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The current recommended therapy for chronic hepatitis C is the combination of peginterferon
and ribavirin, which results in a sustained clearance of hepatitis C virus (HCV) in at least half
of patients. However, the mechanisms by which interferon alpha (IFN-α) and ribavirin act
against HCV are not well defined. The importance of understanding the biological pathways,
cellular effects, and antiviral activities of these agents is underscored by clinical observations
that nonresponders frequently have little or no decrease in HCV RNA levels during treatment,
suggesting intrinsic resistance to IFN-α. Cell culture and animal models of HCV have shown
that the infection itself may block IFN-α induction and action. Still other findings suggest that
individual innate and adaptive immune responses, host genetic factors, viral genetic diversity,
and clinical comorbidities account for part of nonresponse to therapy. To provide an overview
of the current knowledge of the mechanisms of action of IFN-α and ribavirin against HCV and
offer guidance for future research, the American Association for the Study of Liver Diseases
held a single topic conference entitled “Interferon and Ribavirin in Hepatitis C Virus Infection:
Mechanisms of Response and Non-Response” on March 1-3, 2007. This article summarizes
that conference.

Interferons (IFNs): An Overview
The IFNs

(Dr. Howard Young, National Cancer Institute, National Institutes of Health)

The type 1 IFNs [interferon alpha and beta (IFN-α/β)] comprise a family of distinct
proteins1 that are produced by a wide variety of cells, including fibroblasts, epithelial cells,
and hepatocytes,2 although plasmacytoid dendritic cells (DCs) are probably the major source
in most viral infections. In contrast, type II IFN [interferon gamma (IFN-γ)] is a single gene
cytokine unrelated in structure to IFN-α/β that is produced largely by macrophages, natural
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killer (NK) cells, and T lymphocytes. Both types of IFNs interact with cells via distinct cellular
receptors. The details of the signaling mechanisms by which IFN-α/β and IFN-γ induce the
transcription of interferon-stimulated genes (ISGs) and depress the transcription of others are
still being defined.3 However, it is increasingly clear that the complex transcriptional programs
induced differ significantly depending on the IFN type, the cellular target, and the nature of
the infection/host challenge.

IFNs and Viral Infection
(Dr. Christine Biron, Brown University)

The outcome of any viral infection depends largely on the accompanying innate and adaptive
immune responses. These critical host responses are embedded in human evolution and have
been matched by evolutionary changes in the pathogens that allow them to evade these immune
mechanisms.4 Immune reactions are first triggered by engagement of pathogen-associated
molecular pattern (PAMP) receptors that sense the viral threat and induce an antiviral state
through myriad pathways, including limiting cellular translation [via protein kinase R (PKR)],
modifying and degrading viral RNA [via RNAspecific adenosine deaminase, 2′,5′-
oligoadenylate synthetase (OAS), and ribonuclease L], altering cellular vesicle trafficking
(through guanosine triphosphatases such as myxovius resistance [Mx]), and probably many
other undiscovered antiviral mechanisms.1

The engagement of PAMP receptors, including Tolllike receptors (TLRs) and the retinoic acid–
inducible gene I (RIG-I)–like helicases, following HCV and other RNA viral infections
initiates signaling pathways that lead to the synthesis of IFN-α/β, tumor necrosis factor (TNF),
and a variety of other cytokines such as interleukin-12 (IL-12) and IL-151 (Fig. 1). These are
largely produced by myeloid-derived and especially plasmacytoid DCs that express TLRs in
abundance. IFN-α/β produced by DCs activates NK cells, enhancing their cytotoxic potential
and stimulating their production of IFN-γ, whereas IL-15 induced by IFN-α/β stimulates the
proliferation and accumulation of NK cells.5,6 IFN-α/β produced by DCs also modulates the
activation of CD8+ T cells, which produce additional IFN-γ and represent the central players
in the pathogen-specific adaptive immune response.7

This well-coordinated interaction of PAMP receptors, signaling pathways, cytokines, and
effector cells constitutes a continuum between innate responses that occur rapidly and control
the pathogen until the slower, highly pathogen-specific, and ultimately more effective T and
B cell responses develop. The key concepts are that (1) the integrated and highly regulated
nature of these innate and adaptive immune responses and (2) the activation of NK cells, as
well as the timing, breadth, and robustness of subsequent antigen-specific T cell immunity, are
likely to be substantially shaped by early events in the innate response to pathogens.5,8

IFN-α/β acts to induce antiviral responses in cells far removed from its site of production via
interaction with specific cell surface receptors, the type I IFN receptors [interferon alpha
receptor 1 (IFNαR1) and IFNαR2; Fig. 1]. These signal to the nucleus through Janus kinase-1
(Jak1) and tyrosine kinase 2 (Tyk2) phosphorylation of the signal transducers and activators
of transcription (STATs).9 A total of seven different STATs, 1 through 6 with 5a and 5b, when
activated assemble as homodimeric and heterodimeric signaling complexes. The classic IFN-
α/β signaling pathways activate STAT1/STAT2 heterodimers, which activate expression of
specific subsets of genes controlled by promoters containing interferonstimulated response
elements (ISRE; Fig. 1). There is evidence, however, for IFN-α/β activation of each of the
STATs under different conditions. This flexibility may provide mechnisms for using cytokines
to access a wide range of biological effects as needed.
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HCV Interactions with IFN
HCV

(Dr. Stanley Lemon, University of Texas Medical Branch)

HCV strains show extraordinary genetic diversity, which reflects the error-prone HCV RNA
replicase, the exceptional replicative capacity of HCV (1012 virions produced daily), and its
frequent success in evading both innate and adaptive host immune responses. Most, if not all,
of the 10 proteins expressed by HCV have evolved important interactions with multiple host
cell proteins that benefit the viral cycle either directly or indirectly and contribute to the
pathogenesis of chronic hepatitis C.10 These include interactions such as the cleavage of the
TLR3 adaptor protein (Toll-like receptor adaptor protein [TRIF]), as well as the RIG-I adaptor
protein (interferon beta promoter stimulator-1, IPS-1; also known as MAVS, Cardif, and
VISA), by the HCV nonstructural (NS) 3/4A protease,2,11,12 which results in disruption of
the activation of interferon regulatory factor-3 (IRF-3), an essential step in the virus activation
of IFN synthesis13 (Fig. 2A). It is likely that these interactions figure prominently in the long-
term persistence of HCV, although the recent demonstration of IPS-1 cleavage by the protease
of hepatitis A virus, which is not capable to causing persistent infections, argues that disruption
of this pathway is not the complete story.14

In addition to disrupting the intracellular pathways that activate IFN synthesis, HCV proteins
also effectively block the actions of double-stranded RNA (dsRNA)–induced antiviral
molecules and several ISGs. The HCV core protein interferes with STAT signaling and may
contribute to resistance to both endogenous and exogenous IFN.15 The NS5A protein binds to
the catalytic site of PKR, blocking its ability to phosphorylate eukaryotic initiation factor 2
alpha and thereby inhibiting dsRNA-induced shutdown of host cell protein translation.16

A number of important questions remain concerning the clinical importance of these in vitro
observations, particularly as related to the disruption of IRF-3 signaling by the NS3/4A
protease. For example, is it possible that genotype-specific differences in the ability of NS3/4A
to cleave IPS-1 or TRIF might explain different rates of long-term viral persistence or different
rates of response to IFN-α–based therapies? Although the jury is still out on these questions,
it is clear that the genotype 3 NS3/4A is capable of cleaving both of these adaptor proteins
even though this genotype is quite sensitive to IFN-α therapy. Another important question is
whether the observed efficacy of small-molecule inhibitors of NS3/4A may be due in part to
a “double-whammy” effect, rescuing IRF-3 activation while also inhibiting HCV replication.
17 The answer here seems a little clearer, as in vitro studies demonstrate rescue of IRF-3
signaling only at very high concentrations of NS3/4A inhibitors far greater than those required
for significant antiviral effects (Liang et al., in preparation, 2007).

