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Hepatitis C virus (HCV) is one of the foremost causes of chronic liver disease affecting over 300 million
globally. HCV contains a positive-stranded RNA of �9600 nt and is surrounded by the 50 and 30untrans-
lated regions (UTR). The only successful treatment regimen includes interferon (IFN) and ribavirin. Like
many other viruses, HCV has also evolved various mechanisms to circumvent the IFN response by block-
ing (1) downstream signaling actions via STAT1, STAT2, IRF9 and JAK-STAT pathways and (2) repertoire of
IFN Stimulatory Genes (ISGs). Several studies have identified complex host demographic and genetic fac-
tors as well as viral genetic heterogeneity associated with outcomes of IFN therapy. The genetic predis-
positions of over 2000 ISGS may render the patients to become resistant, thus identification of such
parameters within a subset of population are necessary for management corollary. The ability of various
HCV genotypes to diminish IFN antiviral responses plays critical role in the establishment of chronic
infection at the acute stage of infection, thus highlighting importance of the resistance in HCV treated
groups. The recently defined role of viral protein such as C, E2, NS3/NS4 and NS5A proteins in inducing
the IFN resistance are discussed in this article. How the viral and host genetic composition and epistatic
connectivity among polymorphic genomic sites synchronizes the evolutionary IFN resistance trend
remains under investigation. However, these signals may have the potential to be employed for accurate
prediction of therapeutic outcomes. In this review article, we accentuate the significance of host and viral
components in IFN resistance with the aim to determine the successful outcome in patients.

� 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Chronic Liver Disease (CLD) is a foremost clinical burden and
hepatitis C virus (HCV) is one of the major causes of liver diseases.
HCV infection with the disease severity varies from asymptomatic
chronic infection to life threatening cirrhosis and hepatocellular
carcinoma (Saito et al., 1990). HCV is a single-stranded RNA virus
that encodes a distinct polypeptide through internal ribosome en-
try site (IRES)-mediated translation. Translation product is pro-
cessed by a combination of cellular and viral proteases to settle
into at least 10 components; structural proteins (Core, E1, E2,
and p7) and nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) (Bartenschlager and Lohmann, 2000; Kato, 2000; Mor-
adpour et al., 2007; Penin et al., 2004). Using a variety of methods,
six genotypes of HCV and various subtypes has been identified
(Simmonds et al., 2005). Treatment options are limited and resis-
tance associated with treatment is a major problem and in most
of the cases the end stage liver disease often requires liver trans-
plantation. Therefore, the existing treatment option with maxi-
mum outcome results is urgently required to alleviate the
suffering of millions of individuals with chronic hepatitis C.

Interferon alpha (IFN-a) or Interferon gamma (IFN-c) in com-
bination with other antiviral drugs are routinely used to treat
HCV infection (Cooksley, 2004). More than 50 years ago, IFNs
were identified and are classified into three major types IFN-I, II
and III which bind to specific IFN receptors. Type I bind to a cell
surface receptor complex called IFN-a receptor (IFNAR) compris-
ing of IFNAR1 and IFNAR2 chains. Type I is present in humans as
IFN-a, IFN-b and IFN-x. Type II IFN (IFN-c) interacts to IFNGR
that consists of IFNGR1 and IFNGR2 chains. Type III IFN bind to
a receptor complex consisting of IL10R2 (CRF2-4) and IFNLR1
(CRF2-12) (De Weerd et al., 2007; Liu, 2005). While all three clas-
ses of IFN bind to specific receptors they mediate their actions
through common denominator such as STAT1/2. The widespread
use of IFNs in viral infected individuals have led to serious resis-
tance problems and understanding these resistance mechanisms
is imperative to develop an alternative therapeutic strategy to
clear the infection.
Table 1
Representative percentage of HCV genotypes associated IFN non responders.

