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Abstract

Hepatitis C virus (HCV) is a major human pathogen
of chronic hepatitis and related liver diseases. Innate
immunity is the first line of defense against invading
foreign pathogens, and its activation is dependent
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on the recognition of these pathogens by several key
sensors. The interferon (IFN) system plays an essential
role in the restriction of HCV infection via the induction
of hundreds of IFN-stimulated genes (ISGs) that inhibit
viral replication and spread. However, numerous factors
that trigger immune dysregulation, including viral
factors and host genetic factors, can help HCV to escape
host immune response, facilitating viral persistence.
In this review, we aim to summarize recent advances
in understanding the innate immune response to HCV
infection and the mechanisms of ISGs to suppress viral
survival, as well as the immune evasion strategies for
chronic HCV infection.

Key words: Hepatitis C virus; Interferon; Interferon-
stimulated gene; RIG-I; Toll-like receptor; Virus-host
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Core tip: The complex interaction between hepatitis
C virus (HCV) and its host determines which side the
balance tends to be tipped between antiviral innate
response and viral immune evasion. The development
of new cell culture systems and small animal models
for HCV research permits increased understanding of
how the host responds to viral infection and what leads
to HCV evasion of innate immunity. Recent discoveries
in these areas reveal many pivotal factors imparting the
control of viral-induced innate immunity, and facilitate
the development of novel drugs and effective vaccines
for HCV infection.
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INTRODUCTION

Hepatitis C virus (HCV) is a member of the Flaviviridae
family that causes liver disease globally. HCV infects
approximately 170 million people worldwide, with
3-4 million new infections per year!. Following
infection, 20%-30% of infected individuals clear the
virus spontaneously without any therapy during this
phase, while 70%-80% of them become persistently
infected™. The virus replicates in the liver continuously
and establishes intrahepatic persistent infection
progressively, putting patients at risk of hepatic
fibrosis, cirrhosis and hepatocellular carcinoma®™.
Although direct acting antivirals (DAAs) have been
introduced recently, PEGylated interferon-ao, (PEGIFN-a)
plus ribavirin is still the current standard-of-care
therapy for HCV in many treatment centers. However,
only 40%-50% of patients infected with difficult-to-
treat HCV genotypes achieve sustained viral response
with PEGIFN-o treatment regimen'. A prophylactic
anti-HCV vaccine is still lacking™.

The first immune defense that senses HCV infection
is the intrinsic innate immunity within hepatocytes.
The pattern recognition receptors (PRRs) within the
infected cells sense the virus as non-self and induce
antiviral defenses through activation of downstream
signaling cascades to clear the virus. Evolutionarily,
HCV has acquired strategies to modulate and escape
immune recognition by the host, which contributes to
HCV persistence!®. Furthermore, the polymorphisms
in IFNL3 (also referred to as IL28B), as the host
factor, influence both the outcome of infection and
the response to therapy” . The mechanisms that
underlie the different outcomes of viral infection are
still not fully understood, but likely reflect a complex
interaction between the virus and the host during the
immune response. Understanding how HCV activates
or evades innate immune responses is essential
to develop new antiviral approaches and to design
effective vaccine applications to reduce the disease
burden of HCV-induced liver disease and cancer. In this
review, we describe how HCV regulates the antiviral
innate immune response in the hepatocytes and
discuss how virus-host interactions affect the outcome
of HCV infection.

LIFE CYCLE OF HCV

The HCV genome consists of an approximately 9.6
kb positive single-stranded RNA (+ssRNA)™, Its
genome encodes a large polyprotein of about 3000
amino acids that is processed by a combination of host
signal peptidases and viral proteases into 10 individual
proteins, including three structural proteins (core, E1
and E2) and seven nonstructural proteins (p7, NS2,
NS3, NS4A, NS4B, NS5A, and NS5B). Based on the
viral genetic variation of the Core, E1 and NS5B, HCV
is classified into seven genotypes (1-7) and up to 67
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different subtypes!™. The different HCV genotypes
exhibit different geographical distributions, differential
responses to therapy and distinct characteristics in
pathogenesis**.,

During infection of hepatocytes by HCV, much
progress has been made in understanding how this
enveloped RNA virus enters cells. The first described
receptors for HCV were the tetraspanin CD81
and scavenger receptor class B type I (SR-BI)™°.
Glycosaminoglycans and low-density lipoprotein
receptor mediate initial viral binding to hepatocytes
before HCV envelope protein interacts with CD81
and SR-BI'"*. The cellular protein apolipoprotein E
(apoE) is needed for HCV attachment to cells'”. Using
an iterative complementary DNA library screening
approach, two tight junction proteins, claudin-1
(CLDN1)™ and occludin (OCLN)™, were identified as
co-receptors for the later step of HCV entry. Moreover,
the major block to HCV entry of mouse hepatocytes
can be overcome by the expression of human CD81
and OCLN in the context of mouse CLDN1 and SR-
BI™®!, Recently, the cholesterol absorption receptor,
Niemann-Pick Cl-like 1, the epidermal growth factor
receptor and ephrin receptor typeA2, were reported
as essential HCV entry factors that function after viral
binding™®®?!!. The membrane-spanning syndecan-1
and cell death-inducing DFFA-like effector B were
also identified as HCV entry cofactors®®?*, However,
the next step of pH-dependent fusion and uncoating,
and release of the viral genome into the cytoplasm is
poorly understood™,

