-24 weeks) [59].
Hepatologists in the west have been slow to accept these results due to the
extraordinarily high incidence of liver cancer that was reported in the
control group in this study. This approached 40% after 2-7 years of
posttreatment follow-up. However, it is likely that the high incidence of
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cancer in the untreated patients may simply reflect the natural history
of hepatitis C in Japan, which appears to differ from that in the US as
indicated above [6,60]. At least two additional, retrospective studies (one
in Japan and one in Europe) suggest similar conclusions [61]. These
studies, one of which was presented at this symposium, suggest that
patients who respond to interferon have a lower risk of developing hepa-
tocellular carcinoma than interferon nonresponders.

In addition to a relatively low response rate, there are other major
impediments to successful treatment of chronic hepatitis C with inter-
teron. These include the extraordinarily high cost of the drug, its admin-
istration, and attendant patient monitoring. Moreover, interferon
therapy for chronic hepatitis C is marked by a relatively high frequency
of adverse side effects such as cytopenia, depression, autoimmunity, and
increased frequency of bacterial infections, among others. Most notable,
however, is the high rate of relapse that typically follows completion of
interferon therapy. This generally occurs in about half of all treated pa-
tients whose ALT levels have been rendered normal by the end of therapy,
although it may occur in a slightly smaller proportion of patients if
therapy is continued for a year [8]. The low overall frequency of sustained
response to interferon is a major reason for the current intensive search
for better therapeutic regimens.

Approach to Antiviral Therapy—The Case for Combination Therapy

Recent successes in the treatment of HIV-1 infections with combinations
of antiviral drugs argue strongly for a similar approach to the treatment
of chronic HCV infection. This is particularly so since HCV infections
share a number of features in common with persistent HIV-1 infection,
including the capacity for substantial quasispecies variation and the
potential for selection of resistant viruses in patients receiving
monotherapy. Combination therapy with antimicrobial agents has a long
history in the treatment of chronic infectious diseases. It has been used
for decades in the treatment of tuberculosis for very similar reasons. In
the case of hepatitis C, recent data strongly support a synergistic effect
when ribavirin is combined with interferon, both in interferon-naive pa-
tients as well as in the retreatment of interferon nonresponders.
Ribavirin is a synthetic, oral guanosine nucleoside analog that has been
used clinically for a number of years as treatment for several different
viral infections. It has demonstrated efficacy in the treatment of neonatal
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respiratory syncytial virus infections, as well as in life-threatening
arenavirus infections [62,63]. The compound is unusual in that it pos-
sesses a broad range of antiviral activity against viruses of vastly different
type. It has been suggested to block the synthesis of functional rhabdovi-
rus mRNAs [64], possibly by interfering with capping of the 5" ends of the
RNA (a phenomenon that is likely to be irrelevant in the case of HCV).
Other data suggest that it may suppress transcription of double-stranded
reovirus RNAs, possibly by interfering with viral RNA helicase activity
[65]. However, its mode of broad antiviral action has never been satis-
factorily explained and, as indicated below, it may have important
immunomodulatory activities.

Early studies of ribavirin monotherapy in patients with chronic hepati-
tis C were prompted by its known activity against other RNA virus infec-
tions. For the most part, these studies were disappointing. Although slow
improvement was noted in serum ALT values, there was very little sup-
pression of HCV viremia even after prolonged therapy. This indicates that
the antiviral effect of ribavirin against HCV, if any, is extremely limited
[66-69].

Despite the early results with ribavirin monotherapy, recent clinical
trials indicate that the addition of ribavirin to standard courses of inter-
feron results in significant increases in the response to therapy. This is
marked by increases both in the proportion of patients with end-of-
treatment responses, as well as in the proportion of patients with sus-
tained responses. For example, in a prospective randomized trial, Lai
et al. [70] treated interferon-naive patients with the combination of
ribavirin (1200 mg four times daily) and interferon-a 2a (3 million units
thrice weekly) for 24 weeks. This combination treatment regimen resulted
in a complete response (normalization of ALT and elimination of detect-
able HCV RNA) in 76% of patients by the end of therapy, and a sustained
response at 96 weeks after therapy in 43% (Fig. 3). In contrast, compa-
rable response rates in patients receiving a similar course of interferon
without ribavirin were 32% and 6%, respectively.