HCV genotype % IFN non-responders

1 61
2 10
3 20–30
4 40

Jamal et al. (2008); NIH consensus statement (2002); Sharieff et al. (2002).
2. Induction and activation of interferon

The initiation of IFNs production occurs in response to infec-
tion which then activates signal transducer and activator of tran-
scription (STAT) complexes for initiation of the classical Janus
kinase-STAT (JAK-STAT) signaling pathway (Platanias, 2005). Fur-
thermore, Toll Like Receptor 3 (TLR3) is an important feature for
IFNs induction in response to the occurrence of double-stranded
RNA viruses (dsRNA) (Dunlevy et al., 2010). The TLR3 will then
activate interferon regulatory factor 3 (IRF3) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-jB) which
bind to response elements IFN type I and III promoters (Heim,
2012). A complex array of cytokines, such as interleukins (IL-1,
IL-2, IL-12), TNF are also shown to augment interferon production
(Haller et al., 2007).
The binding of IFNs to its receptor induces a cascade of signal-
ing event resulting in the activation of STAT1 and STAT2 which
together with IRF-9 form the particular ISGF3 complexes. It is
well established that a putative ISRE sequence in the STAT1 pro-
moter is inducible by type I IFN and binds the IFN-a/b-induced
complex, ISGF3. Several studies have described distinct promoter,
enhancer and repressor regions in the regulatory fragment of
hSTAT1 gene extending in the second intron. Intracellular ampli-
fication of STAT1 expression is shown to be dispensable for
increasing cell responsiveness to the IFNs. How HCVmay repress
transcription from the STAT1 gene regulatory region remains to
be investigated. Upon activation, the newly formed ISGF3 com-
plexes then translocate to the nucleus where they bind to IFN-
stimulated response elements (ISRE) in various IFN stimulated
genes (ISGs) such as IRF7, MX1, and OAS1 (Donnelly and Kotenko,
2010) and failure to do so lead into resistance. The response to
IFN may depend on various STAT homodimers and/or heterodi-
mers during IFN signaling and these STAT dimers launch tran-
scription by binding to Gamma Interferon Activation Site (GAS)
elements in gene promoters. Type I IFN can induce gene activa-
tion with both ISRE or GAS elements, while type II IFN dependent
activation only recruits GAS element (Platanias, 2005). The inter-
play of viral proteins with such regulatory elements has not been
characterized.
3. HCV genotypes (GT) and the development of IFN resistance

HCV is classified into six genotypes (GT-1 to GT-6) and each GT
behaves differently during IFN treatment (Table 1), however, the
molecular basis of differential responses to treatment in HCV geno-
types is not fully understood. HCV genotypes diverge in their
nucleotide sequence by �30–35%, and furthermore each genotype
has a class of different subtypes that differ in their nucleotide se-
quence by �20–25% (Simmonds, 2004). The heterogeneous popu-
lations of HCV genomes that coincide in an infected individual
due to replication errors are termed as quasispecies (Heim,
2012), thus making it difficult in the predicament of IFN resistance.
Therefore viral genetic diversity and its association with induction
of chronic liver diseases and treatment response determination
still remains to be completely understood.

Several lines of evidence support the notion that IFN resistance
plays a role in the establishment of chronic infection at the acute
stage of infection (Meier and Ramadori, 2009). In recent years, the
mechanisms of viral RNA recognition and RNA virus-triggered sig-
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naling pathways have been well studied, however the major chal-
lenges remains with the resistance associated with IFN treatment.
HCV escape immune recognition or inhibit the host immune re-
sponse in order to persist. The host cytokine responses to infec-
tion play an important role in the pathogenesis, progression,
and IFN treatment outcome. The infection of many viruses includ-
ing HCV triggers a series of signaling events leading to transcrip-
tional induction of type I IFN and pro-inflammatory cytokines.
After prolonged persistent HCV infection IFN response is circum-
vented in which downstream signaling events prevent further IFN
production (Lin et al., 2004). This is primarily initiated by the
modulated expression levels of the suppressor of cytokine signal-
ing (SOCS) proteins such as SOCS-3 (Bode et al., 2003), thereby
inhibiting cytokine signaling and escape from the immune re-
sponse (Walsh et al., 2006; Huang et al., 2007). Cytokines, such
as IL-10 level in HCV-1 patient serum and a stretch of 70 amino
acids within the core region have shown to be correlated with
Pegylated interferon (PEG/IFN) ribavirin response coupled with
correlation with amino acid substitutions within the ISDR. High
level of IL-12, IL-18 are shown to be correlated with patients
SVR (Yoneda et al., 2011). Moreover, T-helper 1 and 2 (Th1/Th2)
response determine the outcome of antiviral therapy and it has
been shown that IL-18 is a critical mediator of Th1/Th2 balance.
Finally, cluster of differentiation, CD4 and CD8 positive cellular
immune responses can also determine HCV persistence (Pawlot-
sky, 2003).