After virion entry into hepatocytes, the internal
ribosomal entry site (IRES) sequence located at
the 5’ end of the untranslated region of the viral
RNA genome is recognized by ribosomes studded
in host endoplasmic reticulum (ER) to mediate viral
polyprotein translation!®!. The HCV nonstructural
proteins, including NS3, NS4A, NS4B, NS5A, and
NS5B, comprise the RNA replication machinery within
ER-derived structures known as the membranous
web™®, Lipid droplets (LDs) are found in replication
sites located at the ER membranous web and play
a central role in viral RNA synthesis'?’), HCV particle
assembly involves the coordinated action of the ER-
resident E1-E2 glycoprotein complex, recruitment of
LDs-associated core protein to package viral RNA,
and several viral and host factors®®!, HCV uses the
lipoprotein production pathway to further assemble
infectious particles and to release them from the
infected cells. AMP-activated protein kinase plays a key
role in regulation of both lipid and glucose metabolism
and is implicated in HCV replication®*, Recently,
based on the method of selective evolution of ligands
by exponential enrichment, we screened a series of
specific aptamers targeting viral proteins Core!,
E1E2PY, NS21*%, NS5APY, respectively. The enzyme-
linked oligonucleotide assay, based on core-specific
aptamers, can be used to detect serum samples from
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hepatitis C patients®"!. Furthermore, core-specific
aptamers inhibit the production of infectious virus
particles by disrupting the localization of core with
LDs and NS5A, and perturbing the association of core
protein with viral RNAP". Like core-specific aptamers,
the aptamers targeting NS5A also exhibit suppression
of viral production by reversing the interaction of
NS5A and coreP®*. Moreover, NS5A-specific aptamers
repress the RNA replication of HCV?*. The aptamers
targeting E1E2 selectively inhibit HCV entry at early
binding step by disrupting the association of E2
and viral receptors®®, Interestingly, NS2-specific
aptamers suppress HCV RNA replication, assembly
and release™!, These aptamers may hold promise for
the investigation of the detailed mechanisms of HCV
life cycle and development as therapeutic drugs for
hepatitis C patients.

MODELS FOR HCV INFECTION

Cell culture models
There is a lack of efficient HCV cell culture systems;
therefore, research on the virus has been impeded
since the identification of HCV in 1989. The first
robust HCV replicon system derived from the Conl
strain (genotype 1b) was established in Huh7 cells
in 19991, Until 2005, the first fully permissive cell
culture system for HCV became possible using a clinic
isolate (genotype 2, termed JFH1) from a Japanese
patient with fulminant hepatitis C***. Similar to
the JFH1-derived cell culture system, the efficient
infectious culture systems based on H77 (genotype 1a)
and Conl isolates were also described, though both
are less robust than JFH-1*!1, Continuous culture
of JFH1 virus in vitro leads to accumulation of viral
genomic mutations responsible for enhancing of virus
titer'*, Several groups reported multiple mutations
residing in the p7 and NS2 regions, consistent with
their important role in virus assembly™ . Other viral
proteins associated with HCV RNA replication, such
as NS3 and NS5A, also evolve many titer-enhancing
mutations with cell culture adaptation of virus!***¢*I,
Until now, most robust HCV infection has been
achieved in Huh7 cells or its derived cells. However,
Huh7 cells are not well suited to investigate innate
immune response, virus-host interaction and HCV-
associated carcinogenesis because they contain
some mutant host factors and lack the majority of
markers characterizing mature hepatocytes. Hence, it
is desirable to develop alternative host cell systems.
Indeed, some groups tried to replicate HCV in non-
Huh7 cell lines such as HuH-6"%1, HepG2P®*,
IMY-N9PH and LH86". Furthermore, human cell
lines derived from the non-liver tissues, including
HEK293™***  HelLa™ !, neuroepithelioma cells®, as
well as non-human cells®*"*!! have been reported
to support HCV infection. However, the levels of viral
replication in these cells are lower than Huh7 cells,
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which may reflect insufficient expression of miR-122
and apoE in the non-Huh7 cells®®®!. There have been
significant advances in the generation of HCV culture
systems based on the hepatocyte-like cells induced
from pluripotent stem cells!®*®*), Importantly, Schwartz
and co-workers demonstrated that induced hepatocyte-
like cells mount an antiviral inflammatory response
with upregulation of innate immune/inflammatory
markers, including CXCL10, CXCL11, TNF-a, IL28B
and IL29, by HCV infection®. The utilization of the
hepatocyte-like cells may be limited because of a series
of complicated conditions for induction and culture
of cells. To maximally imitate the in vivo infection of
virus, we and other groups isolated primary human
hepatocytes (PHHs) to establish the closest cell-based
in vitro model for HCV'®*®®, After acute HCV infection
of PHHs, interferon-f (IFN-B) and interferon-stimulated
genes were induced in the cells and the apoptosis of
viral-infected cells were triggered by TRAIL-mediated
pathway, which indicated that the innate host response
is intact in HCV-infected PHHs™®®. Although PHHs can
support successful HCV replication, their disadvantages,
such extreme lack of donors and highly variable results,
may hinder their application. Strikingly, we recently
established a PHHs-like hepatoma cell line, termed
HLCZ01, and found that it can support both HCVcc
(HCV cell culture) and HCV clinical isolates infection
and replication'™. In comparison to Huh7 or its
derived cell lines, HLCZ01 mounts an innate immune
response to HCV infection®®. In addition, HLCZO01 also
supports infection and propagation of hepatitis B virus
produced both in cell culture and clinically'®. This cell
line provides a powerful tool for addressing the virus
lifecycle, research of antiviral innate immunity and the
development of antivirals and vaccines.

