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Hepatitis C virus (HCV) was first identified in the late 1980s, and soon thereafter 
was shown to be the cause of almost all cases of non-B posttransfusion hepatitis. 1.2 Today, 
in the United States, it is by far the most common cause of chronic viral hepatitis, and is 
thought to be responsible for approximately 10,000 deaths annually due to chronic liver 
failure or hepatocellular carcinoma.3 Rather than a single virus, HCV is actually a com
plex of genetically related flaviviruses with unique genome features and a strong predilec
tion for establishing persistent hepatic infections in humans. These viruses can be 
classified into six major genotypes based on nucleotide sequence comparisons,4 and have 
been placed taxonomically within the recently established genus Hepacivirus of the family 
Flaviviridae. It is likely that different HCV genotypes may also be distinguished by differ
ences in their antigenic characteristics, but no tests have been developed for the measure
ment of neutralizing antibodies to the virus. There are no practical cell culture-based 
systems allowing propagation of the virus. Both genetically and in terms of multiple other 
features of the viral genome, the most closely related other member of the Flaviviridae is 
GB virus B (GBV-B),s an hepatotropic virus that may be of either human or simian origin. 

1. MOLECULAR VIROLOGY OF HEPATITIS C VIRUS 

The single-stranded, positive-sense RNA genome of HCV can be functionally di
vided into three major domains. These include: the 5' nontranslated region (5' NTR) 
which controls expression of the viral polyprotein and likely also controls initiation of 
positive-strand RNA synthesis; the open-reading frame (ORF) encoding the viral polypro
tein; and, the 3' NTR which controls initiation of minus-strand RNA synthesis (Figure I). 
The functions of the 5' NTR and 3' NTR are dependent upon well mapped, higher-ordered 
RNA secondary and tertiary structures.6 It is likely that the functional (and structural) fea
tures of the 5' NTR extend into the well-conserved 5' segment of the ORF, within which 
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Figure 1. The genetic organization of the HeV 
genome. Major protein products derived from pro
teolytic processing of the polyprotein are indicated. 
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two large stem-loop structures have been defined.7 The functional significance of these 
latter structures is unknown. 

Translation of the polyprotein occurs by internal entry of the 40S ribosome subunit 
on the viral RNA.8 Unique among all eukaryotic RNAs, the internal ribosome entry site 
(IRES) which is comprised ofnucleotides -42-345 of the 5' NTR binds directly to 40S ri
bosome subunits to form a binary complex in the absence of any eukaryotic translation in
itiation factor (eIF).9 The ribosome forms a primary contact with the RNA at the site of the 
initiator AUG; there is no scanning.6 Thus, hepatitis C translation initiation parallels 
events in prokaryotes. The eIF2/Met-tRNA/GTP ternary complex binds at the AUG, while 
eIF3 binds to the upstream stem-loop III of the IRES; these factors enhance the stability of 
the complex by extending contacts along the length of the RNA. 

The polyprotein encoded by the ORF undergoes post-translational cleavages di
rected by both host cell and virus-encoded proteinases. lo Signal sequences within the 
amino terminal third of the polyprotein direct its secretion into the endoplasmic reticulum 
(ER).II,12 Several cleavages directed by host cell signalase produce a series of structural 
proteins which include the nucleocapsid protein, two envelope glycoproteins, E I and E2, 
and a small membrane-associated protein, p7 or NS2A. The nucleocapsid protein remains 
within the cytoplasm, but some data suggest it may undergo further cleavage with the re
sult that part of the molecule is transported to the nucleus. El and E2 are glycosylated in 
the ER and the Golgi, but details of the viral assembly and secretion process remain ob
scure. E2 contains a highly variable domain near its amino terminus (HVR-I domain), 
which is likely to form an immunogenic loop on the surface of the virion and which may 
interact with some neutralizing antibodies. 13 As such, it might be quite analogous to the 
V3 loop of mV-I. 