Pegylated interferon (PEG-IFN) and ribavirin combination ther-
apy is a standard care for HCV treatment which either determine
the sustained virological response (SVR) or IFN resistance (Bowden
and Berzsenyi, 2006). The duration of treatment is 48 weeks for
GT-1 and 4, 24 weeks for GT-2 and 3. This treatment is 75% effec-
tive in patients with HCV GT-2 and GT-3, 60% in HCV GT-4, and 50%
in HCV GT-1 (Jamal et al., 2008; NIH consensus Statement 2002;
Sharieff et al., 2002) as shown in Table 1. Broad understanding of
HCV-mediated ailment progression in each GT of patients and viral
adaption is necessary toward discovery of novel therapeutic objec-
tives and the improvement of additional intervention strategy at
the levels of IFNresistance.

In the presence of ever rising resistance phenotypes, alternative
drug development is on rapid rise. Recently, small molecule com-
pounds have been developed that inhibit the viral life cycle, includ-
ing inhibitors of the non-structural (NS) 3/4A protease, NS5B
polymerase and NS5A protein (Vermehren and Sarrazin, 2012). In
many clinical studies, the standard care of patients with HCV GT-
1 include combination of PEG-IFN plus ribavirin and protease
inhibitor (PI), boceprevir (BOC) or telaprevir (TVR) that specifically
Table 2
Host factors association with interferon response.

Host factor GT No. of
patients

Results

Obesity 1/4
2/3

12
54
11
68

Obese: NR (92%) vs. RES (8%)
Non-obese: NR (46%) vs. RES (54%)
Obese: NR (36%) vs. RES (46%)
Non- obese: NR (19%) vs. RES (81%)

Insulin resistance (IR) 1 2732 increased HOMA-IR in NR
patients with IR have a 20% lower S

Steototis% 3 SVR reduced steatosis.
Increased steatosis in HCV patients
core

Fibrosis 309 NR: 42.7% chirosis and 57.3% fibros
Genetic polymorphism

(IL-28)
1 111 62% of subjects failed to achieve SV

26% relapsers IL28B CC vs. CT/TT

SVR: sustained virological responder; NR: non-responses.
targets the HCV NS3/4A protease. The triple therapies are shown to
improve response in HCV GT- 1 by 20–30% to cure 80% of the pa-
tients (Heim, 2012; Sarrazin et al., 2012). However, selection of
IFN resistant HCV variant may have adverse effect on patients as
such variants occurring at very low frequencies will accumulate
(Manns et al., 2007).
4. The role of host factors in interferon resistance

Several host factors influence IFN response in HCV individuals,
including age, gender, body weight, fibrosis, diabetes (obesity),
and insulin resistance, shown in Table 2. In recent years, it has been
observed with alertness that Insulin resistance (IR) is one prime
morbidity factor to predict SVR to PEG-IFN and Ribavirin therapy.
It is now widely acknowledged that IR seems to be involved in de-
creased sensitivity to IFN and could block IFN intracellular signal-
ing. IR promotes severity of liver disease such as steatosis and
fibrosis progression and induces the secretion of pro-inflammatory
cytokine (Romero-Gómez, 2006). HCV interacts with insulin signal-
ing pathway through different mechanisms mostly through the
activation of C/EBP beta, CREB, FOXO1 and rate limiting gluconeo-
genic enzyme PPECK, all leading to insulin resistance (Qadri et al.,
2012). In several clinical studies the morbidity factors for IFN resis-
tance were determined which are outlined in Table 2.
5. The role of HCV viral components to interferon resistance

A number of HCV proteins including Core, E2, NS3, and NS5A
have been demonstrated to contribute to the lack of a response
to IFN treatment and in most cases the studies were carried out
HCV GT-1. (See Fig. 1) These studies are summarized below.