Animal models

Apart from humans, chimpanzees are the only species
that support natural HCV infection. The species-
specific host cell factors promoting or restricting HCV
replication may have led to this narrow host range'.
Chimpanzees have played an essential role in the
identification of HCV as the etiological agent of non-A
non-B hepatitis”, In fact, the entire HCV life cycle
can be achieved in chimpanzee. Viruses obtained
from clinical isolates and in vitro tissue culture have
been inoculated into chimpanzees using intravenous
or intrahepatic injection””””\. The chimpanzee model
holds promise for research of both innate and adaptive
immunity, and the development or testing of new
drugs and vaccines. However, studies based on
this model are impeded by limited availability, high
costs and ethical concerns. In addition, research on
chimpanzees is now banned in most countriest”®!.
Therefore, alternative animal models are urgently
needed. Although the tree shrew, a small squirrel-
like mammal, is susceptible to HCV infection”’®,
numerous groups prefer to construct HCV-susceptible
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mice models.

Humanized mice transplanted with human hepa-
tocytes or expressing essential HCV host factors are
now considered as the novel models for analyzing
HCV infection and testing therapeutics. The xeno-
transplantation model, as one of the humanized
models, must suffer from an endogenous liver injury
and allow stimulated growth of human hepatocytes. The
human liver chimeric Alb-uPA"*%%, MUP-uPA®Y, HSV-
tk® and FAH-/-®% mice were reported to be infected
with HCV derived from cell culture and clinic isolates.
The AFC8-hu hematopoietic stem cells (HSC)/Hep
mice containing both human immune system and liver
tissues is a novel model for the study of the immune
response against HCV®®*, However, this model is limited
because of shortage of human donors to isolate HSCs
and hepatocyte progenitors. Another mouse model,
comprising genetically humanized mice that were
transient adenovirally transfected®’ or showed stable
transgenic expression of human CD81 and OCLN'™®®,
could support HCV infection of murine hepatocytes in
vivo. Importantly, the genetically humanized mice are
immunocompetent models, which provide opportunities
to study host immunity during viral infection, in spite
of their low efficiency of HCV infection'®. Although
numerous studies have been done to improve the
efficacy of the humanized mice, the model remains
technically challenging. Currently, there is still a lack
of a suitable alternative to the chimpanzee model for
to study both innate and adaptive immune responses
to HCV infection and to test candidate drugs and
vaccines'™”’,

RECOGNITION OF HCV

RIG-I-like receptors detect HCV
In the host cell, several PRRs sense viruses as foreign
invaders through pathogen-associated molecular
patterns (PAMPs) recognition to activate the innate
immune response. The major key PRRs include RIG-I
(retinoic acid inducible gene-I)-like receptors (RLRs),
toll-like receptors (TLRs) and other nontraditional
PRRs. RLRs consist of RIG-I, melanoma differentiation-
associated protein 5 (MDA5) and laboratory of
genetics and physiology 2 (LGP2). RIG-I is a cytosolic
RNA helicase that contains three major domains: a
C-terminal domain, a central DExD/H box RNA helicase
domain, and two CARD domains at the N-terminus 5%,
Mitochondrial antiviral signaling protein (MAVS; also
called Cardif, IPS-1 or VISA) is the common adaptor for
RLRs. Interestingly, MAVS is located on mitochondria,
peroxisomes and mitochondria-associated membranes
(MAMs)®*®Y (Figure 1). Activation of MAVS leads to
activation of TBK1 or IKKe, which phosphorylates
downstream IFN regulatory factor 3 (IRF3) and IRF7.
In addition, MAVS also activates NF-xB through the
activation of the classical IKK complex.