At least 6 nonstructural proteins are derived from the remainder of the polyprotein. 
The functions of these are only partly understood. They include NS2B (which with the ad
jacent NS3 sequence functions as a cis-active metalloproteinase at the NS2B/NS3 cleav
age site),'4 NS3 (a serine proteinaselNTPase/RNA helicase),ls-'7 NS4A (serine proteinase 
accessory factor, which is an integral part of the mature NS3 proteinase as it forms one 
strand of a p-barrel structure which flanks the proteinase active site), 16 NS4B, NS5A (both 
of unknown function), and NS5B (RNA-dependent RNA polymerase). 18 Efforts to develop 
effective inhibitors of HCV replication are being based on structural and functional char
acterization of these proteins (and the IRES), but good in vitro systems have been difficult 
to develop for many of these viral activities. 

The positive-strand genome of HCV replicates through a minus-strand intermediate. 
Thus, at one point in the replication cycle, it is likely that there is a duplex RNA molecule 
that serves as template for the production of new positive RNA strands that are packaged 
to make new virus. These details are not known, but almost certainly the 3' UTR figures 
prominently in the early events in the replication cycle. The 3' UTR can be subdivided 
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into a variable domain, a poly(U) segment of variable length, and a highly-conserved se
ries of stem-loops at the extreme 3' end of the genome (3 'X region).19,20 The function of 
the poly(U) is unknown, but somewhat similar polypyrimidine tracts are found in the 5' 
nontranslated RNA segments of other positive-strand RNA viruses. The RNA replicase is 
probably a complex of viral and perhaps host cell proteins; it is likely to assemble on the 
3 'X structure which has recently been shown to be essential for virus replication. These 
events have yet to be replicated in any in vitro system. However, since the virus genome is 
messenger-sense, it has been possible to develop cDNA clones that transcribe full-length 
RNAs that are infectious when injected directly into chimpanzees.21 ,22 This represents a 
very important tool that will help unravel the details of the replication cycle and will aid 
enormously in dissecting the structure/function relationships of HCY proteins. Before 
such studies can be contemplated, however, it will be necessary to develop cell culture 
systems that will permit the reliable recovery of virus from synthetic infectious RNA. 

2. INTERFERON TREATMENT OF CHRONIC HEPATITIS C 

A considerable number of controlled clinical trials have proven that treatment with 
several different formulations of interferon may be beneficial in a small proportion of pa
tients with chronic hepatitis C.J This beneficial response is marked by normalization of se
rum alanine aminotransferase (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 an apparent antiviral effect, with relatively rapid declines in HCY 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 im
munomodulatory action of interferon. The latter includes the upregulation of class I mark
ers on the surface of hepatocytes, which would enhance the recognition of infected cells 
by virus-specific cytotoxic lymphocytes. 

It is interesting to note, however, that improved liver histology is the measure of re
sponse to interferon that occurs with the greatest frequency in treated patients.23-2S This 
significantly exceeds the frequency with which ALT levels are normalized. In four early, 
randomized, placebo-controlled, prospective clinical trials, improvements in histology oc
curred in an average of69% of all treated patients (2-3 million units interferon-a t.i.w. x 6 
months). In contrast, ALT levels were normal in only 43% of patients at the end of ther
apy. Thus, whatever the underlying therapeutic mechanism, a reduction in hepatic inflam
mation frequently accompanies interferon therapy. An important question that is now 
under study is whether there is a measurable clinical benefit for those patients who im
prove histologically with interferon therapy, but who do not normalize their ALT levels or 
clear virus from the blood. 

Since chronic inflammation is an important factor in activating stellate cells within 
the liver to lay down an abnormal collagen matrix, documented improvements in inflam
mation suggest that interferon may have a significant impact on one of the primary patho
genic events that leads to disease, fibrogenesis. In addition, it is likely that one of the 
important proximate causes of hepatocellular carcinoma in patients with chronic hepatitis 
C is oxidative stress related to chronic inflammation, with resultant damage to cellular 
DNA. However, data supporting a tangible improvement in disease outcome or quality of 
life following interferon therapy are sparse. One randomized, controlled, prospective 
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Figure 2. Summary of a Japanese trial that demon
strated that interferon therapy may prevent or delay 
the onset of hepatocellular carcinoma (HCC) in pa
tients with chronic hepatitis C and well compensated 
cirrhosis.26 

study has demonstrated a reduction in the incidence of hepatocellular carcinoma in Japa
nese patients with well compensated cirrhosis who were given relatively high dose inter
feron therapy (6 million units of interferon-a t.i.w.) over a period of 12-24 weeks26 