5.1. Core protein

The core component and interferon sensitivity-determining
region (ISDR) sequences have shown to exhibit changes during
anti-HCV therapy, and affect its response (Kozuka et al., 2012).
Some regions associated with sensitivity to IFN-a and ribavirin
have been recognized within core region (core a.a. 70), a.a. 2209-
2248 (ISDR) and a.a. 2334-2379 (interferon and ribavirin resis-
tance-determining region, IRRDR) (Fukuhara et al., 2009). The ami-
no acids 70 and 91 are a significant predictor of poor responses to
PEG/IFN-plus-ribavirin therapy, however the exact molecular
mechanisms underlying the responses are not known (Akuta
et al., 2012). In a recent study, Funaoka et al. (2011) has shown that
Author

Walsh et al. (2006)

VR than patients without IR
Deltenre et al. (2011)

with phenylalanine at position 164 of
Kumar et al. (2002); Hourioux et al.
(2007)

is Morgan et al. (2010)
R Mccarthy et al. (2010)



Fig. 1. Schematic depiction of the footsteps by which IFN resistant phenotype is achieved by hepatitis C virus encoded C, E2, NS3/4A NS5A and by various cellular pathways.
Abbreviations used in Fig. 1: Protein Phosphatase 2A (PP2A); Viral Nonstructural Protein 5A (NS5A); Viral Core (C); Viral Envelope Protein 2 (E2); Interferon Stimulatory
Genes (ISG); Interferon Alpha Receptor (IFNAR); Interferon Responsive Factor (IRF); IFN-Stimulated Response Elements (ISRE); Toll-Like Receptor (TLR); Suppressor of Cell
Signaling (SOCS); Interleukin (IL); Interferon Sensitivity Determining Region (ISDR); eukaryotic initiation factor 2 alpha (eI2F-a); TIR-domain-containing adapter-inducing
interferon-beta (TRIF); Nuclear factor-kappa B (NFjB); Protein Kinase R (PKR).
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HCV R70 and L91 core mutants are resistant to interferon in vitro,
and the resistance may be driven by IL-6-mediated activation of
SOCS3. Previous studies have investigated the response to IFN- a
by using HCV cell culture based Core substitutions expression sys-
tems. IFN treatment followed by post-transfection with R70Q,
R70H, and L91M mutant or infected with the wild type clones
showed that the R70Q,R70H, and L91M core mutants have higher
levels of resistance than the wild type (Funaoka et al., 2011).

5.2. E2 protein

An intriguing observation was made by Michael Lai and col-
leagues where resistance to interferon was attributed to a 12 ami-
no acid sequence within E2 containing an identical site of protein
kinase R (PKR) phosphorylation, both on itself and on eukaryotic
initiation factor 2 a (eIF2a) (Taylor et al., 1999). They found that
HCV E2 blocks PKR phosphorylation in cells coupled with PKR’s
ability to inhibit protein synthesis. The interaction of E2 and PKR
may be one mechanism by which HCV circumvents the antiviral ef-
fect of interferon (Chayama et al., 2000) and additional mechanism
may exist by which a double-stranded RNA-activated protein ki-
nase-eukaryotic initiation factor 2alpha (PKR-eIF2a) phosphoryla-
tion homology domain (PePHD) is located within E2 protein. It has
been demonstrated that ‘‘RGQQ’’ motif in HCV- GT-2a and 2b PeP-
HD domain showed a close correlation with IFN resistance. It has
also been proposed that serine phosphorylation of HCV E2 gene
in HCV-GT-1a have a role in interferon resistance (Afzal et al.,
2011). It is important to note that E2 protein is the first viral com-
ponents that interact with the liver cell surface receptors via the
external loop of CD81 (Pileri et al., 1998), thus making the vaccine
efforts challenging due to the PePHD acquisition site within the E2.

5.3. NS3/4A protein

NS3 protein NS4A comprises the viral serine protease (NS3/4A
Protease) and is an essential component for HCV translation,
replication and eventual life cycle (Chevaliez and Pawlotsky,
2006). It also cleaves the cellular Trif and Cardiff which are involved
in IFN response mediated by TLR3 and NF-jB. NS3/4A mediates the
cleavage of this adaptor protein, leading to affect HCV antiviral re-
sponse (Li et al., 2005). In some studies NS3/4A protease inhibitors
indicated a low genetic impediment to resistance and different ami-
no acid substitutions confer resistance to protease inhibitors are
shown to pre-exist in HCV patients (Pawlotsky, 2012). Second-gen-
eration NS3/4A protease inhibitors, such as MK-5172 or ACH-2684,
are projected to require wider genotypic coverage with a higher
impediment to IFN resistance (Clark et al., 2013).
5.4. NS5A/B proteins