Similar findings were reported recently by Reichard et al. [71] in a
larger prospective study examining the combination of ribavirin and
interferon-a 2b (3 million units thrice weekly), given for a total of 24
weeks. Altogether, 42% of the patients had a sustained virologic response
after 1 year of follow-up, compared to only 20% of patients receiving
interferon alone. Importantly, a retrospective analysis of the patients
included in this study indicated that the combination was beneficial only
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Ribavirin (Rb) + IFNu2a Combination Therapy for Hepatitis C

1200 mg Rb g.d.+ 3 mu IFN t.i.w. vs. 3 mu IFN t.i.w. x 24 wks
Complete response = normal ALT and nondetectable HCV RNA
n=60

% Complete Response

Rb + IFN IFN No Rx
0 End of Rx B96 wks post Rx

Fig. 3. Summary of results from a prospective, randomized, controlled clinical trial of
ribavirin-interferon combination therapy vs interferon monotherapy, as reported by
Lai et al. [70]

in patients with high levels of serum HCV RNA (>3 X 10° genome equiva-
lents/ml). The combination offered no advantage over interferon alone in
those patients with lower levels of HCV viremia, who overall have a
greater chance of a favorable response to interferon monotherapy.
Although the response to interferon-ribavirin combination therapy
has not been as impressive in those patients who have previously failed
interferon monotherapy, Bellobuono et al. [72] reported both greater
end-of-treatment and sustained ALT responses in patients undergoing
retreatment with combination therapy, compared with interferon alone.
In all studies, the addition of ribavirin to interferon regimens has been
relatively well tolerated, with few patients forced to withdraw from
therapy due to adverse reactions. However, low-grade hemolysis has been
a frequent side effect, and may lead to both anemia and increased
intrahepatic iron stores [73]. The latter is a worrisome finding, inasmuch
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as it could be detrimental to liver function if allowed to reach a significant
level.

Although the overall sustained virologic response rates that have been
reported with the combination of ribavirin and interferon are still less
than satisfactory, the marked benefit that has been noted with the addi-
tion of ribavirin to previous interferon therapeutic regimens highlights
the potential for combination therapy against this disease. It is particu-
larly noteworthy that the mechanism of action of ribavirin in this setting
may not be related to direct suppression of viral replication, but rather to
a favorable modulation of the host immune response to the infection.
This is suggested by the failure of ribavirin to suppress HCV viremia
when administered as monotherapy [66,67], as well as a series of observa-
tions concerning the effects of ribavirin on various aspects of the host
immune response. It is interesting that the combination of ribavirin and
interferon also shows synergy in the treatment of experimental subacute
sclerosing panencephalitis (SSPE) virus infections in hamsters [74]. These
observations are consistent with a broad effect of ribavirin on the ability
of the host immune system to control chronic viral infections.

In animal studies, the course of disease in mice experiencing fulminant
hepatitis due to the coronavirus murine hepatitis virus (strain 3) can
be attenuated by treatment with ribavirin [75]. This has been shown to be
associated with inhibition of macrophage production of TNF and the
procoagulant fgl2 prothrombinase. Ribavirin inhibited Th2 cytokine
responses, but preserved Thl cytokine production. Interleukin-6 pro-
duction has also been shown to modulated by ribavirin in human pulmo-
nary epithelial cells infected with respiratory syncytial virus [76]. The
significance of these findings is unclear, however, as is their relationship
to the mechanism of action of ribavirin in the setting of combination
therapy of hepatitis C. Ribavirin is known to inhibit cellular IMP
dehydrogenase [77], and this may influence the ability of cells either to
support viral replication or to respond to appropriate immunologic
stimuli.

Whatever the mechanism of action of ribavirin when used in combina-
tion with interferon for therapy of hepatitis C, the success of this strategy
has increased the urgency of the search for additional, specific inhibitors
of HCV replication. Although this search is hampered by the absence of
tractable cell culture systems that would allow the development of broad-
based screens for novel antiviral compounds, significant progress is being
made through the use of more sophisticated biochemical screens.
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Major Molecular Targets for Antiviral Drug Development—
Current Status

NS3 Proteinase

The amino terminal third of the NS3 molecule contains a serine protein-
ase activity that is active both in cis and in trans [78,79]. This activity is
responsible for the majority of cleavage events occurring within the HCV
polyprotein. Thus, inhibition of this activity would have a direct effect on
replication of the virus. The complete expression of NS3 proteinase activ-
ity is dependent upon the noncovalent assembly of NS3 and NS4a mol-
ecules, with the small NS4a component forming an integral part of the
proteinase structure. Several pharmaceutical companies have indepen-
dently solved the crystallographic structure of the proteinase domain of
NS3, or the NS3-NS4a proteinase complex [23,80]. Thus, efforts at ratio-
nal, structure-based drug design are ongoing, along with more conven-
tional screening of compound libraries using biochemical assays of the
NS3 proteinase activities. Thus far, however, no highly active inhibitors of
this proteinase have yet been described in the literature.