HCV and IFN Induction
(Dr. Michael Gale, Jr., University of Washington)

In cultured hepatocytes, HCV RNA is sufficient to trigger IFN production through processes
that signal the activation of IRF-3. This signaling is initiated by RIG-I, which binds to double-
stranded regions of the HCV RNA and signals downstream IRF-3 activation. To evade this
process and to attenuate the production of IFN during infection, HCV directs a blockade of
RIG-I signaling through the actions of the NS3/4A protease.18 Studies in the past year have
identified an essential adaptor protein of RIG-I signaling, IPS-1. Remarkably, the HCV
NS3/4A protease targets and cleaves IPS-1 early during infection, thus ablating RIG-I signaling
of IFN production by the infected cell11 (Fig. 2A). These findings indicate that HCV evades
the innate immune system and turns down adaptive immune responses through intracellular
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alteration in IFN induction and thus allows for persistent infection and perhaps blunting of
therapeutic effects of exogenously applied IFN-α.

IPS-1 as the Target of the NS3 Protease
(Dr. Darius Moradpour, University of Lausanne)

The IPS-1 protein is localized to the outer mitochondrial membrane, a location essential for
RIG-I signaling.12 The NS3/4A protein is also present on intracellular membranes of the
membranous web found in HCV-infected cells. Proper membrane placement of NS3/4A is
dependent on the NS4A cofactor as well as the aminoterminal region of the NS3 protease.
Thus, NS3/4A most likely targets IPS-1 for proteolysis through localization motifs embedded
within both NS3 and NS4A. IPS-1 has been found in its cleaved, inactive form within liver
tissue from patients with chronic HCV infection, providing evidence that NS3/4A targets IPS-1
in vivo. NS3/4A cleavage of IPS-1 results in ablation of virus-induced nuclear factor kappa B
(NF-κB) activation and function. Thus, HCV cleavage of IPS-1 abolishes virus signaling of
IRF-3 and NF-κB actions, suggesting NS3/4A as a major point of HCV control over cellular
innate antiviral defenses. However, patients with chronic HCV infection frequently have
prominent hepatic ISG expression, and this raises the possibility that other, RIG-I–independent
pathways may contribute to hepatic IFN production by infected cells or specific IFN-producing
cells.

HCV and IFN Signaling
(Dr. Raymond Chung, Massachusetts General Hospital)

The interaction of NS3/4A with TLR3 and RIG-I mediated pathogen recognition systems
provides a rational explanation for how HCV may evade antiviral defenses. Strikingly, several
other regions of the HCV genome also appear to participate in the disarming of host antiviral
defenses.19 A major role has been suggested for the HCV core protein in impairing IFN-α/β
signal transduction. In transient and stably transfected Huh7 cell lines, HCV core led to
diminished STAT1 accumulation and promoted its proteasome-dependent degradation (Fig.
2B).20 More importantly, HCV core impaired IFN-α/β–induced STAT1 activation and
decreased binding of ISGF3 to nuclear IFN-α ISRE. Structure-function studies have shown
that the N-terminal of the HCV core region directly binds to STAT1 at its SH2 domain, which
can impair subsequent IFN signaling, suggesting a model in which the direct interaction of
HCV core with STAT1 blocks its recruitment and phosphorylation by Jak1 (Fig. 2B).15

HCV and Protein Phosphatase 2A (PP2A)
Dr. Markus Heim, University Hospital, Basel, Switzerland)

HCV replication within hepatocytes may also interfere with IFN-α/β signaling through
activation of inhibitors of the pathway. One such inhibitor is PP2A. Extracts of liver tissue
from patients with chronic hepatitis C and from HCV transgenic mice demonstrated evidence
of impaired binding of STATs to ISREs.21 In cell culture, HCV polyprotein expression induced
PP2A, which in turn inhibited protein arginine N-methyltransferase 1, a methyltransferase that
arginine-methylates STAT1 and NS3.22,23 This hypomethylation of STAT1 promoted its
binding to the protein inhibitor of activated signal transducer and activator of transcription 1
(PIAS1), which led to the inability of phosphorylated STAT1 to bind DNA (Fig. 2B).
Interestingly, in vitro S-adenosyl methionine (SAMe; the principal methyl donor for STAT1)
combined with betaine was found to reverse HCV blockade of IFN-α/β signaling.24 These
findings have led to pilot studies testing whether the addition of SAMe and betaine to
peginterferon will improve responses in patients with chronic hepatitis C who are
nonresponders to optimal therapy.
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Cytokines and IFN Signaling Responses to HCV
(Dr. Stephen Polyak, University of Washington)

HCV may also be able to modulate antiviral responses in the host through interactions with
elements of the inflammatory response. Among its many activities, IRF-3 regulates the
expression of IL-8, an inflammatory chemokine that inhibits the antiviral actions of IFN-α/β.
HCV RNA and infection induced IL-8 transcription via RIG-I and IPS-1, a process that
involves recruitment of IRF-3 to the IL-8 promoter. Moreover, RIG-I stabilized IL-8 messenger
RNA (mRNA) via AU-rich elements in the 3′ untranslated region of the mRNA.25 A working
model proposes that the initial activation of the innate antiviral response during HCV infection
also induces expression of inflammatory cytokines and chemokines. During HCV-mediated
blockade of dsRNA-induced antiviral responses, inflammatory mediators may still be
expressed via activation of other key transcription factors such as NF-κB, which is activated
by many signaling pathways. These mediators may act to down-regulate IFN-α/β responses.

HCV Genetic Variability and Antiviral Responses
(Dr. John Tavis, Saint Louis University)

The inherent genetic variability of HCV may have clinical consequences. Evolution from acute
to chronic infection may rely in part on mutations occurring within antigenic epitopes by which
the virus escapes from immune surveillance. Sequence mutations may also adversely affect
viral fitness. Finally, genetic variability may account for differences in response rates to
therapy. Resistance mutations are well known to occur in HCV as well as other viruses that
permit escape from the antiviral activity of small-molecule therapy. Whether similar genetic
variations alter responses to IFN is unknown.