HCV is recognized by RIG-I at the early period of
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infection®. RIG-I senses HCV PAMP that bears 5’
triphosphate and 3’ untranslated region of the HCV
genome RNA with poly-U/UC ribonucleotides!®***
(Figure 1). The recognition of HCV PAMP by RIG-I is
dependent on the 34-nucleotide poly-uridine core within
the poly U/UC region™. Although the 5’ triphosphate
and the 3’ poly-U/UC region are at opposite ends of
the viral genome, the interactions between the 5’ and
3’ ends of HCV RNA can bring both into proximity
for presentation to RIG-I®. RIG-I is also crucial for
host innate responses to other RNA viruses, including
influenza virus, vesicular stomatitis virus, Sendai
virus, Japanese encephalititis virus, dengue virus and
West Nile virus (WNV)®"®?l, When the HCV RNA binds
to RIG-I, it induces a RIG-I conformational change
that promotes its oligomerization and translocation
from the cytosol into intracellular membranes!® %%,
The E3 ubiquitin ligase tripartite motif-containing
protein 25 (TRIM25) induces the lysine 63 (K63)-
linked polyubiquitination of the CARD of RIG-I at lysine
172, which is crucial for RIG-I signaling pathway to
elicit host antiviral innate immunity™®. Recent works
revealed that two other E3 ubiquitin ligases, Mex3c
and Riplet (also called Reul), are also essential for K63-
linked polyubiquitination of RIG-I and RIG-I-dependent
innate immune responses!'® %, The chaperone
protein 14-3-3e is involved in the association of RIG-I
and TRIM25, and facilitates RIG-I translocation to
interact with MAVS™. Strikingly, unanchored K63-
ubiquitin chains potently activate RIG-I by interacting
with RIG-I CARD domains''®’l. Furthermore, the
binding of unanchored K63-ubiquitin chains to RIG-I
induces the formation of a large complex comprising
four RIG-I and four polyubiquitin chains, which is
responsible for activation of antiviral signaling°®.
Siglec-G, a member of lectin family, promotes RIG-I
degradation by E3 ubiquitin ligase c-Cbl, which inhibits
the innate immune response'*.

MDAGS preferentially senses long dsRNA molecules
generated during virus infection!!”, Whether MDA5
serves as a PRR for HCV infection remains to be
clarified. Overexpression of MDAS5 inhibits HCV
infection in vitro and the HCV NS3/4A protein can block
the transduction of MDA5 signaling!'", In addition,
suppression of MDA5 by V protein of paramyxovirus
enhances HCV replication******], However, it fails to
induce the IFN-p in the RIG-I"" mouse embryonic
fibroblasts (MEFs) by stimulation with HCV RNAF?,
Knockdown of RIG-I in the PHHs and HLCZ01 cells
impairs the production of HCV-induced IFN-Bf®!*4,
Moreover, the MDA5”" MEFs still produce IFN-B upon
stimulation with HCV RNA™*, These studies suggested
that RIG-I is the key sensor for HCV recognition
and MDA5 may be involved in regulation of innate
immunity triggered by HCV infection.

TLRs sense HCV
TLRs also serve as host PRRs to detect HCV PAMPs.
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Figure 1 Immune sensing of hepatitis C virus by pattern recognition receptors. During hepatitis C virus (HCV) infection, PKR and RIG-I recognize dsRNA
constructed in the HCV IRES and HCV PAMP with 5'-triphosphate plus 3'poly-U/UC region, respectively. In the late period of infection, HCV dsRNA from viral
replication intermediates or extracellular dying cells is detected by TLR3. Activation of pattern recognition receptors (PRRs) leads to the transduction of signaling
through adaptor protein MAVS or TRIF, and subsequent phosphorylation and dimerization of IRF3 to induce the production of IFN-B, IFN-A, ISGs and proinflammatory
cytokines. MT: Mitochondria; ER: Endoplasmic reticulum; ES: Endosome; PX: Peroxisome; MAVS: Mitochondrial antiviral signaling; PAMP: Pathogen-associated
molecular pattern; IFN: Interferon; TRIF: TIR-domain-containing adaptor-inducing interferon-f3.

TLR3, TLR7 and TLR9 sense viral nucleic acids, while
TLR2 and TLR4 recognize viral proteins''*>'%, In
addition, HCV infection can induce the expression of
TLR4™71, As an endosomal sensor of HCV dsRNA, TLR3
is expressed in many cell types within the liver, including
hepatocytes and the liver-resident macrophage
Kupffer cells™'®!*°1, TLR3 is type I transmembrane
protein and comprises an amino-terminal horse shoe-
shaped ectodomain that recognizes viral dsRNA, a
transmembrane region, and a cytosolic carboxy-
terminal Toll-IL1 receptor homology (TIR) domain
that activates downstream signaling™*®, Moreover,
the activation of TLR3 signaling is dependent on the
acidification of endosomes*"..

TLR3 signals are transduced through the adaptor
protein TIR-domain-containing adaptor-inducing
interferon-p (TRIF), which activates IRF3 and NF-«B,
leading to the production of type 1 IFN, proinflammatory
cytokines and chemokines!**? (Figure 1). TLR3 also
triggers the apoptosis of human cancer cells directly ™.
HCV dsRNA replication intermediates (= 80-100 bp)
accumulated late during HCV replication and represent
the HCV PAMP!?, Actually, HCV infection activates TLR3
signaling late (3-4 d) in infection™®***, which indicates
that the incoming viral genomes or early replication
products may not present as TLR3 ligands. In addition
to the dsRNA accumulation from viral replication, the
HCV ligands for TLR3 are probably obtained from the
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uptake of extracellular HCV dsRNA (either from dying
cells or from the extracellular milieu) by scavenger
receptors on nearby uninfected cells'*. Consequently,
TLR3-mediated signaling may act as a secondary innate
immune response or monitoring system for uninfected
cells after the initial RIG-I detection of HCV.

