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REVIEW

Intracellular Innate Immune Cascades and Interferon
Defenses That Control Hepatitis C Virus

Stacy M. Horner and Michael Gale Jr.

Hepatitis C virus (HCV) is a global public health problem that mediates a persistent infection in nearly 200 mil-
lion people. HCV is efficient in establishing chronicity due in part to the inefficiency of the host immune system
in controlling and counteracting HCV-mediated evasion strategies. HCV persistence is linked to the ability of
the virus to suppress the RIG-I pathway and interferon production from infected hepatocytes, thus evading
innate immune defenses within the infected cell. This review describes the virus and host processes that regu-
late the RIG-I pathway during HCV infection. An understanding of these HCV-host interactions could lead to
more effective therapies for HCV designed to reactivate the host immune response following HCV infection.

Introduction

HEPATITIS C virus (HCV), a single-stranded hepatotro-
pic RNA virus, continues to be a major public health
problem, persistently infecting nearly 200 million people
worldwide, with 3-4 million new infections annually. While
20%-30% of those acutely infected with HCV may clear the
virus, the majority of those infected develop chronic infec-
tion, leading to liver inflammation, fibrosis, and cirrhosis.
HCV is a primary indicator for liver transplantation and
a leading etiology for hepatocellular carcinoma, the third
leading cause of cancer death worldwide (Bosch and others
1999; Sharma and Lok 2006). The disease associated with
HCV places a substantial global burden on the health care
system (Lavanchy 2009). There is no vaccine for HCV, and
the current HCV therapy of pegylated interferon (IFN)-a in
combination with ribavirin leads to a sustained virological
response (SVR) in only half of those chronically infected
(Soriano and others 2009). In recent years, HCV-related liver
disease has become the leading cause of non-AIDS death in
those coinfected with HIV (Pineda and others 2007).

The innate immune response to virus infection is acti-
vated when conserved pattern-associated molecular pat-
terns (PAMPs) generated during infection are recognized
in cells by proteins known as pattern recognition receptors
(PRRs). The 3 major classes of PRRs are Toll-like receptors
(TLRs), RIG-I-like receptors (RLRs), and nucleotide oligo-
merization domain (NOD)-like receptors (NLRs). Viral en-
gagement of TLRs and RLRs leads to downstream signaling

that results in the activation of latent transcription factors,
including the IFN regulatory factors (IRFs) and nuclear
factor-kB (NF-«kB), and culminates in the induction of IRF3
target genes, type I IFN, and proinflammatory cytokines.
Type I IEN coordinates immunity to prevent virus infection
of new cells and limit virus spread. Importantly, type I IFN
signals in an autocrine and paracrine manner through the
type I IEN receptor to induce hundreds of IFN-stimulated
genes (ISGs) that establish a tissue-wide antiviral state, and
it sensitizes infected cells to apoptosis (de Veer and others
2001; Stetson and Medzhitov 2006). Furthermore, type I IFN
modulates several aspects of adaptive immunity, including
establishment of cytotoxic T-cell responses, generation of
natural killer cells, and B-cell differentiation, for the elim-
ination of virus-infected cells (Stetson and Medzhitov 2006;
Purtha and others 2008). NLR-mediated PAMP detection
activates caspase-1 leading to the secretion of proinflamma-
tory cytokines, such as interleukin-18 (Petrilli and others
2007), which directs an antiviral inflammatory response.

Recent studies have made progress toward our under-
standing of how HCV is detected by the host cell for the acti-
vation of innate immune response. In spite of this detection
and ability to stimulate innate immune defenses and IFN
production, HCV is successful in mediating a chronic course
of infection in the majority of those infected. This review
will discuss how HCV is sensed by the innate immune re-
sponse and then how the virus subsequently antagonizes
the antiviral effects of type I IFN.
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Hepatocytes Detect HCV Infection Through RIG-I

The robust replication of HCV produces an estimated 10
virions per day (Neumann and others 1998), and this high
level of HCV transiently activates the innate immune system
early during infection. Acute HCV infection in chimpanzees
induces an ISG expression profile in the liver consistent with
a type I IFN response (Su and others 2002). Furthermore,
HCV RNA is potent inducer of type I IFN (Sumpter and oth-
ers 2005; Saito and others 2008), mediated by HCV engage-
ment of PRRs.