HCV NS5A/B proteins are involved in viral replication and inter-
act with the interferon and other anti-viral pathways (Le Guillou-
Guillemette et al., 2007). HCV NS5A sequence comparison in SVR
and IFN resistant scenarios has identified specific domains that ex-
hibit sequence variation associated with IFN therapy (Gale and Foy,
2005). It has been found that the Interferon Sensitivity-Determin-
ing Region (ISDR) of HCV-1b NS5A is resistant to IFN-a (Enomoto
et al., 1995; 1996). NS5A quasispecies of HCV-1b-infected patients
have been studied to determine the relationships between pre- and
post-treatment NS5A quasispecies mutations and the IFN-a sensi-
tivity and it was observed that serine residues involved in phos-
phorylation of NS5A protein were highly conserved. Pawlotsky
et al. (1998) have proposed that the association between HCV
RNA clearance, low viral load and low nucleotide sequence entropy
may play a critical role in the sensitivity of HCV-1b to IFN-a that
could be patient specific and located at different positions of the
viral genome. This could allow escape variants to be selected by
IFN-a-stimulated immune responses.

A recent study has reported that GT-1 NS5A overexpression re-
sulted in less IFN responsiveness than in GT-3 through stronger
binding to STAT1 (Kumthip et al., 2012). The binding of C-terminal
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region of NS5A to STAT1 leads to decreased P-STAT1 levels, ISRE
signaling, ISG transcription and, ultimately, to preferential GT-1
resistance to IFN treatment (Kumthip et al., 2012). The association
between ISDR mutations and IFN treatment response is observed
by Kobayashi et al. (2002). Vermehren and Sarrazin (2011) have
shown that various nucleoside or nucleotide inhibitors of NS5B
polymerase possess inconsistent antiviral activity in different
HCV genotypes but interestingly with higher impediment to IFN
resistance.
6. The role of cellular responses induced interferon resistance

An evolving line of evidence support the hypothesis that HCV
infection, replication and/or individual protein expression triggers
a wide range of cellular adaptive responses, including reactive oxi-
dative stress, increased hepatic gluconeogenesis, intrahepatic lipid
accumulation, cell cycle arrest, apoptosis, mitochondrial stress and
endoplasmic reticulum (ER) stress. In addition, several studies sug-
gested that HCV induced cellular responses may contribute to
chronicity by superfluous modulating tumor suppressor function,
cell proliferation, and various oncogenic pathways (Qadri et al.,
2002; Sheikh et al., 2008; Syed et al., 2010).

PKR: During HCV replication the positive and negative stranded
RNA are produced (ds-RNAs) which then bind to PKR resulting in
its auto-phosphorylation. In the subsequent reaction activated
PKR phosphorylates the eukaryotic initiation factor 2 (eIF2a) in re-
sponse such viral infections. The phosphorylated eIF2a forms an
inactive complex with eIF2B resulting in substantial decrease in
protein synthesis. It has been shown that HCV GT E2 protein inhib-
its PKR kinase activity both in vitro and in human cells (De Rueda
et al., 2008). The ISDR region NS5A protein with additional 26 ami-
no acids has defined consequence on NS5A/PKR interaction. Other
mechanisms that may involve the eventual phosphorylation event
of PKR may be affected by the viral induced ROS; MRP2 and fatty
acids (Qadri et al., 2004, 2009, 2012). In a recent study, palmitate,
a saturated fatty acid, was shown to bind PKR and consequently
inhibiting its autophosphorylation at Thr451 and Thr446 (Cho
et al., 2011). Palmitate synthesis is induced during HCV sub-gen-
ome replication, thus this could offer another mechanism by which
IFN resistance is achieved by viral infection. It has been suggested
that mutation of Lys296 and Asp432 in the ATP binding site of PKR
are important for palmitate binding. The deeper understanding of
palmitate+PKR interaction could explain the mechanisms by which
palmitate mediates kinase signaling pathways that could have
implication on the efficacy of HCV antiviral therapies.
6.1. Single nucleotide polymorphisms (SNPs)