TLRY recognizes ssRNAs derived from HCV or other
ssRNA viruses in the endosome. TLR7 is expressed
mainly in plasmacytoid DCs (pDCs). Phagocytic uptake
of HCV RNA triggers an innate immune response via
TLR7 signaling in the pDCs. Activated pDCs induce
type I IFNs rapidly and the levels of IFNs are more
than 100-fold higher than that induced in any other
blood cell type!****?”), Exosomes can transfer HCV
RNA from infected cells to pDCs and activate TLR7-
dependent innate response in pDCs!*®!, Exosomes
from both HCV-infected cells and hepatitis C pa-
tients transmit HCV infection of human hepatoma
cellst**3% TLR2 is expressed on the cell surface.
The TLR2 pathway is involved in the induction of
TNFa after stimulation by synthetic TLR2 ligands in
various hepatocyte cell lines™". In addition, hepatic
expression of TLR2 and TNF-a is associated with
hepatic inflammation and liver injury in hepatitis C
patients™>*,

Other sensors recognition of HCV
The protein kinase R (PKR), an antiviral protein,
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Table 1 Antiviral interferon-stimulated genes targeting different

steps of the hepatitis C virus life cycle

Gene Phases of Infection or Overexpression  Ref.
symbol HCV life replicon for or knockdown of
cycle targeted studies ISGs for tests
by ISGs
IFITM1 Entry Infection oe/kd [158]
Replication Infection oe/kd [159]
Replication Replicon kd [147]
IFITM3 Translation Replicon oe [161]
Replication Replicon oe [160]
Replication Replicon oe/kd [147]
DDIT4 Translation Infection/replicon oe [144]
IFI44L Translation Infection/replicon oe [144]
IRF1 Translation Infection/replicon oe [144]
Replication Replicon oe [162]
IRF2 Translation Infection/replicon oe [144]
IRF7 Translation Infection/replicon oe [144]
MAP3K14  Translation Infection/replicon oe [144]
MDAS5 Translation Infection/replicon oe [144]
NT5C3 Translation Infection/replicon oe [144]
RIG-I Translation Infection/replicon oe [144]
OASL Translation Infection oe [144]
Replication Replicon oe [152]
RNaseL Replication Replicon oe/kd [147]
Replication Infection oe [153]
ADAR1 Replication Replicon kd [163]
GBP-1 Replication Replicon oe/kd [162]
IF127 Replication Replicon oe/kd [162]
IFI6 Replication Replicon oe/kd [162]
IFIT1 Replication Infection oe/kd [162]
IFIT3 Replication Replicon kd [147]
IRF9 Replication Replicon oe [162]
ISG20 Replication Replicon oe [164]
MxA Replication Replicon oe [162]
NOS2 Replication Replicon oe/kd [147]
OAS Replication Replicon oe [162]
PLSCR1 Replication Replicon oe/kd [147]
TRIM14 Replication Replicon oe/kd [147]
Viperin Replication Replicon oe [164]
Replication Replicon oe [165]
Replication Infection/replicon oe [155]
Replication Infection kd [156]
Tetherin Release Infection oe [166]

HCV: Hepatitis C virus; ISGs: Interferon-stimulated genes; Infection
or replicon: The functions of ISGs were studied by using infectious
culture system (infection) or subgenomic replicon (replicon); oe or kd:
The functions of ISGs were identified by using overexpression (oe) or
knockdown (kd) of indicated ISGs in cells.

is a serine/threonine kinase that regulates protein
synthesis, cell proliferation, apoptosis and signal
transduction. PKR is a PRR that detects HCV and
activates innate immune signaling™*. Upon binding
to HCV dsRNA, PKR activates its kinase activity for
phosphorylation of the o subunit of eukaryotic initiation
factor 2 (elF2a). Activated PKR results in shutting-
off of the cap-dependent translation of host mRNAs,
while HCV uses an IRES translation mechanism (cap-
independent translation) that is insensitive to the
phosphorylation of eIF2¢™****®!, PKR binding of HCV
dsRNA also activates a kinase-independent signaling
that induces a small subset of IFN-stimulated genes
(ISGs) and IFN-B through MAVS, TNF receptor-
associated factor 3, IRFs and NF-kxB transduction
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before RIG-I activation*******%! (Figure 1). In addition,
although the HCV ligand for PKR is the structured
RNA at the IRES of the HCV genome!****¥, the detail
course of PKR recognition remains unclear.

The Nod (nucleotide oligomerization domain)-
like receptors (NLRs) belong to a large family of
intracellular PRRs, including NOD1, NOD2, and
NLR protein 3 (NLRP3)™*, NLRs sense the PAMPs
from RNA viruses, resulting in activation of the
inflammasome!*?, The inflammasome comprises
a sensor protein, the adaptor protein ASC and the
cellular protease caspase 1. The NLRP3 inflammasome
is the most characterized inflammasome and is
activated by viral dsRNA and ssRNA. NLRP3 triggers
the production of proinflammatory cytokines IL-1p in
macrophages during HCV infection!**!,