Pattern recognition receptors

Viral PAMPs in the host are recognized as nonself by
3 distinct classes of sensors that initiate intracellular sig-
naling, the TLRs, NLRs, and RLRs (Saito and Gale 2007).
The function of these antiviral sensors is regulated in part
by their compartmentalization within the cell. RLRs and
NLRs sense PAMPs in the cytoplasm of most cells, including
hepatocytes, while TLRs are expressed in endosomes and
on the cell surface and primarily detect viral PAMPs in var-
ious immune cells, such as macrophages, dendritic cells, B
cells, and some types of T cells (Eisenacher and others 2007).
The role of NLRs in sensing RNA viruses is still unclear,
and they are primarily thought to be activated by bacterial
PAMPs or intracellular stress signals (Kanneganti and oth-
ers 2006; Petrilli and others 2007).

The TLR family members that detect viral PAMPs include
TLR2, TLR3, TLR4, TLR7/8, and TLRY, and their activation
leads to production of proinflammatory cytokines and
IFN-a. TLR2 and TLR4 are expressed on the plasma mem-
brane and are involved in detecting viral proteins on the
cell surface. Both the HCV core and NS3 proteins have been
shown to activate TLR2 signaling leading to host inflam-
mation (Dolganiuc and others 2004; Chang and others
2007). TLR3, TLR7/8, and TLR9 detect viral nucleic acids.
TLR7/8 and TLR9 are primarily expressed in endosomes,
while TLR3 can be found in endosomes and at the cell sur-
face, depending on the cell type (Eisenacher and others
2007). TLRY senses unmethylated CpG motifs in DNA, and
therefore its role in the detection of HCV, an RNA virus,
would be expected to be minor. TLR7/8 sense uridine- and
guanosine-rich single-stranded RNA (ssRNA) (Diebold and
others 2004; Heil and others 2004) in conventional dendritic
cells and plasmacytoid dendritic cells, the major producers
of IFN-a in response to virus infection. TLR3 is expressed
in conventional dendritic cells, macrophages, and several
nonimmune cell types, such as fibroblasts and epithelial
cells, and has been proposed to sense double-stranded
RNA (dsRNA). The physiological viral ligand and antivi-
ral function of TLR3 and TLR7/8 are undefined (Schroder
and Bowie 2005; Vercammen and others 2008), although it
appears that TLR3 is involved in the induction of type II
IFN following picornavirus infection (Negishi and others
2008). Because TLR3 and TLR7/8, which are transmem-
brane proteins, primarily sense nucleic acids in an intracel-
lular location, detection of HCV by these TLRs would likely
require phagocytosis of virus-infected cells. Hepatocytes,
the primary site of HCV infection, are deficient in TLR
signaling (Seki and Brenner 2008). To date, no HCV RNA
ligand has been shown to directly activate TLR pathways.
Therefore, TLRs likely mediate a secondary response to

HORNER AND GALE

HCV infection, perhaps sensing viral products in phagocy-
tosed cells (Schulz and others 2005), resulting in amplifica-
tion of intrahepatic inflammatory signals.

The RLR family consists of retinoic acid-inducible gene-I,
RIG-I; melanoma differentiation-associated gene 5, MDA5;
and laboratory of genetics and physiology 2, LGP2. Because
these RLRs are expressed in the cytoplasm of most cells,
including hepatocytes, they are candidates to be the primary
intracellular sensors of HCV infection (Kato and others
2006). Both RIG-I and MDAS5 contain 2 N-terminal caspase
activation and recruitment domains (CARD). All the RLRs
have a DExD/H RNA helicase domain and bind to RNA
ligands. Studies using RIG-I"/~ and MDA5~/~ mice revealed
that RIG-I and MDAS recognize distinct classes of viruses
(Kato and others 2006). RIG-I has been shown to be essen-
tial for detection of specific set of ssSRNA viruses, including
paramyxoviruses, flaviviruses, orthomyxoviruses, and rhab-
doviruses, while MDAS5 is essential for detection of picor-
naviruses, such as encephalomyocarditis virus (Yoneyama
and others 2004; Sumpter and others 2005; Kato and others
2006; Loo and others 2008). These studies also showed that
production of IFN-B following stimulation with poly I:C, the
synthetic double-stranded (ds) RNA analog, was mediated
by MDAS5, and not RIG-I (Gitlin and others 2006; Kato and
others 2006). The proposed ligand for MDAS5 is long dsRNA
greater than 3 kb (Kato and others 2008).

