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pathogen or the development of severe disease. This article reviews how gene expression studies are
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addressing important clinical issues related to hepatitis C virus infection, in which some 15-25% of
infected individuals are able to clear the virus without treatment, while the remainder progress to chronic
liver disease that can lead to cirrhosis and death. Similar methods are also being used in an effort to
identify the mechanisms underlying the failure of some hepatitis C patients to respond to interferon-
a/ribavirin therapy. By providing a detailed picture of virus-host interactions, high-throughput genomics
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Microarray could potentially lead to the identification of novel cellular targets for the treatment of hepatitis C.
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1. Introduction: hepatitis C virus infection and liver disease

Hepatitis C virus (HCV), a blood-borne pathogen belonging to
the Flaviviridae family, is a major cause of chronic hepatitis, pro-
gressive liver disease and hepatocellular carcinoma (Table 1) (Alter,
2007; Alter et al,, 1992). Exposure to HCV has a variety of out-
comes, ranging from spontaneous clearance of the virus to chronic
infection and cirrhosis. The majority of patients develop persistent
infection and approximately 20-30% of them will develop some
form of liver disease. However, even among these patients, the clin-
ical manifestations of HCV infection are highly variable, ranging
from mild hepatitis to rapidly progressive fibrosis/cirrhosis. Cur-

Table 1
Hepatitis C: the basics.

Virus classification
and structure

Hepatitis C virus (HCV) is the only member of the
genus Hepacivirus in the family Flaviviridae. There
are 6 major HCV genotypes; about 80% of patients
in the US have genotype 1. The 9.6 kb
single-stranded, positive-sense RNA genome
encodes a single open reading frame flanked by 5’
and 3’ untranslated regions.

A number of hepatocyte surface molecules,
including CD81 tetraspanin, scavenger receptor
class B type I (SR-BI), claudin-1, mannose-binding
lectins DC-SIGN and L-SIGN have been identified as
putative HCV receptors or co-receptors. Upon entry
and uncoating of the virion, the plus-sense viral
genome acts as messenger RNA. Translation is
initiated at an internal ribosome entry site (IRES)
located within the 5" UTR. The 3011 amino acid
polyprotein is then co- and post-translationally
cleaved into the viral structural and non-structural
proteins both by host signal peptidases and viral
proteases. HCV structural proteins include the
nucleocapsid core (C) and two envelope
glycoproteins, E1 and E2. The non-structural
proteins include a zinc-dependent metalloprotease
encoded by the NS2-NS3 region, an NS3 serine
protease-RNA helicase along with the NS4A
peptide cofactor of NS3 protease activity, the NS4B
phosphoprotein, and p7. The replicase complex
includes the NS5A protein and the NS5B
RNA-dependent RNA polymerase which is
responsible for catalyzing viral RNA replication.
HCV infects only humans. There are no approved
vaccines. The virus is transmitted through blood
transfusion, injecting drug use or other types of
direct blood contact. Nearly 200 million people are
infected worldwide. In the United States, there are
estimated to be some 3.2 million infected persons,
with about 20,000 new cases a year. Rates of HCV
infection are higher among people infected with
HIV.

A minority of patients develops mild, nonspecific
symptoms during the months following infection,
but most remain asymptomatic. Some 15-25% of
patients are able to eliminate the virus without
treatment. Chronic HCV infection is diagnosed on
the basis of anti-HCV antibodies, PCR testing for
circulating virus and the detection of abnormal
liver function. The CDC estimates that for each 100
people with HCV, 75-80 will become chronically
infected, 60-70 will develop liver disease, 5-20 will
develop cirrhosis over a period of 20-30 years, and
1-5 will die of the consequences of viral infection.
Antiviral therapy is initiated when progressive
disease is indicated by biopsy and abnormal liver
function tests. Current therapy consists of a
combination of pegylated interferon-o and
ribavirin. Patients with genotypes 2 and 3 have a
60-80% response (disappearance of detectable
HCV RNA in serum) to either a 24- or 48-week
course of combination therapy, while the rate is
30-50% for genotype 1.

Infection cycle

Epidemiology

Clinical course

Antiviral therapy

rent treatment is limited to combination of PEG-IFN-«/ribavirin
therapy which is associated with severe side effects, high cost and
low efficacy in patients infected with HCV genotype 1. With nearly
200 million people infected worldwide and no available vaccine,
HCV represents a significant health problem and is now the leading
indicator for liver transplantation in the United States and West-
ern Europe. Through the use of in vitro model systems, including
subgenomic and genomic replicons as well as the recently devel-
oped HCV 2a-infection system (Zhong et al., 2005; Heller et al.,
2005; Lindenbach et al., 2005, 2006; Wakita et al., 2005) has been
learned much about the molecular biology of HCV since its identi-
fication in 1989 as the cause of non-A, non-B hepatitis (reviewed in
Lindenbach and Rice (2005)).

Several areas of HCV research have been the focus of intense
investigation for a number of years. This includes elucidating
the immune responses underlying viral persistence/clearance, in
particular identifying the parameters associated with protective
immunity as well as the mechanisms by which HCV evades host
immune responses. Another important area of research has been
focused on studying the mechanisms of liver injury associated
with HCV infection. Elucidating the exact cellular mechanisms
underlying HCV pathogenesis has proven to be extremely chal-
lenging due to the lack of appropriate model systems. Currently,
liver biopsies remain the “gold standard” to diagnose and moni-
tor liver disease progression in patients, a procedure that is both
invasive and expensive. A better understanding of how HCV infec-
tion induces liver damage will ultimately aid in the identification of
biomarkers that could be used to both predict liver disease devel-
opment and also to assess severity of liver disease in patients
without the need for biopsy. Insight into the cellular pathways
required for HCV replication and/or liver injury will also lead to
the identification of novel therapeutic targets to be used in com-
bination with current therapies. Finally, the host and viral factors
responsible for the poor response rate to PEG-IFN-«/ribavirin ther-
apy in patients remain undefined. Understanding the molecular
mechanisms responsible for treatment failure as well as identify-
ing markers that will accurately predict patient response would
greatly improve patient care and perhaps eliminate unnecessary
treatment.