IMMUNE EFFECTORS THAT RESTRICT
HCV

The immune effectors against invading viral pathogens
infection are the products of interferon-stimulated
genes (ISGs). More than 300 ISGs are regulated
by IFNs through the Jak-Stat signaling pathway. To
identify the specific set of ISGs responsible for the
inhibition of HCV replication, several screens have
been conducted in vitro systems. Identified I1SGs that
restrict the HCV life cycle are summarized in Table
1. Using an overexpression screening approach, a
recent study tested the ability of nearly 400 ISGs to
inhibit the replication of several important human
and animal viruses, including HCV, yellow fever
virus, WNV, chikungunya virus, Venezuelan equine
encephalitis virus and human immunodeficiency
virus type-1"*1, For HCV, the inhibitory effectors
includes IRF family members, RIG-I, MDA5 and other
little characterized ISGs, such as DDIT4, IFI44L,
MAP3K14, OASL and NT5C3"*'*], In contrast to the
overexpression approach, an RNA interference-based
screen was performed by two groups to identify anti-
HCV ISGs™®**1, Zhao et al**! identified 93 genes
that mediate the anti-HCV effect of IFN-a, in which
23 and nine genes are involved in mMRNA processing
and translation initiation, respectively. Seven ISGs
were identified by Metz and co-workers to contribute
to the suppression of HCV replication by IFN-a or
IFN-/**), Although all ISGs identified in this study
were upregulated by either cytokine, PLSCR1 and
NOS2 were the main effectors of IFN-y-mediated anti-
HCV activity™”), In addition to ISG proteins, the IFN-
induced microRNAs (miRNAs) may also be capable of
inhibiting HCV replication!*®, Similarly, Fusco and co-
workers identified ISGs as well as non-transcriptionally
induced genes required for the antiviral effect of IFN-a
using a genome-wide siRNA screen™*. In this screen,
120 IFN effector genes were identified that restricted
HCV, and 92% of them were non-transcriptionally IFN-
induced genes, which suggested an as-yet-unknown
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action of the IFN pathway!***.,

Although numerous ISGs have been validated in
the process of IFN-mediated anti-HCV activity, the
underlying mechanisms of most ISGs are unclear.
Several ISGs, including OAS-RNaselL system,
Viperin and the IFITM family members are relatively
well characterized™®. During viral infections, viral
dsRNA activates one of the three functional human
2’,5'-oligoadenylatesynthetases (OASs) to synthesize
2’-to-5'-linked oligoadenylates (2-5A), which
subsequently activate RNaseL to cleave viral RNAs, as
well as cellular mRNAs and rRNAs, to induce apoptosis
of infected cells!*". In vitro studies have shown that
all three OAS proteins induce RNasel-dependent
antiviral activity against HCV!*****>*>3_ vjiperin (RSAD2)
localizes to the ER and lipid droplets. Viperin interacts
with HCV core and NS5A proteins, as well as VAP-A,
an important host factor of HCV replication, in the
LDs-ER membranes'™*'**!, Viperin may cause an
alteration of the lipid composition of the membranous
web by disturbing NS5A-VAP-A interaction, leading
to inhibition of HCV replication!*”’. The IFN induced
transmembrane proteins (IFITMs), including IFITM1,
IFITM2, IFITM3 and IFITM5, contain two anti-parallel
transmembrane domains, a leucin-zipper motif and a
short cytoplasmic domain. IFITM1 interacts with HCV
co-receptors CD81 and occludin to inhibit the process
of viral entry!®, IFITM1 and IFITM3 suppress HCV
replication; however, the mechanism of replication
inhibition by IFITMs remains to be determined!*’**1¢%,
In addition, IFITM3 inhibits the translation of both
HCV polyprotein and host proteins!®!l. IFI27 (also
called ISG12a), a mitochondria-anchored protein,
also exhibits antiviral activity through inhibition of
HCV replication and by triggering apoptosis of HCV-
infected cells!****?, Although the role of IFI27 in early
control of HCV is unclear, IFI27 can mediate TRAIL-
dependent apoptosis via induction of Noxa in the late
stage of HCV infection™**. Although single ISG exhibits
anti-HCV activity, full restriction of HCV infection
requires the combined activity of multiple ISGs and
the transduction of other innate immune signaling
pathways.

STRATEGIES FOR INNATE IMMUNITY
EVASION OF HCV

Viral factors

Despite the effective recognition of HCV by many
sensors to activate innate immune responses,
about 80% of patients with acute HCV infection
do not effectively clear the virus and develop a
chronic infection™”), HCV may have evolved several
mechanisms that are responsible for viral evasion of
host innate immune signaling. The key viral factor of
the HCV innate immune evasion is the viral NS3/4A
protease. NS3/4A, a complex of NS3 and NS4A
proteins, is required for the HCV life cycle, including
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viral RNA replication, polyprotein processing and viral
assembly™®®, The NS3/4A complex is anchored to
intracellular membranes by the N-terminal a-helix of
NS3 and NS4A transmembrane domain that facilitates
membrane association and cleavage of membrane-
anchored substrates'®'’°), The RIG-I signaling
pathway can be blocked by NS3/4A, which cleaves
MAVS at Cys508 from intracellular membranes to
prevent its dimerization and downstream signaling of
innate immunity™**7°1, NS3/4A cleaves MAVS at the
mitochondrial outer membrane®*'”*, and MAVS also
localizes to peroxisomes and MAMs™®**"), Although NS3/
4A localizes to all three kinds of membranes during HCV
infection, MAM-localized MAVS is cleaved by NS3/4A
rather than MAVS anchored on the outer mitochondrial
membrane® (Figure 2). Activation of the RIG-I
pathway by HCV infection may occur via the MAM-
localized MAVS to transduce the downstream signaling.
In the livers of patients with chronic HCV infection,
the cleavage of MAVS by NS3/4A was also observed,
which contributes to lower levels of IFN pathway
induction®*'7®1, Hence, the fact that NS3/4A targets and
cleaves MAVS to disrupt RIG-I signaling is an effective
strategy for HCV to evade the innate antiviral immunity.
HCV NS3/4A also targets the E3 ubiquitin ligase Riplet
and inhibits K63-linked polyubiquitination of RIG-I and
its association with TRIM25 and TBK1, which provides a
new mechanism for HCV evasion of host immunity™®.