As a part of the investigation of mechanisms of antiviral activity in the Study of Viral Resistance
to Antiviral Therapy of Chronic Hepatitis C (Virahep-C) trial, HCV genetic variation was
evaluated in 96 patients in whom viral kinetic responses and clinical outcomes were well
defined. Patients were stratified evenly by genotype (1a or 1b), race, and virological response
to therapy. Virological response was defined by the decrease in serum HCV RNA by 28 days
of therapy and categorized as marked (>3.5 log10 decrease or undetectable), intermediate
(1.4-3.5 log10 decrease), or poor (<1.4 log10 decrease). HCV RNA from all 96 patients was
analyzed, and the whole open reading frame was sequenced from overlapping amplicons.26

A comparison of HCV genomes between individuals found only a few amino acids that differed
consistently by response or race. However, viral sequences were significantly more diverse in
marked responders than poor responders, and those with an intermediate response were usually
intermediate in diversity. The genetic diversity was not uniformly distributed across the HCV
genome. The major regions with greater variability among marked responders were NS5A and
NS3 for genotype 1a and core and NS3 for genotype 1b. These correlations were observed in
both racial groups.

Overall, variability in NS3 was most commonly associated with a marked virological response,
and the variability within NS3 was confined to its C-terminal helicase domain.27 Genetic
diversity was also noted between the two races, but these were inconsistent and less clear than
the differences by response category. These findings are consistent with a more potent immune
response imposing greater selective forces on the HCV genome or variations at multiple
positions in the HCV genome impairing its ability to resist the antiviral effects of IFN and
ribavirin. Either way, these results imply that viral genetic variation is an important determinant
of the success of antiviral therapy.
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HCV and IFN Priming of the Adaptive Immune Response
DC Function and HCV Infection

(Dr. Gyongyi Szabo, University of Massachusetts)

DC function appears to play a major role in the immune response to HCV infection and may
be deficient in patients with chronic hepatitis C. Intracellular expression of HCV core and NS3
proteins has been shown to activate normal monocytes in a TLR2-dependent manner.28 These
results may represent one mechanism for increased TNF-α production in chronic HCV.
Similarly, in vitro HCV core and NS3 proteins induced monocyte-derived DC differentiation
into a phenotype with impaired T cell activation capacity.29 In addition, the overall frequency
of plasmacytoid (IFN-α/β–producing) DCs has been found to be reduced in HCV-infected
patients. These results suggest that chronic HCV infection is associated with alterations in
innate immune responses at multiple levels. Proinflammatory monocyte activation, reduced
monocyte DC T cell activation capacity, and impaired IFN-α production by plasmacytoid DCs
may each contribute to ongoing liver injury as well as the inefficient elimination of HCV during
antiviral therapy.

Complement Actions and HCV Infection
(Dr. Young Hahn, University of Virginia)

Elements of the complement pathway interact at several levels with the innate and adaptive
immune response. HCV core protein has been shown to bind to gC1qR30 and inhibit T helper
1 (Th1) differentiation and antiviral IFN-γ production through suppression of DC IL-12
production. Stimulation of monocyte DCs with HCV core protein or monoclonal antibodies to
anti-gC1qR selectively decreased TLR-3–induced and TLR4–induced IL-12p70 production
but did not affect the production of IL-10, TNF-α, or transforming growth factor-β. Coculture
studies of DCs and CD4+ T cells revealed that treatment of monocyte DCs with HCV core or
anti-gC1qR strongly and specifically inhibited T cell production of IFN-γ. Moreover,
stimulation of allogeneic CD4+ T cells with anti-gC1qR–treated DC resulted in a skewed
differentiation from Th1 to T helper 2 (Th2) cells. Suppression of DC IL-12 production strongly
correlated with reduced T cell IFN-γ production. Importantly, the addition of IL-12 rescued
the suppression of IFN-γ production by CD4+ T cells and restored normal Th1 differentiation.
These results suggest that HCV-induced dysregulation of antiviral T cell immunity via DC-
mediated induction may also contribute to persistent HCV infection.

IFN and the Adaptive Immune Response During HCV Infection
(Dr. Barbara Rehermann, National Institutes of Health)

Studies in the chimpanzee model of HCV infection have shown that IFN-α/β responses are
detectable within the liver during the first week of acute HCV infection. IFN-α/β expression
alters the composition and proteolytic function of the immunoproteasome, a major antigen-
processing enzyme complex that generates major histocompatibility complex class I–bound
peptides recognized by virus-specific CD8+ T cells. This effect was observed not only in
primary human hepatocytes and hepatoma cell lines but also in vivo in the HCV-infected
chimpanzee model, where the expression kinetics of IFN-α/β in liver correlated closely with
changes in proteasome composition.31 Furthermore, IFN-α/β induced chemokines in acute
HCV infection, which recruited HCV-specific T cells to the liver. In contrast, in chronic
infection, HCV-specific T cell responsiveness was decreased during effective antiviral therapy.
32 These findings suggest that exogenous IFN is acting as an antiviral agent in chronic infection
and imply that T cell responsiveness in established infection is antigen-driven.
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T Cell Immunity to HCV and Outcome of Antiviral Therapy
(Dr. Hugo Rosen, University of Colorado)

Pretreatment levels of T cell immunity to HCV may predict outcome of antiviral therapy in
chronic hepatitis C. A large number of patients with chronic hepatitis C, genotype 1, who were
being treated with peginterferon and ribavirin as a part of the Virahep-C study were evaluated
for the presence and kinetics of HCV-specific CD4+ and CD8+ T cell responses before and
during treatment. These studies showed that African Americans displayed relatively abrogated
HCV-specific CD4+ T cell responses yet intact responses to other viruses such as
cytomegalovirus. Interestingly, a pretreatment enzymelinked immunosorbent spot level was
identified that discriminated between responders and nonresponders in both African American
and Caucasian cohorts. Strikingly, HCV-specific responses decreased rather than increased
during antiviral therapy, whereas cytomegalovirus-specific responses were preserved.
Dendritic function may be restored by antiviral therapy (although no longitudinal data exist),
and preliminary data indicate that expression of TNF-related apoptosis-inducing ligand on NK
cells may be associated with early virologic response. Thus, the level of pretreatment HCV-
specific T cell responses appears to correlate with a better outcome of IFN-α–based therapy of
chronic hepatitis C; however, the treatment itself may decrease these T cell responses but
restore other immune responses that may play an important role in clearance of HCV.