This review will highlight how the use of high-throughput func-
tional genomics is being utilized to study HCV infection. After
briefly reviewing the types of model systems used for genomic anal-
ysis, this article will focus on the contribution genomics has made
in addressing the following clinical questions:

e Why do most patients fail to clear HCV infection following initial
exposure?

e Why does a subset of HCV patients develop severe liver disease?

e Why do some patients fail to respond to IFN-ribavirin therapy?

Finally, this manuscript will also highlight how these insights
could potentially lead to the development of novel therapeutics for
treatment of chronic HCV infection.

2. Genomics studies of HCV infection

Microarray technology is a powerful tool that allows the gen-
eration of extensive amounts of data from limited quantities of
biological material without the need for pre-conceived ideas about
what is important. It also provides a very global perspective of
the molecular events associated with a particular disease state,
something in which traditional research methods such as immuno-
histochemistry or confocal microscopy cannot achieve. This is
particularly useful when studying HCV pathogenesis which likely
involves a combination of direct HCV-mediated effects, virus-host
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interactions involving multiple cell types, and immune responses.
Although analysis of such complex data presents certain challenges,
there are now useful commercial and publicly available software
which facilitate both analysis and presentation of gene expression
data.

2.1. Human liver biopsies

Although there are animal models of HCV replication and
infection, no actual model of HCV-associated liver disease exists.
Furthermore, the extensive variation in clinical manifestations of
chronic HCV infection indicates that host genetic factors influence
disease severity and so utilizing model systems which lack this
genetic heterogeneity are not necessarily ideal. Microarray studies
aimed at investigating the host response to HCV infection and its
relationship to disease or IFN therapy response are therefore mainly
restricted to human clinical samples. Core needle liver biopsies
have been extensively utilized for global transcriptional profiling of
the host response to HCV infection from a variety of disease states
including fibrosis, cirrhosis and hepatocellular carcinoma. While
such samples are of obvious clinical relevance, they are of limited
quantity and are comprised of a complex mixed cell population
including hepatocytes, immune cells and sinusoidal endothelial
cells.

2.2. Chimpanzees

Although HCV can cause persistent infections in chimpanzees,
albeit at a lower rate than in humans, it is not associated with signif-
icant liver disease such as fibrosis/cirrhosis. It is currently unclear
whether this is due to specific differences in host response or is sim-
ply an observational error, due to the small number of animals and
lack of long-term follow-up. Despite these challenges, transcrip-
tional profiling of hepatic tissue from HCV-infected chimpanzees
has provided new insights into immune responses associated with
either acute self-resolving or persistent infection.

2.3. The chimeric SCID-Alb/uPA mouse model

For many years, progress in the HCV field has been hindered
by a lack of a small animal model, in which, to study both viral
infection/replication and for antiviral screening. A significant break-
through came with the development of the SCID-Alb/uPA mouse
model (reviewed by Meuleman and Leroux-Roels (2008)). These
animals are derived by transplantation of normal human hepato-
cytes into SCID mice carrying a plasminogen activator transgene
(Alb-uPA) (Mercer et al., 2001; Meuleman et al., 2005; Hsu et al.,
2003; Lindenbach et al., 2006). Progressive depletion of the mouse
hepatocytes as a result of the transgene provides an opportunity for
the human hepatocytes to engraft and regenerate the mouse liver.
The resulting human-mouse chimeric liver can then be infected
with either HCV or HBV. While the absence of fibrosis in these ani-
mals makes the model unsuitable for the study of HCV-associated
fibrogenesis, there are still significant advantages over in vitro sys-
tems in that it represents an in vivo infection in primary human
hepatocytes, all HCV proteins are expressed at biologically rele-
vant levels, and infectious virions are assembled and released from
hepatocytes.

Perhaps the most valuable attribute of the model is the unique
opportunity to characterize the host response to infection in mul-
tiple donor hepatocytes while at the same time having control
over both viral inoculum and duration of infection. This will
undoubtedly shed insight into genetic factors contributing to the
variation in global gene expression profiles observed in microarray
experiments from patient liver tissue. The model is also valu-
able for discerning direct virus-mediated transcriptional changes

from immune-mediated effects, something which is extremely
difficult to do with gene expression studies using patient biop-
sies.

3. Why do most patients fail to clear HCV infection?

To date, traditional immunological and molecular biology tech-
niques have suggested that viral persistence is associated with
impairment of cellular immune responses through a variety of
mechanisms while spontaneous clearance is associated with a
vigorous, multi-epitope T-cell response (reviewed in Rehermann
(2007), Rehermann and Nascimbeni (2005), and Shoukry et al.
(2004)). The role of the humoral immune response and neutral-
izing antibodies in protective immunity remains unclear (reviewed
in Keck et al. (2008), Zeisel et al. (2007), and Stamataki et
al. (2008)). However, these studies typically utilized peripheral
immune cells and it is not clear how the function of periph-
eral and liver-infiltrating immune cells parallel to each other.
Furthermore, they are not able to easily ascertain the role of
hepatocyte innate immunity in HCV infection outcome. The fol-
lowing sections will outline the role microarray technology has
played in characterizing persistent versus self-resolving HCV infec-
tions.