Several studies from across the glove has indicated that host ge-
netic polymorphisms can predict IFN therapy outcome. These inde-
pendent genome-wide association studies in HCV-infected
patients have identified numerous single-nucleotide polymor-
phisms (SNPs) near IL28B gene (Slev, 2012). (Bellanti et al., 2012)
have shown that upstream sequence of IL28B gene that encodes
IFN-k3, predict the outcome of treatment, but their impact on viral
kinetics and relation to other predictors remains to be investigated.
IFN-k3 (IL-28B) may inhibit HCV replication via the JAK-STAT path-
way, leading to expression of ISGs (Zhang et al., 2011). During
treatment of 110 patients with HCV genotype 1 infection two SNPs,
rs12979860 and rs8099917 were also related to early viral kinetics
(Lindh et al., 2011). In one Middle Eastern study, the SNP of
rs12979860 were strongly associated with sustained virological re-
sponse (SVR) in patients infected with HCV GT-4, but not with liver
disease severity (Asselah et al., 2012). This pattern of IL28B SNP
analysis with specific HCV genotype may be used to guide during
the IFN treatment.

7. Transcript gene expression

Interferon(s) induce the production ofinterferon-stimulated
genes (ISGs) that have defined roles in eradicating the viruses
through the natural course of infection (Fensterl and Sen, 2009;
De Veer et al., 2001). ISG expressions have a direct correlation on
the mechanism(s) of PEG-IFN and ribavirin responses and this
expression profile may explain the variation in the treatment effi-
ciency. HCV infection has been shown to persist for years in spite of
the expression of hundreds of ISGs, (Chen et al., 2005; Sarasin-Fil-
ipowicz et al., 2008). In contrast, Bellecave et al. (2010) have shown
that there is no significant correlation between serums or intrahe-
patic HCV loads with ISG expression levels. A failure to boost the
ISGs in response to HCV infection has led to attempts to use exter-
nal IFN- a as therapy in cases of chronic HCV infection. In the study
by Chen et al. (2005) the expression profiling of pretreatment with
chronic HCV infection identified 18 important genes whose expres-
sion differed significantly between responders and non-respond-
ers. These findings showed that IFN-stimulated genes were
highly expressed in non-responders, indicating that IFN preactiva-
tion in patients would limit the effect of IFN antiviral therapy how-
ever, the linkage between ISGs and SNP is not well established
(Asselah et al., 2010).

8. Suppressor of cytokine signaling 1 (SOCS1)

Type I interferon (IFN) signaling is blocked by Suppressor of
cytokine signaling 1 (SOCS1) and suppressor of cytokine signaling
3 (SOCS3). In order to inhibit cytokine signaling and to escape the
immune response, HCV core protein is known to induce the SOCSs
expression, thus circumventing the IFN responsive pathways and
rendering the cells not to response to IFN. SOCS3 were significantly
higher in HCV infected individuals, particularly in nonresponders
to IFN treatment, than in healthy individuals (Shao et al., 2010).
With the upregulation of SOCS-3 expression of interferon stimu-
lated genes (ISGs) and protein kinase receptor (PKR) is inhibited
through inactivation of the JAK-STAT pathway. Downregulation
of PPAR-c and an upregulation of SOCS-7 were also observed upon
expression of the HCV GT 3 core protein (Pazienza et al., 2010). The
IFN resistance has been shown to be induced by IL-6-mediated
upregulation of SOCS3. These mechanisms may explain some of
the aspects of clinical IFN resistance, however there are multitude
of other factors that also determine the outcome (Funaoka et al.,
2011). In a separate study, it was observed that SOCS3 gene does
not seem to be implicated in therapy resistance (Hamdi et al.,
2012), however, p53 and ISGs association in their expression was
involved in HCV-infected patients. In addition, HCV infection is
known to affect the human immune response through SOCS pro-
tein modulation, and is thought to be linked intimately with the
development of insulin resistance and metabolic syndrome
through activation of rate limiting gluconeogenesis enzyme PEPCK
(Sheikh et al., 2008; Qadri et al., 2012). It remains to be investi-
gated how increased gluconeogenesis (hyperglycemia) and insulin
resistance conditions may be linked with IFN resistance during
HCV infection in a genotype specific manner.
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