Human Determinants of IFN Efficacy
Therapy of Chronic Hepatitis C in Humans

(Dr. Charles Howell, University of Maryland)

Current best therapy for chronic hepatitis C, the combination of peginterferon and ribavirin
given for 48 weeks, yields overall sustained virological response (SVR) rates of 50% to 60%.
33,34 Importantly, response rates are higher among patients infected with genotypes 2 and 3
(75% to 80%) than with genotype 1 (46% to 52%) and can be achieved with 24 weeks of therapy
and lower doses of ribavirin (800 mg rather than 1000-1200 mg daily).35

Analyses of HCV RNA levels during antiviral therapy have identified important factors
associated with response. These factors include both viral (HCV genotype and initial HCV
RNA level) and host factors (age, sex, race, body weight, hepatic steatosis, insulin resistance,
hepatic fibrosis, immunodeficiency, adherence, and presence of other comorbidities). How
these factors are associated with response was the focus of a recent trial of the combination of
peginterferon alfa-2a and ribavirin among 196 African American and 205 Caucasian American
patients with chronic genotype 1 HCV (Virahep-C).36 In that study, factors found to be most
strongly associated with an SVR were Caucasian race, female gender, HCV RNA levels,
baseline liver biopsy fibrosis scores, and total amount of peginterferon received. These results
confirmed previous studies showing that African Americans were less likely to respond to IFN-
α therapy.37-39 Differences between African American and Caucasian American patients were
obvious within days of starting therapy, and differences could not be attributed to viral subtype
(1a versus 1b), initial viral levels, gender, age, body weight, or hepatic fibrosis. Furthermore,
the differences in viral kinetic responses between African Americans and Caucasians were
more quantitative than qualitative. Thus, patterns of viral kinetics were similar in responders
to treatment regardless of race; African Americans were merely more likely to have a
nonresponse. Overall, SVR rates were 52% among Caucasians but only 28% among African
Americans.

Thus, the biologic basis for nonresponse to IFN-α–based therapy in African Americans was
not clear from clinical features and analysis of viral levels and geno-types.36 Even when
researchers controlled for differences in adherence, race was still a strong predictor of response.
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Similarly, detailed analyses of pharmacokinetics and pharmacodynamics showed only minor
differences between the two racial groups.

More careful analysis of the relative effects of body weight, obesity, hepatic steatosis, diabetes,
and insulin resistance has suggested that insulin sensitivity has a major role in responses to
IFN-α therapy in hepatitis C.40 In multivariate analysis, insulin resistance but not age, gender,
body weight, body mass index, or hepatic steatosis was associated with lack of SVR. The
association of insulin resistance and nonresponse to IFN therapy is potentially important
because insulin sensitivity is modifiable by weight loss or drug therapy. Furthermore, these
associations suggest that there may be important intracellular interactions between the
signaling pathways of insulin and IFN-α.

Host Genetic Markers and Antiviral Response in Humans
(Dr. Leland Yee, University of Pittsburgh)

Host genetic factors may play an important role in disease outcome and response to therapy in
hepatitis C. As part of the Virahep-C study, host genetic markers are being evaluated, with a
focus on specific candidate genes thought to be important in modulating disease activity and
affecting antiviral responses. The candidates include those involved in the IFN-α/β pathway,
including ISGs, genes encoding immunomodulatory cytokines, genes of the major
histocompatibility complex regions, and genes involved in cell death and stress responses. In
these studies, confounding and spurious associations can affect results, particularly when we
are dealing with racially diverse and genetically heterogeneous populations.

In small studies done in patients with hepatitis C receiving antiviral therapy in clinical trials,
genes associated with a higher likelihood of response have included major histocompatibility
complex alleles, polymorphisms in ISGs such as Mx1,41 and heterozygosity for HFE H63D,
42 but these associations need to be reproduced in other populations and independently
confirmed. In a cross-sectional study of a large cohort of persons with chronic hepatitis C, a
polymorphism in the promoter region of IFN-γ (−764G) was found to be more common in
persons who spontaneously recovered from HCV infection compared to those who developed
chronic infection (4.2% versus 1.6%) and in patients who had an SVR compared to nonresponse
(11.2% versus 4.3%) to IFN-α–based therapy.43 This promoter variant was confirmed in
vitro to have increased promoter activity over the wild-type sequence. Thus, candidate gene
approaches have demonstrated several promising associations that may have a biological basis.
Whole genome studies and admixture mapping using large sample sizes are needed.

Host Gene Expression in Response to HCV Infection and IFN Therapy
Responses to Hepatitis C in the Chimpanzee

(Dr. Francis Chisari, Scripps Research Institute)

The host immune response to acute HCV infection has been studied extensively in the
chimpanzee model of infection.44 Onset of infection was accompanied by a rapid and robust
innate immune response with expression of multiple ISGs in the liver that paralleled the
fluctuating levels of HCV RNA in serum during the acute phase of HCV infection and evolution
to chronic infection.44 This immediate response indicated that HCV RNA is likely recognized
by PAMP receptors within infected cells, which trigger IFN-β production and ISG expression.
In contrast, similar studies of hepatitis B virus (HBV) infection revealed that ISG expression
was not induced. The apparent “invisibility” of HBV compared to the high “visibility” of HCV
to the host can possibly be explained by distinctions in the replication programs of each virus
(HBV DNA replicates within nucleocapsid particles, whereas HCV replicates in membranous
webs within the cytoplasm) and perhaps by the greater speed by which HCV replicates and
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spreads in vivo. In the case of HBV infection, resolution was associated with the hepatic
infiltration of T cells and their production of IFN-γ. In contrast, HCV resolution or reduction
of serum viral load was associated with onset of the IFN-α/β response and hepatic ISG
expression. These studies indicate that HCV triggers innate immune defenses during acute
infection, but this virus is capable of resisting and/or controlling this response as infection
progresses. The cell source of endogenous IFN production, whether it is the hepatocyte or
specific immune cells such as DCs, is not known but could represent an important therapeutic
target for enhancement of endogenous IFN production in an effort to control HCV infection.

Insights from Gene Expression Analyses in Chimpanzees
(Dr. Robert Lanford, Southwestern Foundation for Biomedical Research)

The chimpanzee model permits prospective analyses of gene expression responses to HCV
infection and antiviral therapy in both the peripheral blood and the liver. With microarray
technology, elevated hepatic ISG expression was found during the acute phase of HCV
infection in chimpanzees, which disappeared upon resolution of infection.45 Chimpanzees with
chronic infection had persistently elevated ISG levels in the liver, which were indicative of
continuing endogenous production of IFN-α/β. Microarray analyses of chimpanzees without
HCV infection treated with IFN-α reveal up-regulation of more than 1000 genes. The response
to IFN-α was tissue-specific, with many genes differentially induced between liver and
peripheral blood mononuclear cells (PBMCs), only ~200 genes being commonly induced in
both sites. Most ISG mRNAs reached highest levels within 4 hours after peginterferon
administration and returned to baseline by 24 hours despite high levels of peginterferon
detected in blood, suggesting a rapid negative feedback that shuts off IFN effects.46 In contrast
to noninfected animals, HCV-infected chimpanzees had meager increases in mRNAs of typical
ISGs in the liver after peginterferon administration. These results indicate that the up-regulation
of ISGs during chronic HCV infection may blunt the response to exogenously administered
IFN-α (ISGs may already be maximally stimulated) and account for the lack of an apparent
response to IFN-α–based antiviral therapy in some patients.