3.1. Intrahepatic gene expression profiles in chimpanzees

Chimpanzees have been especially useful for studying sponta-
neous viral clearance. Because patients are rarely identified during
the very acute phase following exposure to HCV, such studies
are difficult to conduct using human cohorts. Su et al. (2002)
examined the host transcriptional response in liver tissue from
acutely infected chimpanzees and found that HCV clearance was
specifically associated with increased expression of interferon-y-
inducible genes. Whether this is related to the direct antiviral
activities of interferon-y or simply representative of a more vig-
orous T-cell response is unclear. Increased expression of genes
associated with T-cell recruitment, antigen processing, and pre-
sentation were also specifically associated with viral clearance.
Interestingly, the induction of these genes is associated with higher
levels of viremia during the acute phase of infection compared with
that observed in an animal which developed a persistent infection.
This suggests that a threshold level of viral replication is required
to induce a successful adaptive immune response. A similar study
of chimpanzees with acute HCV infection also demonstrated that
viral clearance was associated with increased expression of genes
associated with a Type 1 T-cell response, including genes known
to be induced by IFN-y (Wieland et al., 2004). Bigger et al. (2001)
found that the expression patterns of interferon stimulated genes
(ISGs) in a chimpanzee that cleared HCV were temporally distinct,
and the authors speculated that different regulatory pathways or
involvement of different cell types and interferon (Type I or II) func-
tion over time. Similar to Su et al. (2002), immune cell markers
were detected at later time points, possibly indicating infiltration
of immune cells.

It is possible that induction of an interferon-a response in early
infection plays an important role in limiting viral spread through-
out the liver, similar to what was observed using the SCID-Alb/uPA
mouse model of HCV infection (Walters et al., 2006a). Induction
of a Type II interferon response, and associated adaptive immune
response, may then eliminate the remaining HCV-infected hep-
atocytes. Interestingly, acute HBV infection in chimpanzees was
not associated with induction of ISGs, suggesting that this virus
does not induce an innate immune response at the site of infection
(Wieland et al., 2004). This may be explained by the unique repli-
cation strategy employed by hepadnaviruses where viral genome
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Fig. 1. Expression of genes associated with IFN signaling in human liver tissue from HCV-infected SCID/Alb-uPA mice. (A) Two-dimensional hierarchical clustering was done

using Resolver System software with an agglomerative algorithm, complete link heuristic
data from an individual experiment (either individual HCV-infected mouse or individual
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uninfected tissue, while black indicates no change in gene expression. In the right panel, genes whose regulation showed P-value >0.05 are shown in gray.

replication occurs within the assembled capsid, thus prevent-
ing exposure of viral nucleic acid to dsRNA signaling mediators
present in cytoplasm. Indeed, this strategy may have evolved in
an attempt for the virus to circumvent these antiviral responses.
Taken together, these results suggest that timely activation of
both innate and adaptive immune responses are important in effi-
cient elimination of HCV-infected hepatocytes in the absence of
excessive liver injury. Failure of the host to quickly mount this
protective response likely results in widespread HCV infection
throughout the liver and subsequent chronic aberrant ineffective

immune responses which fail to clear virus but instead mediate
liver injury.

3.2. HCV and the innate antiviral response

Viral infections trigger a host cell antiviral response that results
in the expression of Type 1 IFN (IFN-a/3) and subsequent induction
of ISGs. Exposure to HCV typically results in a persistent infection,
suggesting that the virus has developed mechanisms to either sup-
press the activation of innate antiviral pathways and/or to modulate



202 K.-A. Walters, M.G. Katze / Antiviral Research 81 (2009) 198-208

the antiviral activity of effector proteins. In light of this, there has
been a keen interest in studying the interaction between HCV and
the innate antiviral signaling pathways.

Products of HCV replication, including double-stranded RNA
(dsRNA) replication intermediates, can trigger the phosphorylation
and activation of IFN-regulatory factor 3 (IRF3) and NF-«k[3 which
mediate increased ISG production and establishment of an intra-
cellular antiviral state (Sumpter et al., 2004, 2005). These cellular
responses are initiated through both Toll-like receptor 3 (TLR-3)
and retinoic acid inducible gene-1 (RIG-I)-dependent mechanisms
of IRF3 activation. Consistent with the high rate of HCV persistence
in exposed individuals, the HCV serine protease, NS3/4A, can block
the phosphorylation and activation of the IRF3 transcription factor
through disruption of both these pathways (Ferreon et al., 2005;
Li et al., 2005; Foy et al., 2003, 2005; Sumpter et al., 2005). The
TLR3-dependent activation of IRF3 is blocked by NS3/4A-mediated
cleavage of Toll-IL1 receptor domain containing adaptor inducing
IFN-( (TRIF), an adaptor protein which links TLR3 to kinases respon-
sible for activating IRF3 and NF-«[3 (Li et al., 2005; Ferreon et al.,
2005). NS3/4A also disrupts the RIG-I dependent intracellular path-
way through cleavage of IPS-1 (also known as VISA, MAVS and
Cardif), the recently identified RIG-I adapter protein (Breiman et
al,, 2005; Foy et al., 2005; Sumpter et al., 2004; Kawai et al., 2005;
Loo et al., 2006; Meylan et al., 2005; Seth et al., 2005; Xu et al.,
2005).