Transfection of HCV RNA into human hepatoma cells
leads to transient activation of IRF3 and IFN-B (Sumpter and
others 2005; Saito and others 2007). This activation is defec-
tive in cells that lack functional RIG-I, but can be comple-
mented with wild-type RIG-I, demonstrating that RIG-I is
required for activation of IRF3 by HCV RNA (Sumpter and
others 2005). HCV infection is also more efficient in cells that
lack functional RIG-I signaling (Loo and others 2006). Taken
together, these studies indicate that RIG-I is the primary in-
tracellular sensor of HCV. Biochemical studies revealed that
RIG-I, but not MDAS5, recognizes the 5 and 3’ noncoding
regions (NCRs) of HCV RNA (Saito and others 2007). The
HCV NCRs are highly structured and contain partial dou-
ble-stranded regions (Fig. 1). Recent work has defined the
detailed mechanism of HCV RNA ligand recognition by
RIG-I for the induction of antiviral signaling (Saito and oth-
ers 2008; Uzri and Gehrke 2009).

How is HCV recognized by RIG-I?

Cytoplasmic ssSRNA containing a 5 triphosphate (ppp),
short dsRNA, and uridine- or adenosine-rich viral RNA
motifs are recognized by RIG-I (Hornung and others 2006;
Pichlmair and others 2006; Kato and others 2008; Saito and
others 2008; Takahasi and others 2008; Uzri and Gehrke
2009). The RNA ligand base composition, sugar backbone,
and length of the RNA sequence also provide important sig-
nals required for RIG-I activation (Saito and others 2008; Uzri
and Gehrke 2009). The HCV genome contains several motifs
that facilitate its recognition by RIG-I. HCV RNA is not
capped and therefore its RNA contains the 5" ppp required
for detection by RIG-I. The 3" NCR of the HCV genome is the
primary HCV PAMP that activates RIG-I signaling (Sumpter
and others 2005; Saito and others 2007). Importantly, this re-
gion is highly conserved among HCV genotypes and is crit-
ical for HCV replication (You and Rice 2008). The 3" NCR
consists of 3 parts: a variable region containing 2 stem loops,
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9.6 kb HCV RNA genome
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FIG. 1.

3'NCR

RNA genome structure of hepatitis C virus (HCV). The 9.6 kb positive strand RNA genome of HCV is illustrated.

The RNA secondary structure of the 5" noncoding region (NCR) and 3’ NCR are depicted. The HCV 3" NCR contains 3
domains: a variable region with 2 RNA stem loops, a single-stranded poly U/UC region, and a conserved “X” region with 3
RNA stem loops. The minimal HCV pattern-associated molecular pattern (PAMP) that activates RIG-I signaling is indicated

by the arrow.

a poly U-rich region that is single-stranded, and a conserved
“X” region, which contains 3 stem loops (Fig. 1). It was
expected that dsRNA or RNA with secondary structure lo-
cated within the 3" NCR would be the primary HCV PAMP
for RIG-I through interactions with the RIG-I helicase do-
main. In fact, the highly structured X region of the HCV ge-
nome does not activate RIG-I signaling, but surprisingly, the
poly U/UC region is a potent activator of RIG-I signaling. A
5" ppp is necessary for this activation, but it is not sufficient,
as the X region containing a 5 ppp does not activate RIG-I
(Saito and others 2008).