NS3 Helicase

The carboxy terminal two-thirds of the NS3 molecule contains an RNA
helicase activity [24,81]. This is almost certainly essential for replication
of the viral RNA, although its precise role in the replication cycle is not
known. The NS3 helicase domain can be expressed as an active enzyme,
permitting the development of in vitro screening assays for compounds
with specific inhibitory activities. Like the proteinase domain, the crystal-
lographic structure of the helicase has been solved [25,82]. This will
permit the application of structure-based, rational drug design strategies
to the refinement of any lead compounds that may be identified in
helicase screens.

NS5B RNA Polymerase

The NS5B molecule is the RNA-dependent RNA polymerase that is pri-
marily responsible for the transcription of both the positive and negative
strands of viral RNA during virus replication. Several research groups
have expressed it in an active form from recombinant cDNA [83,84].
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However, activity has been limited to nonspecific, primer-dependent
transcription of a variety of RNA transcripts, or to primer-independent
terminal transferase activity. No research group has yet reported the
reconstruction of an active replicase complex that is capable of specific
recognition and initiation of transcription of the 3’ end of either the
positive- or negative-strand RNA. The reason for this is not clear, al-
though it seems likely that a complex of several viral proteins (and possi-
bly certain cellular proteins as well) might be required for such activity
[27]. Thus, while it is possible to screen compound libraries for inhibitors
of NS5b primer extension or terminal transferase activities, it is not pos-
sible to screen for specific HCV RNA transcription inhibitors. No specific
inhibitors have yet been described for the former activities, although
there are intense efforts to develop such compounds ongoing within both
the pharmaceutical and academic communities.

Internal Ribosome Entry Site

The IRES represents an interesting and completely novel target for antivi-
ral drug development. This segment of the viral genome is essential
for the initiation of translation of the polyprotein, and thus inhibition of
IRES activity would be expected to have a profound effect on replication
of the virus [14]. Recent work suggests that the primary step in the
initiation of cap-independent translation of the polyprotein by the
IRES is the specific recognition of the 40S ribosome subunit by the IRES
[85]. The ability to directly form a binary complex with the 40S subunit in
the absence of any canonical or noncanonical translation initiation factor
is unique among all eukaryotic RNAs. Similar activities are found only in
related IRES segments from other Flaviviridae. This activity should be
amenable to inhibition by small molecules which have a high affinity for
the RNA structures responsible for this 40S subunit binding activity.
A number of pharmaceutical companies are actively pursuing this
possibility, but no specific inhibitors of the HCV IRES have yet been
described.

Conclusions
Cirrhosis and hepatocellular carcinoma result from longstanding hepatic

inflammation related to the persistence of HCV within the liver. Thus, this
pathologic process reflects the presence of an active immune response to
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the infection, yet one which is ineffectual in elimination of the virus. The
reasons underlying the ability of this virus to persist in humans despite
this immune response are not well understood, but are likely to involve a
specific mechanism to “disarm” the immune system. Because of the ex-
treme technical difficulties inherent in HCV vaccine development,
present efforts are largely directed at the development of better therapies
for chronic hepatitis C. Recent experience with the combination of
ribavirin and interferon-a suggest that combination therapies will offer
particular advantages in the treatment of this disease. This concept is well
supported by earlier experience in the treatment of several other chronic
infectious diseases. Thus, the search is on for novel, small molecule in-
hibitors of HCV replication. This search is complicated by the absence of
tractable cell culture systems for propagation of the virus, but a number
of biochemical assays have been developed which are now being used as
screens for active compounds. It is highly likely that this intense research
activity will result in a variety of novel therapeutic agents, and that this
will open the door to a new era in the prevention of HCV-related liver
disease.
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