Based on the results of these extensive studies, it would
be expected that induction of genes associated with the innate
antiviral response would be significantly impaired in livers from
chronically infected HCV patients. Intriguingly, this is in fact not the
case as all gene expression studies of HCV-infected tissue demon-
strate an active and prolonged stimulation of host innate dsRNA
and Type I IFN pathways as indicated by induction of ISGs (Bigger
et al.,, 2001, 2004; Su et al., 2002; Smith et al., 2003, 2006; Lederer
et al., 2006; Walters et al., 2006a,b; Bieche et al., 2005; Lau et al.,
2005; Helbig et al., 2005). It is speculated that not all hepatocytes
in a liver are infected and so it is feasible that the increased expres-
sion of ISGs occurs primarily in uninfected hepatocytes, induced in
response to endogenous IFN released from adjacent HCV-infected
hepatocytes. It has also been speculated that hepatocytes are not
the main source of IFN in an infected liver but rather IFN is released
from infiltrating immune cells such as plasmacytoid dendritic cells.
However, it is important to note that induction of genes associ-
ated with IFN signaling is observed in the SCID/Alb-uPA mouse
model of infection in which human immune cells are absent (Fig. 1).
Furthermore, recent transcriptional profiling of HCV 2a-infected
cultured hepatocytes revealed induction of numerous ISGs in cul-
tures with 100% infection, indicating that ISG expression occurs in
HCV-infected hepatocytes (Walters, unpublished data). It is possi-
ble that HCV-mediated antagonism of IRF-3 is incomplete or that
induction of ISGs is occurring via a separate, yet identified path-
way.

A recent study attempted to partly address these questions by
using microarray profiling and confocal microscopy to examine
the relationship between IRF-3 activation and ISG expression in
liver biopsy tissue from chronically infected patients (Lau et al.,
2008). Comparison of signal intensities of ISGs in liver samples
with and without IRF3-positive nuclei revealed a positive correla-
tion between nuclear IRF-3 and higher expression levels of innate
immune response genes, although this correlation was not always
statistically significant. However, the study did not include an anal-
ysis of ISG expression, HCV infection and IRF-3 activation within
individual hepatocytes. Such studies are obviously extremely tech-
nically challenging. One potential approach would be to utilize the
chimeric SCID-Alb/uPA mouse model and a GFP-tagged HCV which
would enable efficient separation of HCV-infected and -uninfected
cells. Microarray profiling could be then utilized to assess HCV

replication and ISG expression levels in both HCV-GFP (+) and (-)
hepatocytes.

4. Why does a subset of HCV patients develop severe liver
disease?

One of the most puzzling and poorly understood aspects of
chronic HCV infection is why only a subset of patients develops
significant liver disease while the majority remains asymptomatic
despite active on-going viral replication. Although the reasons
for the high variability in disease progression are not completely
understood, several factors are considered to increase the risk of
developing liver disease. These include alcohol consumption, co-
infection with HIV-1, exposure to chemical agents, and disorders
of iron metabolism. Inflammation associated with chronic HCV
infection is thought to contribute to the liver injury, necrosis, and
hepatic regeneration that underlie the progression to cirrhosis.
Liver cell damage in chronic HCV infection is thought to be mediated
primarily by apoptosis of HCV-infected hepatocytes (Bantel and
Schulze-Osthoff, 2003; Kountouras et al., 2003). FAS-expressing
hepatocytes are generally observed in areas of lymphocyte infiltra-
tion and it is speculated that HCV-specific T-cells migrate into the
liver, recognize viral antigen in infected hepatocytes, and induce
apoptosis of FAS-expressing hepatocytes (Hiramatsu et al., 1994;
Hayashi and Mita, 1999; Fukuzawa et al., 2001). However, liver dis-
ease progression is generally accelerated in immuno-compromised
patients, including those co-infected by HIV or taking immuno-
suppressive drugs (Garcia-Retortillo et al., 2002; Garcia-Samaniego
et al, 1997; Benhamou et al., 1999, 2001; Soto et al., 1997; Graham
et al., 2001; Berenguer et al., 2000). Hepatocyte apoptosis has also
been observed in the SCID-Alb/uPA mouse model of HCV infection,
a model system which is unable to mount an adaptive HCV-specific
immune response (Walters et al., 2006a). Finally, recent studies
have indicated a direct HCV-mediated cytopathic effect in cultured
hepatocytes through a variety of mechanisms, including ER stress
and death receptor signaling (Zhu et al., 2007; Sekine-Osajima et
al., 2008).

In light of these studies, it is likely that liver injury results
from a complex combination of viral and immune-mediated effects.
Therefore, traditional laboratory studies aimed at assessing the
association of individual genes or proteins with disease progression
have limitations with respect to elucidating cellular mechanisms of
pathology. The lack of an appropriate model system also somewhat
restricts studies to patient samples which are typically of lim-
ited quantity. Microarray technology is ideally suited for studying
virus-host interactions on samples of limited quantity, such as that
obtained by core needle biopsies, in that it allows the simultane-
ous measurement of thousands of individual genes, thus providing a
very global perspective of the host response. It is perhaps because of
these issues that the viral hepatitis field in particular has embraced
the use of high-throughput genomics technology to study viral
pathogenesis.

4.1. Gene expression profiling of the hepatic response to HCV
infection

Studies aimed at identifying the host and viral factors that influ-
ence liver disease progression will ultimately improve patient care
by helping in identifying patients who are at risk of developing
significant liver disease, thus providing an opportunity for early
therapeutic intervention. Many studies have attempted to probe
the complexities of the host response to HCV by performing global
transcriptional profiling of liver tissue from HCV-infected individ-
uals. The majority of these studies demonstrated an induction of
genes associated with immune cell activation, consistent with the
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Fig. 2. IFN-related gene expression patterns correlate with early progression to fibrosis in human patients. Expression profiles of 18 genes that encode components of IFN
signaling and IFN-inducible proteins. Two-dimensional hierarchical clustering was performed with green and red bars showing decreased or increased levels of mRNA in a
time point biopsy relative to the corresponding baseline biopsy (obtained from the same liver graft at the time of transplantation). Patients with early progression to fibrosis
are indicated by red labels. HCV (—) patients are indicated by blue labels and the corresponding gene expression data are enclosed in the yellow box.

role cell mediated immunity is thought to play in liver injury (Smith
et al,, 2003; Asselah et al., 2005; Bieche et al., 2005; Shao et al.,
2005; Lau et al., 2005). Induction of genes associated with innate
antiviral signaling pathways was also observed in the majority of
studies, although the magnitude and intensity is highly variable
(Smith et al., 2003; Bieche et al., 2005; Lau et al., 2005). Interest-
ingly, one study found that three IFN-y-inducible genes increased in
parallel to necro-inflammation and stage of fibrosis which is again
consistent with T-cell mediated injury (Bieche et al., 2005).