How does RIG-I detect these 2 distinct signatures (5" ppp
and poly U/UC sequence) in 1 RNA molecule, when they
are separated by over 9,600 nucleotides in the HCV genome?
There are 3 possibilities. First, well-established long-range
RNA interactions between the 5" and 3’ ends of the HCV ge-
nome that are important for efficient HCV translation could
bring the 5 ppp and poly U/UC into close proximity for
stable interaction with and activation of RIG-I (Ito and oth-
ers 1998; Song and others 2006). Alternatively, it was recently
shown that the ability of HCV poly U/UC RNA to activate
RIG-I does not require immediate adjacency of the 5" ppp,
suggesting that RIG-I recognizes 2 distinct features of the
PAMP RNA, both the 5" ppp and the poly U/UC sequence
(Uzri and Gehrke 2009). In fact, structural studies suggest
that RIG-I has 2 distinct RNA sensing domains (Cui and
others 2008; Takahasi and others 2008). RIG-I binds 5 ppp
ssRNA through a positively charged groove in its C-terminal
domain, which includes the RD. As this groove can only
accommodate 3 nucleotides, RIG-I must use an additional
domain, most likely the helicase domain, to discriminate
specific RNA sequences, such as the poly U/UC present in
the HCV PAMP. Finally, the corresponding replication in-
termediate sequence of the poly U/UC region, poly A/AG,
also activates RIG-I signaling. In this case, during HCV rep-
lication, the 5" ppp of the negative strand would be in close
proximity to the poly A/AG region, and together these motifs
could bind to RIG-I In fact, it has been proposed that RIG-I
may bind to substrate RNA and then translocate on the RNA
to scan for activating sequences (Myong and others 2009).

It is not known where in the cell and when in the HCV
replication program the PAMP that activates RIG-I is gener-
ated. HCV replicates in association with cellular membranes

and induces weblike membranes structures, which compart-
mentalize HCV replication complexes and probably protect
HCV RNA from RIG-I detection (Egger and others 2002;
Gosert and others 2003). However, this does not exclude the
possibility of some nonmembranous HCV RNA present in
the cytoplasm. In addition to these large perinuclear repli-
cation complexes on weblike cellular membranes, smaller
HCV replication complexes are distributed on membranes
located throughout the cytoplasm (Targett-Adams and oth-
ers 2008; Wolk and others 2008). These smaller replication
complexes, distinct from the large perinuclear replication
complexes, appear to be formed during early times after
infection (<24 h) (Targett-Adams and others 2008; Wolk
and others 2008), and therefore could be initial detection
sites of the HCV genome by RIG-I. In support of this idea,
HCV infection activates IRF3 at early times during infection
before extensive viral protein synthesis has occurred (Loo
and others 2006; Lau and others 2008). Further studies are
needed to determine the intracellular localization and acti-
vation of RIG-I during HCV infection.

The HCV PAMP (5’ ppp poly U/UC ssRNA) triggers he-
patic immune responses in vivo, and these responses are
mediated by RIG-I (Saito and others 2008). The PAMPs in
the 3" NCR of 3 different HCV strains (Conl, J4L6, JFH-1)
have been tested so far, and all 3 activate RIG-I signaling
(Saito and others 2008; Uzri and Gehrke 2009). The PAMP
from the HCV genotype 2a strain JFH-1, which replicates
and produces infectious particles in cell culture, is a rela-
tively weak activator of RIG-I signaling, suggesting that the
ability of the JFH-1 strain to replicate in cell culture could be
due in part to its low immunostimulatory activity (Uzri and
Gehrke 2009). Other viruses that activate RIG-I, including ra-
bies virus, ebola virus, and measles virus, all contain PAMP
regions with similar sequences to the HCV PAMP that po-
tently activate RIG-I signaling thereby demonstrating a con-
served mechanism of PAMP recognition by RIG-I (Saito and
others 2008).

The features present in the HCV PAMP distinguish it
from cellular RNAs and illustrate the exquisite discrimina-
tion that RIG-I uses to distinguish “self” (endogenous RNA)
from “nonself” (viral RNA). While HCV RNA is uncapped
and contains a 5" ppp, endogenous RNA has 5" end modifi-
cations, such as a methylguanosine cap or a monophosphate,
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interacts with ribonucleoproteins, or has extensive base
modifications, all of which would mask detection by RIG-I.
In fact, some viruses have evolved mechanisms to avoid
detection by RIG-I, such as removal of the 5' ppp from their
viral genomes or attachment of viral proteins to the 5" ends
of their genomes (Ferrer-Orta and others 2006; Habjan and
others 2008). The poly U/UN (where N denotes an inter-
spersed non-U nucleotide) sequence seems to be a general
immune mechanism for nonself recognition, as TLR7/8 are
also activated by ssRNA PAMPs containing this sequence
(Diebold and others 2004; Heil and others 2004).