TRIF, the TLR3 signaling-adaptor protein, is also
cleaved by HCV NS3/4A protease at Cys372, a site
containing high sequence homology to the NS4B/5A
cleavage site in the HCV polyprotein!’’”*”®! (Figure
2). The infection of hepatoma cells by JFH1 virus in
vitro leads to substantial reduction of TRIF protein
abundance, which could be partially reversed by
NS3/4A inhibitor treatment!''®, Although the relative
abundance of TRIF decreased, the specific TRIF
proteolytic fragments have not been detected during
HCV infection, probably because of technical difficulties
in detecting this low abundance protein™'®. Similar
to the blockage of RIG-I signaling, NS3/4A-mediated
cleavage of TRIF suppresses the transduction of TLR3
signaling, as a mechanism responsible for chronic HCV
infection. However, TRIF is also implicated as an adaptor
protein for TLR3-independent signaling™’®’. This
suggests that cleavage of TRIF by NS3/4A may also
inhibit other innate immune responses contributing to
HCV persistence.

The dsRNA-dependent protein kinase PKR plays
multiple roles in cells, including pathogen sensing and
response to different stress situations!®”, Binding of
HCV dsRNA to PKR activates a kinase-independent
signaling that induces some early ISGs and IFN-B
through MAVS!'3*13140] Therefore, cleavage of MAVS
by HCV NS3/4A protease probably suppresses the
transduction of PKR signaling during HCV infection
(Figure 2). Binding to dsRNA also promotes PKR
homodimerization and activates the kinase domain
to phosphorylate eIF2a. However, the effects of
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Figure 2 Innate immune evasion of hepatitis C virus infection. Multiple strategies to disrupt both IFN induction and response pathways are responsible for chronic
hepatitis C virus (HCV) infection during viral infection. Notably, HCV NS3/4A protease cleaves the adaptor proteins MAVS and TRIF, contributing to the blockage of
downstream signaling of PKR, RIG-I and TLR3, and prevention of IFN production. HCV E2 and NS5A proteins suppress the function of PKR by direct binding to this
kinase. IFN-B and IFN-X bind to their distinct receptors and induce the formation of IFN-stimulated gene factor-3 (ISGF3), comprising phosphorylated STAT1, STAT2
and IRF9 through the common JAK/STAT pathway. HCV core and other viral proteins inhibit the activation of STAT signaling, and therefore repress the production of
ISGs. The function of specific ISG protein is also suppressed by HCV proteins. Additionally, the unfavorable IFNL3 genotype (T/T or C/T) leads to less expression of
IFN-2, which attenuates the antiviral effect of IFN-A on HCV infection. MT: Mitochondria; ER: Endoplasmic reticulum; ES: Endosome; PAMP: Pathogen-associated
molecular pattern; IRES: Internal ribosomal entry site; TLR: Toll-like receptor; IFN: Interferon; MAVS: Mitochondrial antiviral signaling; ISGs: IFN-stimulated genes;

TRIF: TIR-domain-containing adaptor-inducing interferon-.

this activation for HCV replication are controversial.
During HCV infection, the phosphorylation of elF2a
by PKR inhibits cellular mRNAs translation, which
contains host factors important for HCV replication
and cellular growth (PKR functions as anti-HCV),
while it can also suppress the translation of IFN and
ISGs (PKR functions as pro-HCV)!"*>'*®l Two viral
proteins, NS5A and E2, inhibit PKR by directly binding
to the kinase!™®'® (Figure 2). NS5A represses PKR
through a direct interaction with PKR at a site termed
the interferon sensitivity determining region within
NS5AMY, Similarly, E2 can also target and inhibit PKR,
and the interaction site in E2 bears a highly conserved
amino acid sequence with remarkable sequence
homology to PKR autophosphorylation and elF2a
phosphorylation sites!’®®, The detailed mechanisms
by which NS5A and E2 mediate inhibition of PKR are
unknown. It is possible that activation and inhibition
of PKR occur in a sequential manner; that is, HCV
activates PKR at the early stage of infection and
inhibits PKR at a later stage through high levels of
synthesized NS5A and E2. Interestingly, HCV E1/E2
protein can downregulate the expression of RIG-I and
TLR3 in vitro, which provides a new mechanism of viral
evasion of innate immunity for HCV™®,

In addition to disrupting the IFN induction pathway,
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HCV has evolved strategies to block the IFN response
pathway. During HCV infection, HCV viral proteins (such
as core protein) are implicated as negative-regulators
of the IFN response pathway through blockage of
JAK/STAT signaling™®. In addition, viral proteins also
inhibit specific ISGs to evade their restrictions'*®*
(Figure 2). Interestingly, patients infected with HCV
genotype 2 or 3 show the highest response rates to
therapy (70%-80%), while only 45%-60% of patients
with HCV genotype 1 or 4 infection achieve SVR™®,
Actually, the patients infected with HCV genotypes 1
and 4 have high levels of ISG expression in the liver
before IFN therapy, contributing to the resistance of
IFN treatment™®'**1, The mechanisms by which HCV
persists in the liver, despite high levels of hepatic ISGs
expression, are poorly understood and future research
focusing on this respect may identify novel strategies
by which HCV evades innate immunity.