Lau et al. (2005) integrated intrahepatic gene expression pro-
files in HCV-infected patients at different stages of fibrosis with
a-smooth muscle actin staining patterns and found that stellate
cells are actually activated early in HCV-mediated injury. It was
speculated that this was caused by oxidative stress from inflamma-
tion and lipid metabolism. A recent study suggests that stellate cells
are also activated following phagocytosis of lymphocytes (Muhanna
et al., 2008). The fact that stellate cell activation occurs even before
histological evidence of fibrosis suggests the potential to serve as
a predictive biomarker of liver disease development. Evidence of
oxidative stress associated with disturbances in lipid metabolism
was also observed in transcriptional profiling of livers from HCV-
infected SCID-Alb/uPA mice (Walters et al., 2006a). HCV is known
to be associated with disturbances in lipid metabolism pathways
and so the oxidative stress may be a direct result of viral replication
and not simply inflammation (Bigger et al., 2001; Su et al., 2002;
Siagris et al., 2006; Patel et al., 2005; Hamamoto et al., 2005; Petit
etal, 2003; Ye et al., 2003). Although these studies have been use-
ful in identifying cellular pathways modulated by HCV infection,
further in-depth analysis of the complex gene expression data and
functional studies using in vitro or animal models are crucial for
understanding the mechanisms by which virus-regulation medi-
ates liver disease.

The majority of genomics studies have been cross-sectional
in nature, making it difficult to assign clinical significance, with
respect to ultimate patient outcome, to a particular gene expression
pattern. Smith et al. (2006) utilized serial liver biopsies obtained
from liver transplant recipients with recurrent HCV to identify
molecular processes influencing liver disease progression and to
find potential gene markers of early fibrosis. This model system is
ideal in that it allows a direct comparison of recurrent HCV in the
presence and absence of disease. This will not only shed insight
into molecular mechanisms of fibrosis development but also the

aspects of the host response which function to protect against liver
disease. It also provides a unique opportunity to characterize the
host response within an individual over time, an important consid-
eration given the slow, progressive nature of HCV-associated liver
disease.

This longitudinal study involved gene expression profiling of
liver tissue from 13 patients, 4 of which developed fibrosis within
15 months post-transplant. It was found that patients with rapidly
progressive fibrosis accumulated higher numbers of differentially
regulated genes, including induction of genes related to hepatic
stellate cell activation, a finding similar to that of Lau et al. (2005).
Interestingly, induction of genes associated with the IFN response
was absent in two patients and suppressed in the 12-month biop-
sies in 2 other patients, all of which subsequently developed
fibrosis (Fig. 2). There was also a lack of induction of genes spe-
cific for immune cells, suggesting that fibrosis progression was
associated with at least a partial impairment of the host immune
response. It is possible that these results could be at least par-
tially attributed to immunosuppressive therapy. The data suggests
that protection from fibrosis development appears to be a fine bal-
ance between immune-mediated control of viral replication and
immune-mediated liver injury, a scenario similar to what occurs
during highly pathogenic influenza infection (Kash et al., 2006b;
Kobasa et al., 2007). Significantly, the differences in expression of
IFN-related and hepatic stellate cell-associated genes were present
in patients prior to histological evidence of fibrosis and so have
potential for use as predictive biomarkers. Although promising,
the sample size of this study is relatively small and studies are
on-going to expand these findings using a much larger cohort
(Walters, unpublished data). Furthermore, while the study has
been valuable in identifying differences in host response associ-
ated with different clinical outcomes, the data generated do not
necessarily provide information as to why or how these differences
occur.

Many studies aimed at investigating HCV-associated liver dis-
ease focus on characterizing fibrotic tissue. However, as evidenced
by the study by Smith et al., understanding the host response in
HCV-infected individuals without disease may ultimately be even
more valuable. While the chimpanzee model of HCV infection has
been criticized for being an inappropriate model in which to study
HCV pathogenesis, it may in fact be an ideal model in which to study
the “protective” host response during a persistent infection.
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Fig. 3. Association between intrahepatic HCV RNA levels, numbers of differentially
expressed genes and IFN-stimulated genes in HCV-infected SCID/Alb-uPA mice.

4.2. Innate immunity and HCV pathogenesis

A finding common to the majority of these microarray stud-
ies is the increased expression of genes associated with innate
antiviral signaling, albeit with extensive patient-to-patient varia-
tion in the magnitude of this response. However, it is important
to note that transcriptional profiling of viral-infected cells, or tis-
sue, enables the identification of only those ISGs which are induced
in response to infection and may not necessarily reflect the com-
plete transcriptional response to IFN, particularly as many viruses
are well known to regulate activation of various aspects of these
pathways. As such it is difficult to accurately assess viral regulation
of innate signaling pathways. Experiments designed to examine
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the expression of ISGs in response to both infection and exogenous
IFN treatment can provide significant insight into the magnitude of
viral-mediated antagonism of host innate antiviral signaling path-
ways. For example, microarray profiling of in vitro IFN-treated and
HCV-infected cultured hepatocytes demonstrated a remarkably
similar regulation of ISGs, suggesting that HCV is not significantly
impacting activation of innate signaling pathways (Walters, unpub-
lished data). Similar experiments with the highly pathogenic acute
filovirus infections using EBOV and MARV showed very different
results. Infection with EBOV and MARV was associated with a signif-
icant antagonism of induction of genes associated with the antiviral
response (Kash et al., 2006a).