IFN Responses in Peripheral Blood and Liver in the HCV-Infected Chimpanzee
(Dr. T. Jake Liang, National Institutes of Health)

Chimpanzees with and without HCV infection have been studied for intrahepatic and PBMC
responses to type I and II IFNs (human IFN-α, IFN-γ, and consensus IFN).47 Quantitative real-
time polymerase chain reaction was performed to evaluate the expression of ISGs in both
PBMC and liver and to compare the responses to IFNs between naive and HCV-infected
chimpanzees. The in vivo responses to all three IFNs were lower in the HCV-infected
chimpanzees than uninfected chimpanzees. This defect was particularly evident in the liver,
as induction of hepatic ISGs was barely detectable in the infected animals even after maximal
doses of IFNs (Fig. 3). Although the basal levels of hepatic ISG expression were higher in
HCV-infected than uninfected animals, these increased basal levels did not account entirely
for the lack of ISG induction because the absolute levels of ISGs after IFN treatment were
substantially lower in infected than uninfected animals. Consistent with the lack of detectable
IFN response, there was little or no change in HCV RNA levels of infected animals after
treatment. These data indicate a defective response, particularly in the liver, to IFN-based
therapies in HCV-infected chimpanzees.

In subsequent studies, the hepatic expression of IFN signaling components and inhibitory
regulators including suppressor of cytokine signaling 3 (SOCS3) was assessed.47 Following
IFN administration, the expression of SOCS3 was significantly up-regulated in the liver of
HCV-infected chimpanzees. SOCS3 expression was also evaluated in the liver of HCV-
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infected patients undergoing IFN-α treatment and showed a similar pattern that was associated
with treatment response. The defective hepatic response to IFN in HCV-infected chimpanzees
is probably mediated by the activation of SOCS3 and may partly explain the nonresponse of
many HCV patients to IFN-α–based therapy.

Hepatic Gene Transcriptional Profiles in Humans with Chronic Hepatitis C
(Dr. Ian McGilvray, University of Toronto)

The liver transcriptional profiles as well as their correlation with response to antiviral therapy
in humans with HCV infection have been characterized. Patients with chronic hepatitis C
demonstrated a distinct pattern of gene up-regulation, the genes most commonly affected being
the ISGs and immune response genes. To evaluate the discriminatory value of gene expression
patterns between responders and nonresponders to IFN-α–based therapy, pretreatment liver
biopsies were analyzed by microarray.48 In an unsupervised cluster analysis, a set of 18 genes,
most of them being well-known ISGs, separated responders from nonresponders (Table 1). Of
the 18 genes, 8 were particularly accurate in classifying treatment response in genotype 1
infection. Subsequent analysis of a larger, independent cohort of patients undergoing treatment
demonstrated a positive predictive value of 93% for treatment response. Of these 8 genes,
ISG15 and ubiquitin specific peptidase 18 (USP18) have been further studied in a tissue culture
model of HCV infection.49 USP18 is a cysteine de-ubiquitinase that cleaves ISG15, a ubiquitin-
like molecule, from its target. Down-regulation of USP18 was shown to enhance IFN-α/β
responses in inhibiting HCV replication in vitro. The mechanism of action appears to be linked
to heightened STAT1 activation.

Changes in Gene Expression During Peginterferon and Ribavirin Therapy in Humans
(Dr. Jordan Feld, National Institutes of Health)

The changes in hepatic gene expression during antiviral therapy are difficult to study in humans,
as they require repeat liver biopsies performed before and during therapy. An alternative is to
study separate cohorts of patients undergoing liver biopsy at different times, before or during
therapy.50 The latter approach was used to assess intrahepatic gene expression in response to
IFN-α therapy in three groups of matched patients with HCV genotype 1 infection: (1) those
undergoing routine liver biopsy before therapy, (2) a group that received a single injection of
peginterferon 24 hours before liver biopsy, and (3) a group that received 3 days of ribavirin
therapy in addition to peginterferon given 24 hours before biopsy. By pooling results from
adequate numbers of patients, the separate effects of peginterferon alone and peginterferon
with ribavirin could be assessed. Patients from all three groups were then treated in a standard
fashion, and their responses were characterized as rapid or slow on the basis of 28-day decreases
in HCV RNA levels of less or greater than 2 log10 IU/mL. Known ISGs were induced in all
treated patients. In the pretreatment group, slow responders had higher pretreatment ISG
expression than rapid responders; these findings are similar to those reported previously (Table
1). On treatment, both slow and rapid responders had similar absolute ISG expression, but
when it was corrected for baseline expression with the pretreatment group, rapid responders
had a greater increase in ISGs, whereas slow responders exhibited greater increases in IFN-
inhibitory pathways. Patients pretreated with ribavirin had heightened induction of IFN-related
genes as well as down-regulation of genes involved in IFN inhibition and hepatic stellate cell
activation (Table 2). Thus, ISG inducibility appears to be important in determining treatment
response, and ribavirin may improve treatment outcome by enhancing hepatic gene responses
to IFN-α/β. Collectively, these data indicate that ISGs are induced during chronic HCV
infection and suggest that there is a block in the ability of ISGs to effectively clear viral
infection. The nature and location(s) of this block remain to be elucidated.
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Changes in Gene Expression with IFN-α Therapy
(Dr. Milton Taylor, Indiana University)

Studies in the chimpanzee model have shown that HCV-infected animals have a blunted
response to peginterferon, particularly in the liver.46,47 There have been few studies of gene
array expression with IFN-α therapy in human patients. Optimally, studies of IFN-signaling
responses and antiviral action against HCV should be conducted on human liver tissue, but the
difficulty of obtaining liver samples on multiple occasions before, during, and after therapy
makes this approach impractical.48 For these reasons, in the Virahep-C study, the effects of
IFN-α therapy on gene array expression were evaluated in PBMCs.36 A total of 69 patients
were studied, stratified by race and peginterferon response (marked, intermediate, or poor viral
response at 28 days). Within 1 to 2 days, approximately 300 genes were modified by 2-fold or
more (up-regulated or down-regulated).51 No distinction in IFN-induced gene expression was
identified by race or gender. However, fewer genes were modified in patients with a poor
response in comparison to those with a marked or even intermediate viral response. Classic
ISGs increased rapidly and remained elevated for the entire 28-day period in marked
responders. In poor viral responders, ISGs were also induced but at significantly lower levels
than in marked or intermediate viral responders at all time points. There was no single ISG that
correlated with response or nonresponse; the decrease in gene induction among poor responders
was global and appeared to affect the major ISGs equally. With mathematical models, a cluster
of 36 genes was identified that correlated with changes in viral titer during therapy.

Thus, poor responders to IFN-based therapy of HCV infection appear to have a global defect
in intracellular IFN-α/β signaling that is, at least in part, also reflected in gene expression by
PBMCs during therapy. The defect is most likely in the induction of IFN-α/β responses and
may be due to deficient IFN receptor number or activity, defective Jak-Stat signaling, or
decreased TLR activated IRF-7 binding to DNA.

Host Cell Gene Expression During HCV Infection
(Dr. Michael Katze, University of Washington)

Studies of protein expression in patients with chronic hepatitis C reveal increases in many
specific ISG products as well as a wide array of other proteins involved in apoptosis,
inflammation, lipid metabolism, and cell cycle control. With functional genomics and high-
throughput protein profiling of HCV liver transplant patients, specific gene signatures were
identified that characterized re-infection of the graft, whereas others were associated with rapid
disease progression.52 A “high” ISG response was consistently associated with lesser degrees
of fibrosis during follow-up after liver transplantation. These findings suggest that endogenous
IFN and ISG production protect against disease progression.