(Figure 2). Hepatologists in the U.S. have been slow to accept these results due to the ex
traordinarily high incidence of liver cancer in the control group in this study, which ap
proached 40% after 2-7 years of post-treatment follow-up. However, it is likely that the 
high incidence of cancer in the untreated patients may simply reflect the natural history of 
hepatitis C in Japan, which appears to differ from that in the U.S.27•28 A second, retrospec
tive study also suggests that patients who respond to interferon may have a lower risk of 
developing hepatocellular carcinoma than interferon nonresponders.29 There are. no data 
available that address the issue of whether interferon therapy prevents or delays the onset 
of clinically evident cirrhosis. 

In addition to the relatively low overall response rate, there are other major impedi
ments to successful treatment of chronic hepatitis C with interferon. These include the ex
traordinarily high cost of the drug, its administration and attendant patient monitoring. 
Moreover, interferon therapy for chronic hepatitis C is marked by a relatively high fre
quency 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 patients whose ALT levels have been rendered normal by the end 
of 6 months of therapy, although it may occur in a slightly smaller proportion of patients if 
therapy is continued for a year.3 The low overall frequency of sustained response to inter
feron is a major reason for the current intensive search for better therapeutic· regimens. 
Nonetheless, the results of a recent NIH Consensus Development Conference on inter
feron therapy and hepatitis C were a clear endorsement of interferon treatment for patients 
with active inflammatory disease and no major contraindications to treatment.3 Further de
tails regarding indications, treatment regimens, and contraindications should be sought 
from that source. 

3. APPROACH TO ANTIVIRAL THERAPY.-THE CASE FOR 
COMBINATION THERAPY 

Recent successes in the treatment of HIV-l infections with combinations of antiviral 
drugs argue strongly for a similar approach to the treatment of chronic HCV infection. 
This is particularly so sinceHCV infections share a number of features in common with 
persistent HIV-l infection, including the capacity for substantial quasispecies variation 
and the potential for selection of resistant viruses in patients receiving monotherapy. Com
bination therapy with antimicrobial agents has a long history in the treatment of chronic 
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infectious diseases. It has been used for decades in the treatment of tuberculosis for very 
similar reasons. In the case of hepatitis e, recent data strongly support a synergistic effect 
when ribavirin is combined with interferon, both in interferon-naive patients as well as in 
the retreatment of interferon nonresponders.3()-33 

Ribavirin is a synthetic, oral guanosine nucleoside analog that has been used clini
cally for a number of years as treatment for several different viral infections. It has dem
onstrated efficacy in the treatment of neonatal respiratory syncytial virus infections, as 
well as in life-threatening arenavirus infections.34•3s The compound is unusual in that it 
possesses a broad range of antiviral activity against viruses of vastly different type. It has 
been suggested to block the synthesis of functional rhabdovirus mRNAs,l6 possibly by in
terfering with capping of the 5' ends of the RNA (a phenomenon that is likely to be irrele
vant in the case of He v as its translation occurs by a cap-independent process). Other data 
suggest that it may suppress transcription of double-stranded reovirus RNAs, possibly by 
interfering with viral RNA helicase activity.37 However, its mode of broad antiviral action 
has never been satisfactorily explained and, as indicated below, it may have important im
munomodulatory activities. 

Early studies of ribavirin monotherapy in patients with chronic hepatitis e were 
prompted by its known activity against other RNA virus infections. For the most part, 
these studies were disappointing. Although slight improvement was noted in serum ALT 
values, there was very little suppression of HCV viremia even after prolonged therapy. 
This indicates that the antiviral effect of ribavirin against HCV, if any, is extremely lim
ited.J8-41 