For viruses such as HCV, which typically establish persistent
infection characterized by minimal pathology (at least in the major-
ity of individuals), extensive suppression of the innate antiviral
response, such as what is seen with EBOV, would likely result in
much higher levels of viral replication. This in turn may result in
a more aggressive course of liver disease. In support of this, there
is evidence to suggest that an attenuated IFN response can indeed
result in increased or accelerated HCV-mediated pathogenesis. As
discussed earlier, gene expression profiling of serial liver biopsies
in liver transplant patients with recurrent HCV demonstrated that
rapid fibrosis progression was associated with a lack of induction of
genes associated with the IFN-mediated antiviral response, antigen
presentation and cytotoxic response (Smith et al., 2006). This sug-
gests that disease progression may result from an impaired immune
response and subsequent lack of control of viral replication. A simi-
lar scenario was observed in a cohort of HCV and HCV/HIV-infected
patients where a subset demonstrated impaired induction of sev-
eral key genes involved in the IFN response (Walters et al., 2006b).
Collectively, these studies suggest a direct pathogenic effect of HCV
in the presence of high levels of virus.

Further evidence that disease progression may result from an
impaired immune response comes from transcriptional profiling
of HCV-infected chimeric SCID-Alb/uPA mice which indicated that
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Fig. 4. Induction of IFN-signaling pathways in HCV-infected SCID/Alb-uPA mice (A) and patients (B). Pathway builder (protein lounge) and the pathway feature of resolver
were used to visualize the expression of genes from the IFN-signaling pathway. The expression profiles of individual genes are shown in boxes and each bar within the box
represents one experiment. Color schemes are as indicated in Fig. 1. The reference for each microarray experiment was a pool of normal, uninfected human liver tissue.
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the nature of the host innate antiviral immune response during
the acute phase of infection may determine the extent of viral-
mediated effects on host gene expression. In this model, attenuated
induction of ISGs associated with specific donor hepatocytes corre-
sponded with higher levels of intrahepatic HCV replication. This
in turn was associated with induction of lipid metabolism and
oxidative stress genes which have the potential to cause cyto-
pathic effects (Fig. 3). Indeed, enhanced hepatocyte apoptosis was
observed in HCV-infected animals. It is possible that viruses that
establish chronic infections actually take advantage of host innate
antiviral responses to limit their replication to a level that does
not significantly impact the normal functions of the host cell. In
patients who ultimately develop serious liver disease, the balance
of IFN-mediated control of virus replication and virus-mediated
suppression of innate antiviral signaling may shift toward the lat-
ter. Understanding the viral and host factors responsible for this
variation is obviously critical.

4.3. Studies in chimeric SCID-Alb/uPA mice

Microarray profiling has already demonstrated many similari-
ties in the host response to HCV infection between the mouse model
and chronically infected patients (Walters et al., 2006a). In particu-
lar, the activation of innate antiviral signaling pathways was shown
to be remarkably similar, suggesting that the SCID-Alb/uPA mouse
model may provide an excellent system with which to further inves-
tigate the interplay between HCV and the innate immune response
(Fig. 4). For example, genomic profiling of animals transplanted
with hepatocytes from different donors and inoculated with the
same virus source has revealed that host genetic factors influence
the nature of the innate antiviral response. While all HCV-infected
animals showed evidence of activation of innate antiviral response,
differences in both the number and intensity of induction of ISGs
were observed between mice containing hepatocytes from differ-
ent donors (Walters et al., 2006a). These results were particularly
intriguing as much emphasis has been placed on the ability of HCV
to attenuate IFN signaling by multiple mechanisms (reviewed in
Gale and Foy (2005)). The results from the SCID-beige/Alb-uPA
mice argue that host genetics also influence the effectiveness of
the innate immune response. In light of the potential role of the
magnitude of the innate IFN response in liver disease progression
and therapy response, this model may prove to be extremely useful
in understanding host genetic factors influence viral pathogenesis.

5. Why do some patients fail to respond to IFN-ribavirin
therapy?

Based on the importance of the innate antiviral response in viral
clearance, it is not surprising that exogenous IFN therapy is cur-
rently utilized to treat a number of viral infections, including HCV.
The primary goal of therapy is to obtain a sustained virological
response, which is defined as absence of detectable HCV RNA in
the serum using a sensitive qualitative HCV RNA assay 6 months
following the completion of therapy (Wohnsland et al., 2007). Ran-
domized controlled trials have demonstrated SVRs of 30-50% and
60-80% for patients infected with genotype 1 and 2/3, respec-
tively (Thomson and Finch, 2005; Lindsay, 2002; Lau et al., 1998;
Manns et al., 2001). While these results are encouraging, there
remains a large population of patients who fail to achieve a viro-
logical response to anti-HCV therapy, particularly patients infected
with genotype 1. Since PEG-IFN-a/ribavirin is the only approved
treatment for chronic HCV infection, there is a keen interest in elu-
cidating the molecular mechanisms underlying treatment failure
as well as identifying markers that can accurately predict patient
response.