Ribavirin: Mechanism of Action
Clinical Insights

(Dr. Jean-Michel Pawlotsky, University of Paris)

The addition of ribavirin to IFN-α–based regimens produces dramatic improvement in SVR
rates among patients with chronic hepatitis C. Clinically, ribavirin appears both to increase the
end-of-treatment response rate and to decrease the subsequent relapse rate. The mechanism by
which this effect occurs has not been elucidated. Several hypotheses for the mechanism of
action of ribavirin have been proposed (Fig. 4): (1) a direct antiviral effect against the HCV
RNA–dependent RNA polymerase; (2) depletion of intracellular guanosine triphosphate (GTP)
pools through its action as an inhibitor of inosine mono-phosphate dehydrogenase (IMPDH);
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(3) induction of misincorporation of nucleotides by the viral RNA polymerase, leading to lethal
mutagenesis and production of virus with diminished infectivity; and (4) alteration in the T
helper cytokine balance from a Th2 profile to a more antiviral Th1 profile.

In clinical trials of monotherapy, ribavirin produces only a very modest and transient decrease
in HCV RNA levels (0.5 log decline at days 2-3). When combined with standard IFN-α,
ribavirin appears to increase the second phase decline in HCV RNA levels; however, this effect
is slight and is not observed when standard IFN is given daily or peginterferon is used. These
results suggest that ribavirin does not have direct antiviral activity against HCV. Although
ribavirin is an IMPDH inhibitor, there is little clinical data to support this mechanism of action.
Other IMPDH inhibitors have failed to demonstrate antiviral activity in vivo against HCV either
alone or in combination with ribavirin.53 The “lethal mutagenesis” hypothesis is frequently
cited as the mechanism of action of ribavirin, but human studies have been contradictory in
detection of this effect. In a study of 11 patients receiving ribavirin (1000-1200 mg daily) alone
or in combination with IFN-α for 28 days, sequencing of multiple clonal isolates from patients
revealed no increase in mutation frequency, error generation rate, entropy, or genetic distance
between samples over time, suggesting that overt mutagenesis does not occur in vivo at
conventional doses. Other human studies have suggested mutagenic effects for ribavirin in
vivo but only at early time-points.54,55

Mutagenic Effects
(Dr. Julie Pfeiffer, University of Texas Southwestern)

In studies using HCV replication models, mutagenic effects of ribavirin have been identified
by several54,56-60 but not all authors.61 When infectivity was used as a functional readout for
mutagenesis, diminished infectivity was found with ribavirin treatment of HCV cultures.58,
60 The concentrations of ribavirin needed to achieve mutagenic effects were high (up to 400
uM) and may exceed those achieved in vivo. These concentration differences may help to
explain the discordance observed between cell culture and human studies54,55,62-67 (Table 3).
The studies done on human samples were often limited by the circumscribed nature of the viral
genomic regions sampled and the lack of a functional assay for the sequences identified.
Furthermore, nonviable sequences may have been selected out and not identified among those
found in the circulation. Only with improved ability to cultivate individual isolates to perform
genotype-phenotype correlations can the issue be more completely resolved. In the meantime,
further study of ribavirin in the only available infectious HCV model, JFH-1, could address
the matter in vitro.

Immunomodulatory Effects
(Dr. Gary Levy, University of Toronto)

The immunological effects of ribavirin have been studied in the mouse model of fulminant
hepatitis caused by mouse hepatitis virus 3 (MHV-3). In this model, ribavirin therapy attenuates
the macrophage inflammatory cyto-kine response to MHV-3.68 More importantly, ribavirin
has marked effects on the adaptive immune response by augmenting Th1 cytokine production
and inhibiting Th2 IL-4 production. Ribavirin also lowered numbers of T regulatory cells and
their associated cytokines, and this suggests another means by which adaptive immunity is
promoted. Interestingly, the finding of restoration of STAT-1 patterns after ribavirin therapy
back to those seen in MHV-3–resistant animals suggests that ribavirin also alters innate
immunity.69 More recently, by the coupling of ribavirin to a macromolecular carrier to enhance
hepatocyte delivery, further attenuation of fulminant hepatitis and inhibition of MHV-3
replication were achieved.70 The mechanism by which ribavirin alters Th cytokine responses
remains to be clarified, but these data suggest a possible link between ribavirin and IFN-α/β
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immunomodulatory properties and offer a mechanistically plausible basis for the consistent
observation that ribavirin given as monotherapy can improve liver chemistries and when given
with IFN-α can decrease clinical relapse rates. Further study to clarify the vigor of cellular
immune responses to HCV in the presence of ribavirin will help to address this hypothesis.

IMPDH Inhibitors and HCV Replication
(Dr. Jongdae Lee, University of California, San Diego)

Ribavirin is an IMPDH inhibitor, and some of its effects may be mediated by depletion of
intracellular GTP levels through inhibition of the purine salvage pathway. Clinical studies of
other IMPDH inhibitors have shown little evidence of antiviral activity. IMPDH inhibitors,
however, may have other actions that affect HCV replication and disease. SM360320, a ligand
of TLR7, an important intracellular sensing mechanism for pathogens, can induce anti-HCV
activity not only through induction of IFN-α/β, a known effect of TLR7 signaling, but also
through IFN-independent means. In cell culture studies, IMPDH inhibitors such as mizoribine,
although not directly TLR7 ligands, appeared to enhance TLR7 signaling through NF-κB and
IRF-7 and did so through depletion of GTP pools because this effect was reversible with
restoration of GTP. Furthermore, the addition of SM360230 to mizoribine produced a strong
antiviral effect, and this suggests that IMPDH inhibition has beneficial effects on signaling
events upstream of IFN-α/β induction. Like SM360230, ribavirin had similar effects on TLR7
signaling in innate immune cells and anti-HCV activity in replicon cells. These results suggest
that IM-PDH inhibitors may enhance the antiviral activities of TLRs, provided they are not
toxic or immunosuppressive (for example, mycophenolate). These findings may also help to
explain the observed induction of ISGs by ribavirin in microarray studies of human liver tissue
as well as its observed immunomodulatory effects. More importantly, how these pathways
synergize with TLR signaling pathways will provide insights into how ribavirin enhances IFN-
α effectiveness in HCV.