Despite the early results with ribavirin monotherapy, recent clinical trials indicate 
that the addition ofribavirin to standard courses of interferon results in significantly better 
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 sustained re
sponses at 6-18 months following cessation of therapy. For example, in a prospective ran
domized trial, Lai et al. JJ treated interferon-naive patients with the combination of 
ribavirin (1200 mg q.d.) and interferon-a.2a (3 million units t.i.w.) for 24 weeks. This 
combination treatment regimen resulted in a complete response (normalization of ALT and 
elimination of detectable HeV RNA) in 76% of patients by the end of therapy, and a sus
tained response at 96 weeks after therapy in 43% (Figure 3). In contrast, comparable re
sponse 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.42 in a larger prospective 
study examining the combination of ribavirin and interferon-a.2b (3 million units t.i.w.), 
given for a total of 24 weeks. Altogether, 42% of the patients had a sustained virologic re-
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Figure 4. Summary of results from a pro
spective, randomized, controlled clinical 
trial of ribavirin-interferon combination the
rapy vs interferon monotherapy, as reported 
by Bellobuono et a/.30 

sponse after I 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 in patients with high levels of serum HCV RNA 
(> 3 x 106 genome equivalents/ml). The combination offered no advantage over interferon 
monotherapy in those patients with lower levels of HCV viremia, who overa\1 have a 
greater chance of a favorable response to interferon alone. 

Although the response to interferon-ribavirin combination therapy has not been as 
impressive in those patients who have previously failed interferon monotherapy, Bel
lobuono et al. 30 reported both greater end-of-treatment and sustained ALT responses in 
patients undergoing retreatment with combination therapy, compared with interferon alone 
(Figure 4). In a\1 studies, the addition of ribavirin to interferon regimens has been rela
tively well tolerated, with few patients forced to withdraw from therapy due to adverse re
actions. However, low grade hemolysis has been a frequent side-effect, and may lead to 
both anemia and increased intrahepatic iron stores.43 The latter is a worrisome finding, be
cause it could be detrimental to liver function if allowed to reach a significant level. 

The studies described above all contain only relatively small numbers of patients. 
Data from large international, multicenter studies comparing the combination of interferon 
and ribavirin with interferon monotherapy are now under review, and a clearer idea of the 
benefits to be gained by this combination therapy should soon be available. Nonetheless, 
even though the overal1 sustained virologic response rates remain less than satisfactory, 
the benefit that appears to accrue from the use of interferon-ribavirin combination therapy 
highlights the general potential for combination therapy against this disease. 

The specific mechanisms underlying the synergy between interferon and ribavirin 
remain unknown. However, it is interesting that the combination of ribavirin and inter
feron also shows synergy in the treatment of experimental subacute sclerosing 
panencephalitis (SSPE) virus infections in hamsters.44 This suggests a broad effect of 
ribavirin on the host response to chronic viral infections treated with interferon. Further
more, as indicated above, the mechanism of action ofribavirin in the setting of hepatitis C 
is not likely to be related to direct suppression of viral replication. This is suggested by the 
failure of ribavirin to suppress HCV viremia when administered as monotherapy,39,4o as 
well as a series of observations concerning the effects of ribavirin on various aspects of 
the host immune response. 

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.4s This has been shown to be associated with inhibition of macrophage produc
tion of TNF and the procoagulant fgl2 prothrombinase. Ribavirin inhibited Th2 cytokine 
responses, but preserved Th I cytokine production. IL6 production has also been shown to 
be modulated by ribavirin in human pulmonary epithelial cells that are infected with respi-
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ratory syncytial virus.46 However, the relevance of these findings to the mechanism of ac
tion of ribavirin in the setting of combination therapy for hepatitis C is not known. 

Ribavirin inhibits cellular inosine monophosphate (IMP) dehydrogenase,47 and this 
may be the central mechanism through which it exerts its broad influence on intracellular 
events in a variety of viral infections. IMP dehydrogenase plays a central role in cellular 
metabolic processes, and its suppression may influence the ability of cells either to sup
port viral replication or to respond to appropriate immunologic stimuli. Both ribavirin and 
the related compound, tiazofurin, also an inhibitor of cellular IMP dehydrogenase, may in
fluence various signal transduction pathways. These compounds have both been shown to 
suppress the replication of yellow fever virus in cell culture, a flavivirus that is distantly 
related to HCV.47.48 Thus, it is possible that ribavirin could act both to modulate the host 
immune response and to suppress replication through interaction with common cellular 
metabolic pathways involving IMP dehydrogenase. 

Whatever the mechanism of action of ribavirin when used in combination with inter
feron for treatment 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 develop
ment of broad-based screens for novel antiviral compounds, significant progress is being 
made through the use of more sophisticated biochemical screens. This is certain to be a 
field that will become complicated by the availability of a number of new antiviral drugs 
in the future. 
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