Much of the research in this area has focused on identifying the
role of viral factors in IFN therapy resistance, including genotype,
pre-treatment HCV RNA serum levels and viral quasispecies diver-
sity (reviewed in Wohnsland et al. (2007)). In vitro studies have also
demonstrated that viral proteins mediate IFN resistance through a
variety of mechanisms, including inhibition of RIG-I and TLR3 via
NS3/4A, disruption of the IFN-mediated Jak/STAT pathway via NS5A
and core, as well as inhibition of PKR by the E2 and NS5A proteins
(reviewed in Wohnsland et al. (2007)). However, virologic response
rates have also been shown to be influenced by various host fac-
tors including age, weight, gender, race, liver enzymes and stage of
fibrosis (reviewed in Gao et al. (2004)). A better understanding of
the mechanism by which each of these factors contribute to therapy
resistance may ultimately lead to individualized therapy protocols.

5.1. Gene expression signatures of patient response to IFN therapy

Microarray profiling of patient tissue obtained prior to and
during therapy has played a key role in shedding light on
gene expression signatures of patient response to IFN treatment.
Two separate studies have compared liver transcriptional pro-
files of patients prior to initiation of therapy in an attempt to
identify potential differences between eventual responders and
non-responders. The results of both studies suggested that higher
baseline levels of genes associated with innate antiviral signaling
was associated with treatment failure. Microarray experiments per-
formed on pre-treatment liver tissue from 31 chronic HCV patients
who subsequently underwent IFN/ribavirin therapy identified a
set of 18 genes whose expression differed significantly between
all responders and all non-responders (Chen et al., 2005). These
genes, of which many are IFN-regulated, were generally more highly
induced in the livers of non-responders. Similarly, Feld et al. (2007)
demonstrated that non-responders had significantly higher intra-
hepatic pre-treatment expression levels of ISGs than those who
achieved a sustained viral response. A lack of virological response
to IFN-a treatment in HCV-infected chimpanzees is also thought to
be due to already highly elevated hepatic ISG expression observed
in these animals (Lanford et al., 2007).

While these results are intriguing, there are still many unan-
swered questions. First, it is important to note that neither group
attempted to utilize these sets of genes to predict response in a sep-
arate cohort of patients. Such studies are crucial in determining the
true predictive power of these potential biomarkers. Furthermore,
differences in expression levels of these genes between respon-
ders and non-responders are often not striking. The implication of
such minor differences with respect to antiviral function is unclear
and the feasibility of using them for predicting patient response to
therapy is questionable. Second, it remains to be determined if the
higher basal expression level of the ISGs is the actual mechanism
responsible for non-responsiveness to IFN therapy. It is unclear how
higher expression levels of ISGs may result in resistance to IFN ther-
apy but it may be related to de-sensitization of the IFN receptors. It
is also possible that lack of response to exogenous IFN may be due
to an already maximally induced ISG response in non-responders.
Third, itis puzzling that patients have relatively high expression lev-
els of ISGs within the liver yet fail to spontaneously clear infection.
Collectively, these questions highlight the importance of studies
aimed at elucidating the antiviral activity of individual ISGs, com-
partmentalization of ISG response within an HCV-infected liver as
well as validation studies of potential markers in additional patient
cohorts.

In addition to differences in expression levels of ISGs between
responders and non-responders, transcriptional profiling has
revealed that a potential mechanism of failed response may involve
induction of genes associated with IFN-regulatory pathways. Feld
et al. (2007) found that response to IFN therapy was associated
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with a induction in the expression of ISGs, where treatment fail-
ure was associated with a greater change in the expression of genes
associated with IFN-inhibitory pathways. Walsh et al. (2006) found
significantly increased intrahepatic expression of SOCS3 in patients
who had failed IFN treatment. SOCS proteins inhibit IFN signaling
by inhibiting tyrosine phosphorylation and nuclear translocation of
STAT (Walsh et al., 2006). Enhanced intrahepatic SOCS3 mRNA (and
protein) is also speculated to contribute to the non-responsiveness
of HCV-infected chimpanzees to IFN therapy (Huang et al., 2007a).
Interestingly, it was found that SOCS3 increased significantly in
HCV-infected but not naive animals following IFN treatment. This
suggests that HCV itself is modulating the expression of SOCS3,
either directly or indirectly. However, this group also evaluated
intrahepatic SOCS3 mRNA expression in a cohort of 21 patients
prior to antiviral therapy and actually found higher levels in patients
who went on to successfully respond to IFN (Huang et al., 2007a).
In addition, no significant difference was observed between non-
responders and responders in a separate cohort of 13 patients
following IFN treatment. A potential criticism of this study is that
the biopsies were obtained 24 h following the administration of
IFN-a.. Genomic studies in chimpanzees have shown that the kinet-
ics of the transcriptional response to IFN, in both liver and PBMC, is
maximal between 4 and 8 h and returns to baseline by 24 h (Lanford
et al,, 2006). In addition, the pre-treatment and post-treatment
biopsies used to calculate the level of induction of SOCS3 were
actually taken from different patient cohorts and as such the com-
parison was indirect. Both of these drawbacks could explain why no
significant difference in SOCS3 expression was observed between
responders and non-responders following treatment. Clearly, addi-
tional studies are needed to more clearly define the relationship
between treatment failure and induction of IFN inhibitory path-
ways.