Effects of Ribavirin on Viral Kinetics During IFN Therapy
(Dr. Alan Perelson, Los Alamos National Laboratory)

Viral kinetic studies during IFN-α therapy of chronic hepatitis C have defined two phases of
viral decline: a rapid, initial first phase, which is believed to reflect antiviral efficacy of IFN-
α, and a more delayed and slower second phase, which is believed to reflect eradication of
virus-infected hepatocytes. In several studies, ribavirin has been found to have little or no effect
on the first phase of viral decline but to enhance the second phase, particularly when IFN-α
effectiveness is limited.71 These findings support a theoretical model wherein ribavirin,
through its mutagenic actions, lowers HCV fitness, thereby inducing an increased eradication
of infected hepatocytes. This mechanism of action would cause a steeper second phase decline,
reflecting the balance between de novo infection and loss of infected cells. Diminished fitness
in the presence of ribavirin would be particularly apparent when IFN-α effectiveness is low
because viral production would be incompletely arrested. Convincing in vivo evidence for this
phenomenon is lacking, but there are no good in vitro assays for HCV fitness. Other
mechanisms of action of ribavirin do not support the viral kinetic findings or lethal mutagenesis,
but the possible effects of ribavirin on TLR7 or IFN-α/β signaling pathways are alternative
explanations that merit further evaluation.

Effects of HCV Small-Molecule Inhibitors on IFN Actions
(Dr. John Alam, Vertex Pharmaceuticals)

Recently, several novel small molecules have been developed that demonstrate potent activity
against HCV in vitro and in vivo.72 Most promising among these are specific inhibitors of the
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HCV NS3 protease. Because the NS3/4A protease appears to contribute to HCV’s subversion
of IFN activation by inactivating IPS-1, inhibition of NS3/4A may have dual effects.13 In pilot
studies on the use of telaprevir (VX950), an HCV NS3/4A protease inhibitor, PBMCs were
taken from patients before and during therapy to assess gene expression profiles comparing
patients receiving peginterferon alone to those receiving the combination of peginterferon and
telaprevir.73 Within 12 hours of starting therapy, expression levels of 532 genes were modified
significantly (397 up-regulated and 135 down-regulated) in patients receiving peginterferon
alone, and 59% of the genes overlapped with published ISGs. By days 7 and 14 of treatment,
at a time when HCV RNA levels had fallen by >4 log10 IU/mL in the combination-treated
patients but by only 1 log10 IU/mL in the peginterferon-treated patients, 237 of these genes
were differentially expressed in PBMCs. Importantly, many ISGs remained up-regulated to a
greater extent with combination therapy than monotherapy (Fig. 5). These preliminary results
require confirmation and clinical correlation. They nonetheless suggest that inhibition of the
NS3 protease releases the HCV-mediated inhibition of IFN action that contributes to
nonresponse.

Conclusions and Future Directions
The basis for nonresponse of chronic HCV to IFN-α and ribavirin therapy has until recently
remained enigmatic. However, a great deal has been learned recently regarding interactions
between the virus and host to suggest the bases for nonresponse. The virus has evolved
extraordinary mechanisms to counteract both the innate and adaptive immune and
proinflammatory responses that likely contribute to both persistence and limitations in
responsiveness to exogenous antiviral therapy. Viral subversion of steps both upstream of IFN
induction and downstream, including IFN-α/β signaling, ISG function, and DC and T cell
responses, has now been well described. Similarly, it appears that there exist host constraints
to IFN response as well. Evidence from gene array studies in chimpanzees and humans
indicates that the nonresponder patient has a strongly induced intrahepatic repertoire of ISGs,
suggesting that this up-regulation may blunt subsequent responsiveness to exogenous IFN and/
or that there are downstream blocks to IFN action. SOCS3 and other ISGs involved in
suppression of IFN actions may be important mediators of this nonresponse. Groups with
limited response rates to IFN-α and ribavirin therapy, such as African Americans, may have
both host genetic and environmental (insulin resistance) bases for their inferior response rates.
Ribavirin’s mechanisms of action are not well understood. Although some clinical studies
suggest transient increases in the HCV RNA mutation rate, convincing evidence for lethal
mutagenesis in vivo is thus far lacking. More recent data support an immunomodulatory role
for ribavirin, insofar as it appears to enhance sensitivity to IFN-α action.

Further research will be required to address several un-answered questions. Better correlation
between in vitro and in vivo findings is necessary. In this regard, further study of IFN signaling
and the effects of IFN-α therapy on the only robust infectious HCV tissue culture model (JFH1
clone) is warranted. In addition, further work on gene and protein expression in response to
IFN-α treatment is needed to identify differences in ISG repertoires between responder and
nonresponder patients. Comparisons between host responses to virus and to treatment in
patients with the profoundly IFN-sensitive genotypes 2 and 3 and those with genotype 1 will
help to clarify what features define an impaired response. Similarly, comparisons of responses
between patients with acute hepatitis C, who also have excellent response rates, and those with
chronic infection will also help to address this question. Studies that compare responses of
HCV to IFN-α with other viral infections such as HBV will also provide insight into HCV-
specific perturbations to the IFN response. Finally, further study of the impact of ribavirin and
other HCV-specific agents, including NS3/4A inhibitors, on the IFN response will shed further
light on the mechanisms of action of these agents. It is essential that the findings of these studies
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be rapidly translated into potential means of increasing the efficacy of IFN-α therapy in
hepatitis C.
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Abbreviations

CBP CREB binding protein

cDNA complementary DNA

DC dendritic cell

dsRNA double-stranded RNA

FADD Fas associated protein with death domain

GMP guanosine monophosphate

GTP guanosine triphosphate

HBV hepatitis B virus

HCV hepatitis C virus

IFN interferon

IFN-α interferon alpha

IFN-α/β interferon alpha and beta (type 1 interferon)

IFNαR interferon alpha receptor

IFN-γ interferon gamma (type 2 interferon)

IKK I kappa B kinase

IL interleukin

IMPDH inosine monophosphate dehydrogenase

IPS-1 interferon beta promoter stimulator-1 (also known as MAVS, Cardif, and
VISA)

IRF interferon regulatory factor

ISG interferon-stimulated gene

ISRE interferon-stimulated response element

Jak Janus kinase

MDA5 melanoma differentiation–associated protein 5

MHV-3 mouse hepatitis virus 3

mRNA messenger RNA

NF-κB nuclear factor kappa B

NIDDK National Institute of Diabetes and Digestive and Kidney Diseases

NIH National Institutes of Health

NK natural killer
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NR nonresponder

NS nonstructural

OAS 2′,5′-oligoadenylate synthetase

PAMP pathogen-associated molecular pattern

PBMC peripheral blood mononuclear cell

PIAS protein inhibitor of activated signal transducer and activator of transcription