Host genetic factors

Host genetic factors are also involved in innate
immunity evasion by HCV. In fact, the single nucleotide
polymorphisms (SNPs) upstream of the IFNL3 locus
have been determined as novel predictors for both
successful clinical therapy of chronic hepatitis CV’#%*"]
and spontaneous clearance of HCV infection®®'!!. The
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IFNL3 locus encodes the antiviral cytokine IFNL3 (also
referred to as IL28B), which belongs to type I IFN
family. The molecular mechanisms of action of this
genetic variation remain unknown. One hypothesis is
that these SNPs may alter the mRNA expression of
IFNL3 and the expression levels of IFNL3 are probably
associated with HCV clearance and therapy effect”*'%®
(Figure 2). Several groups have verified the hypothesis
that the unfavorable SNPs in the IFNL3 locus contribute
to lower expression of IFNL3 within the liver, peripheral
blood mononuclear cells and whole blood!-#%%91,
Patients with the unfavorable IFNL3 genotype exhibit
the inhibition of innate immune function of NK cells,
which suggests that the genetic variation in the IFNL3
locus directly affects antiviral immunity to HCV!*®%,
Further studies to address how different IFNL3
polymorphisms regulate the innate immune response
to HCV infection and the outcome of IFN therapy are
encouraged, which will facilitate the development of
new therapeutic strategies to clear HCV.

Recently, a newly characterized gene, IFNL4, was
identified™®*. IFNL4 is created by a dinuclectide variant
$s469415590 (TT or AG) in the upstream region of IFNL3
(IL28B) on chromosome 19q13.13"*, Compared with
previously discovered variant rs12979860, ss469415590
is more strongly associated with HCV clearance in
individuals of African ancestry®*\. The polymorphism in
IFNL4 provides new insights into the genetic regulation
of HCV clearance. It is now known that the type Il IFNs
(IFN-s) comprise IFNL1 (IL29), IFNL2 (IL28A), IFNL3
(IL28B) and IFNL4. We and other groups have validated
the effect of IFN-As on inhibiting HCV replication in
vitro™®*'**) The restricted receptor distribution of IFN-x
makes it likely that IFN-As could be developed as new
drugs for HCV therapy, with fewer side effects than
IFN-¢**,

CONCLUSION

The host innate immunity is critical for HCV sensing
and subsequent viral clearance, while the dysregulation
of innate immune signaling can lead to chronic viral
infection. HCV triggers this immune dysregulation
by evading the host innate immune response via
numerous strategies, including viral factors and host
genetic factors, which contributes to eventual viral
persistence. Multiple types of cells residing in the
liver microenvironment are involved in regulation of
HCV-induced innate immune response. However, the
detailed mechanisms of how hepatocytes and other
cell types regulate each other, and how the immune
modulation of cells determines the consequence of
HCV infection, is still unclear. The intracellular sensors,
such as RIG-I, TLR3 and PKR, are essential for HCV
recognition; however the cross talk of these receptors
in the detection of HCV during viral infection remains
to be clarified. Although the detection of HCV by
RIG-I and TLR3 is well characterized, it is unknown
how and where the HCV PAMPs are presented to PKR
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and NLRs for innate immune signaling. The potential
mechanisms used by HCV to evade PRRs-dependent
recognition should be identified. Genetic studies
have provided insights into IFNL3 polymorphisms,
indicating that variations of IFNL3 predict an effective
immune response for both natural and IFN-induced
HCV clearance. However, the IFNL3 genotype is not
the best predictor of therapeutic responses to HCV
infection™™®”), Thus, further studies to define new host
factors that determine the outcome of viral infection
could help to effectively guide the individual treatment
of HCV infection, together with known predictors.

Although the IFN-based therapy is still the
current standard-of-care therapy for HCV in many
treatment centers, significant scientific advances have
enabled the development of new classes of antivirals
for the treatment of HCV. In the near future, the
DAAs targeting HCV NS3 protease, NS5A or NS5B
polymerase may well cure virtually all hepatitis C
patients with an all-oral, interferon-free regimen™®®,
However, viral breakthrough and drug resistance
during these therapeutic courses will need to be
considered and monitored carefully™”. Furthermore,
the efficacy of these drugs for other genotypes of
HCV, not genotype 1, still needs to be determined.
A full understanding of how the host antiviral innate
immunity responds to HCV infection, and what
drives HCV evasion of this protective activity, will be
important to the development of new therapeutic
approaches and novel vaccines with high-efficacy for
HCV. In addition, the establishment of new, efficient
cell culture systems and more convenient small animal
models is highly encouraged, which will facilitate basic
research on viral-host interactions, innate immunity
and HCV pathogenesis, leading to the development of
drugs and vaccines for chronic hepatitis C.
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