5.2. Single nucleotide polymorphism analysis

Gene expression profiling of hepatic tissue from HCV-infected
patients has demonstrated considerable variability in the activa-
tion of innate signaling pathways and subsequent induction of ISGs.
While gene expression studies have suggested that disease pro-
gression is associated with an impaired induction of ISGs and that
treatment failure is associated with higher pre-treatment expres-
sion of ISGs, it is currently unclear what factors are responsible
for this variation. Studies using the SCID-Alb/uPA mouse model
have suggested that this variation is influenced by host genetic
factors. In light of the apparent importance of expression levels of
these genes with respect to both disease progression and response
to therapy, gaining an understanding of genetic factors that regu-
late this variation is crucial. For example, a particular SNP of the
IFN-vy gene has been found to be functionally important for deter-
mining both spontaneous clearance and successful IFN treatment
response in HCV-infected patients (Huang et al., 2007b). This SNP
is in the IFN-y gene promoter region and increases the binding
affinity for the transcription factor HSF1, resulting in increased
IFN-y expression. Interestingly, these results are consistent with
the gene expression studies in HCV-infected chimpanzees where
viral clearance correlated with increased IFN-y expression. As part
of the Hepatitis C antiviral long-term treatment against cirrho-
sis (HALT-C) trial, patient genetic polymorphisms were assessed
in individuals who had previously failed IFN therapy (Morgan et
al., 2008). Among the non-Hispanic Caucasian patients re-treated
with PEG-IFN-a/ribavirin, homozygosity for the previously identi-
fied ACC IL10 promoter diplotype was associated with sustained
virological response. Similar types of analysis identifying SNPs
associated with fibrosis progression may also shed light into the
variation associated with ISG expression.

6. Can high-throughput genomics identify cellular targets
for therapy?

Antivirals aimed at exploiting cellular targets, rather than viral,
provide the unique advantage in that the probability of a cellular
gene developing a resistant phenotype is substantially less than
what could be expected from a viral gene. This is particularly true
for RNA viruses, including HCV, which typically lack efficient proof-
reading capabilities and so accumulate mutations at relatively high
rates. Indeed, extensive efforts to develop drugs aimed at target-
ing HCV proteins such as the NS3 protease and NS5B polymerase
have met with little success. This highlights the need for alternative
therapeutic strategies to combat chronic HCV infection.

A common trend throughout the genomics studies involv-
ing HCV has been the role of the innate antiviral response in
HCV clearance/persistence, disease progression and IFN treatment
response. Microarray experiments have also been instrumental
in revealing the true extent of the transcriptional response to
IFN signaling. Transcriptional profiling of the response to a single
dose of IFN-a in uninfected chimpanzee liver and PBMC samples
revealed the altered expression (by at least twofold) of nearly two
thousand genes (Lanford et al., 2006). This response is rapidly
down-regulated, with maximal regulation occurring within 4 h fol-
lowed by a return to base-line levels by 24 h following treatment.
The response to IFN was also largely tissue-specific with unique
transcriptional profiles observed in liver and PBMCs. Finally, an
important observation of this study and others is the decreased
expression of numerous genes following IFN treatment (Kash et al.,
20064, Walters, unpublished observation). Interest in ISGs has pri-
marily focused on genes which are induced in response to IFN but
the extensive decreased expression of cellular genes, notably many
associated with general metabolism, suggests that this also plays
a significant role in the antiviral response and warrants further
investigation.

It is now apparent that IFN signaling is much more complex
than simply the activation of the PKR and RNaseL pathways. While
microarray studies have shown that IFN signaling regulates the
expression of thousands of genes that collectively establish an intra-
cellular antiviral state, the function of the vast majority of these
genes remains largely unknown. It is also quite likely that indepen-
dent ISGs have varying antiviral activity against different families
of viruses. This is an extremely important area of research which
has only recently begun to be appreciated. Most recently, genomic
studies aimed at examining the expression of IFN-regulated genes
in liver tissue have led to the identification of genes that have
anti-HCV activity. Such studies demonstrate the value of using tran-
scriptional profiling to identify novel cellular targets for therapeutic
intervention.

Among the 18 genes identified by Chen et al. (2005) whose
expression was found to distinguish responders from non-
responders in IFN-treated HCV-infected patients was ubiquitin-
specific protease 18 (USP18). This gene, an ubiquitin-specific
protease that cleaves ISG15 from its cellular targets, was found to
be highly induced only in non-responders. Randall et al. (2006)
used siRNA to silence USP18 and subsequently measured the dose
response of HCV replication to IFN-« in an in vitro HCV infection sys-
tem. The knock-down of USP18 enhanced the ability of IFN to inhibit
HCV replication in vitro. This enhanced antiviral activity was associ-
ated with increased protein ISGylation, prolonged STAT1 activation
and increased expression of ISGs. Based on these results, modula-
tion of USP18 was proposed as a strategy to improve response to
IFN treatment. A similar study examining the expression of ISGs
in the livers of nine individuals with chronic HCV identified the
cellular gene viperin as being significantly induced in all patients
(Helbig et al., 2005). In vitro studies demonstrated that viperin was
induced by exposure to both IFN and poly (I:C) and that transient
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expression of vipirin significantly decreased replication of a HCV
genomic replicon.

While these results are intriguing, it is puzzling that HCV per-
sists in the livers of these patients despite high levels of a protein
with apparent anti-HCV activity. This highlights the importance of
studies aimed at identifying the source of the expression of these
ISGs in the liver and their relationship to HCV replication levels.
The chimeric SCID-Alb/uPA mouse model of infection may be the
ideal model in which to study this. It has already been demon-
strated that anti-HCV therapies, including response to IFN therapy,
in chimeric mice parallel responses observed in patients (Kneteman
et al., 2006). Genomics analysis of IFN-treated mice infected with
both IFN-resistant and IFN-sensitive HCV in donor-matched ani-
mals could shed considerable insight into the host transcriptional
response associated with a particular treatment outcome. The abil-
ity to infect chimeric mice with HCV containing mutations in
specific viral genes will also help in identifying viral determinants
of treatment response.

7. Conclusion

This article has highlighted how high-throughput microarray
technology has revealed insights into the relationship between the
host response to HCV infection and liver disease. In particular, it
has highlighted how the magnitude and extent of the host innate
response may contribute to the outcome of acute infection, sever-
ity of liver disease and IFN treatment failure. Future research should
now include studies aimed at identifying the genetic and biochem-
ical regulation of innate antiviral signaling activation.
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