PKR protein kinase R

PP2A protein phosphatase 2A

RDP ribavirin diphosphate

RdRp RNA-dependent RNA polymerase

RIG-I retinoic acid–inducible gene I

RIP-1 receptor interacting protein 1

RMP ribavirin monophosphate

RR rapid responder

RTP ribavirin triphosphate

SAMe S-adenosyl methionine

SOCS suppressor of cytokine signaling

SR slow responder

STAT signal transducer and activator of transcription

SUMO1 SMT3 suppressor of mif two 3 homolog 1

SVR sustained virological response

TBK1 TANK-binding kinase 1

Th1 T helper 1

Th2 T helper 2

TLR toll-like receptor

TNF tumor necrosis factor

TRAF6 tumor necrosis factor receptor–associated factor 6

TRIF Toll-like receptor adaptor protein

Tyk2 tyrosine kinase 2

USP18 ubiquitin specific peptidase 18
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Fig. 1.
The host innate response to HCV infection. dsRNA indicates double-stranded RNA; HCV,
hepatitis C virus; IFN, interferon; IKK-ε, I kappa B kinase ε; IRF, interferon regulatory factor;
ISG, interferon-stimulated gene; Jak, Janus kinase; PAMP, pathogen-associated molecular
pattern; RIG-I, retinoic acid-inducible gene I; STAT, signal transducer and activator of
transcription; TBK1, TANK-binding kinase 1; TLR3, toll-like receptor 3; and Tyk2, tyrosine
kinase 2. Adapted from Nature 2005;436:939.
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Fig. 2.
HCV subversion of IFN activation and signal transduction: (A) HCV NS3-4A blocks IFN
induction at multiple levels and (B) HCV blocks IFN signal transduction. CBP indicates CREB
binding protein; FADD, Fas associated protein with death domain; HCV, hepatitis C virus;
IFN, interferon; IKK, I kappa B kinase; IL, interleukin; IPS-1, interferon beta promoter
stimulator-1; IRF, interferon regulatory factor; ISG, interferon-stimulated gene; ISRE,
interferon-stimulated response element; Jak, Janus kinase; MDA5, melanoma differentiation–
associated protein 5; NF-κB, nuclear factor kappa B; NS, nonstructural; PIAS, protein inhibitor
of activated signal transducer and activator of transcription; PP2A, protein phosphatase 2A;
RIG-I, retinoic acid-inducible gene I; RIP-1, receptor interacting protein 1; SOCS, suppressor

Chung et al. Page 22

Hepatology. Author manuscript; available in PMC 2009 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of cytokine signaling; STAT, signal transducer and activator of transcription; TBK1, TANK-
binding kinase 1; TLR3, toll-like receptor 3; TRAF6, tumor necrosis factor receptor-associated
factor 6; TRIF, Toll-like receptor adaptor protein; and Tyk2, tyrosine kinase 2. Adapted from
Nature 2005; 436:939.
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Fig. 3.
Defective hepatic responses to IFN in HCV-infected chimpanzees. Intrahepatic ISG responses
to exogenous IFN treatment were analyzed in chimpanzees. The ISGs studied were Mx1,
OAS1, IFIT1, and IFI15. Chimpanzees were administered IFN-α, IFN-γ, and consensus IFN.
Fold induction, mRNA responses were determined as a function of time after receipt of IFN
in two uninfected animals (solid lines) and two HCV-infected animals (dashed lines). HCV
indicates hepatitis C virus; IFN, interferon; ISG, interferon-stimulated gene; mRNA,
messenger RNA; and OAS1, 2′,5′-oligoadenylate synthetase 1. Adapted from
Gastroenterology 2007;132:733.
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Fig. 4.
Ribavirin: proposed mechanisms of action. GMP indicates guanosine monophosphate; GTP,
guanosine triphosphate; HCV, hepatitis C virus; IFN-γ, interferon gamma; IMPDH, inosine
monophosphate dehydrogenase; RDP, ribavirin diphosphate; RdRp, RNA-dependent RNA
polymerase; RMP, ribavirin monophosphate; RTP, ribavirin triphosphate; Th1, T helper 1; and
Th2, T helper 2. Adapted from Nature 2005;436:967.
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Fig. 5.
Induction of ISGs by the HCV NS3/4A inhibitor telaprevir. A histogram of the fold changes
shows that that most of the genes that are up-regulated on treatment with IFN (gray bars)
continue to maintain higher expression levels when treated with telaprevir versus those treated
with placebo. A small number of these genes show an almost 4-fold difference. Similarly, a
small number of genes are down-regulated with IFN (black bars), and on subsequent treatment
with telaprevir, these genes continue to show depressed expression levels in comparison with
patients who received the placebo. HCV indicates hepatitis C virus; IFN, interferon; ISG,
interferon-stimulated gene; and NS, nonstructural.
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Table 1
Microarray Studies of Liver Tissue in Human HCV Infection: Patterns of ISGs in
Pretreatment Liver Tissue Between SVR or RR and NR or SR (Fold Change)

SVR/NR (Chen et al.48:
Toronto: cDNA)

RR/SR (Feld et al.,50
NIH: Bethesda: Oligo)

ISG ISGs Up-Regulated in SRs Prior to Treatment

Mx 1 −1.6 −3.9

Viperin −1.8 −3.3

ISG 15 −4.4 −3.1

IFI 6-16 −2.8 −3.0

ISG 56 −2.1 −2.8

OAS 2 −3.8 −2.4

OAS 3 −2.5 −2.4

USP 18 −1.5 −1.7

Other ISGs with Similar Patterns

IFITM 1 −2.3

G1P3 −3.0

IFI 27 −3.7

IFI 35 −2.3

IFI 44 −2.7

IFIT 3 −2.6

STAT 1 −2.0

cDNA indicates complementary DNA; ISG, interferon-stimulated gene; NIH, National Institutes of Health; NR, nonresponder; OAS, 2′,5′-
oligoadenylate synthetase; RR, rapid responder; SR, slow responder; STAT 1, signal transducer and activator of transcription 1; SVR, sustained
virological response; and USP 18, ubiquitin specific peptidase 18.
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Table 2
Microarray Studies of Liver Tissue in Human HCV Infection: Patterns of IFN-Stimulated
Genes or IFN-Inhibitory Genes in Liver Tissue from Ribavirin and Peginterferon
Combination-Treated Patients Versus Peginterferon Monotherapy-Treated Patients (Fold
Change Comparing On-Treatment Versus Pretreatment)

IFN-Related ↑ Ribavirin Versus
No Ribavirin IFN-Inhibitory ↓ Ribavirin Versus

No Ribavirin

IRF 6 1.5 PP2A −3.9

IRF 7 1.7 SOCS1 −1.7

JAK 1 −2.7 SUMO1 −1.7

STAT 1 1.5 SAE1 −1.7

IFNαR1 1.3

Abbreviations: IFN interferon; IRF, interferon response factor; JAK 1, Janus kinase 1; PP2A, protein phosphatase 2A; SOCS1, suppressor of cytokine
signaling 1; STAT 1, signal transducer and activator of transcription 1; SUMO1, SMT3 suppressor of mif two 3 homolog 1; SAE1, SWMO activating
enzyme 1.
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Table 3
Studies of Ribavirin-Related Viral RNA Mutagenesis

Evidence for Ribavirin-Induced
Mutagenesis

Evidence Against Ribavirin-Induced
Mutagenesis

Replicon system Replicon system

 Contreras et al.56*  Kato et al.61*

 Lanford et al.58†

 Zhou et al.60†

 Tanabe et al.59*

 Kanda et al.57*

 Hofmann et al.54*

Patient samples Patient samples

 Young et al.62‡  Lee et al.64‡§

 Asahina et al.63‡§  Sookoian et al.65

 Hofmann et al.54‡§  Querenghi et al.66‡

 Lutchman et al.55‡§  Schinkel et al.67§

*
Sequencing.

†
Functional assay.

‡
RBV monotherapy.

§
Early time point.
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