Following RNA virus infection or dsRNA treatment of
cells, the antiviral endoribonuclease RNaseL is required for
the production of IFN-B. Upon activation by 2',5"-linked oli-
goadenylate, which is produced by the 2'-5" oligoadenylate
synthetase (2-5 OAS), RNaseL cleaves RNA to generate small
RNA cleavage products that signal through the RIG-I/MDAS5
pathway (Malathi and others 2007). RNaseL can cleave HCV
RNA at single-stranded UA and UU dinucleotides in vitro
(Han and Barton 2002; Washenberger and others 2007); how-
ever, it is unclear how RNasel-cleaved RNA is recognized
by RIG-L It is possible that cleavage of HCV RNA by RNaseL
could generate higher levels of HCV PAMP leading to ampli-
fication of RIG-I signaling during virus infection.

Mechanism of RIG-I activation

In the absence of ligand, RIG-I is held in an inactive
confirmation by intramolecular interactions between the
N-terminal CARD and the C-terminal RD, which suppress
ATPase activity of RIG-I (Saito and others 2007; Gee and oth-
ers 2008). Structural studies revealed that both short dsRNA
and 5 ppp RNA bind to the C-terminal domain of RIG-I
(Takahasi and others 2008). RIG-I interaction with these
RNA ligands, including the HCV PAMP, induces a confor-
mational change in RIG-I that facilitates oligomerization
through the RD, activation of the ATPase domain, and ex-
posure of the CARD for interaction with the CARD domain
of the adaptor protein IFN promoter-stimulating factor-1
(IPS-1, also known as Cardif, MAVS, and VISA) and activa-
tion of downstream signaling molecules (see below) (Saito
and others 2007; Cui and others 2008; Saito and Gale 2008;
Takahasi and others 2008). The details of RIG-I activation, as
well as the role of the RIG-I helicase domain in RIG-I activa-
tion, are still unclear. Structural studies of full-length RIG-I
in the presence and absence of PAMP are needed to under-
stand the exact mechanism of RIG-I activation after engage-
ment of the PAMP.

In addition to internal regulation, RIG-I activation is sub-
ject to external regulation. Ubiquitination of RIG-I on the
CARD by TRIM25 or on the C-terminal domain by Riplet/
RNF135, promotes the interaction of RIG-I with IPS-1 and
activation of downstream signaling (Gack and others 2007;
Oshiumi and others 2009). The RLR LGP2 also plays a role in
regulating RIG-I signaling and controlling virus infection.
LGP2, which lacks a CARD, has been reported to be a neg-
ative regulator of the RIG-I pathway (Yoneyama and others
2005; Saito and others 2007). Several mechanisms for this
negative regulation have been suggested, including seques-
tration of RNA ligands, heterodimerization with RIG-I, and
preventing the kinase IkB kinase-g (IKK-g) from binding
to IPS-1 (Yoneyama and others 2005; Komuro and Horvath
2006; Saito and others 2007). While the C-terminal domain of
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LGP2 can bind to dsRNA, including HCV RNA, this binding
activity does not appear to be required for its ability to reg-
ulate RIG-I signaling (Saito and others 2007, Bamming and
Horvath 2009; Li and others 2009). Studies in LGP2~/~ mice
demonstrate that depending on the type of virus, LGP2 is
either a positive or negative regulator of antiviral signaling
(Venkataraman and others 2007). Future studies are needed
to define the mechanism of LGP2 regulation of RIG-I sig-
naling during HCV infection.

IFN Signaling During HCV Infection

During HCV infection, RIG-I detects the 3" NCR of HCV
leading to activation of IRF3 (Sumpter and others 2005; Saito
and others 2007). Activated IRF3 directly stimulates the ex-
pression of specific set of genes within the infected cell, in-
cluding type I IFN (Grandvaux and others 2002; Elco and
others 2005). Secreted IFN-B transmits local and tissue-wide
signals for the induction of hundreds of ISGs by interacting
in an autocrine and paracrine manner with the IFN-a/p re-
ceptor located on the cell surface. This leads to activation of
the Janus kinase (Jak) signal transducer and activator of tran-
scription (STAT) pathway. STAT1 and STAT2 are phosphor-
ylated by JAK-1 and protein tyrosine kinase-2 and, together
with IRF9, form the ISG factor-3 (ISGF3) transcription factor
complex. ISGF3 binds to IFN-stimulated response elements
within the promoters of ISGs to activate gene transcription.

Type I IEN successfully blocks HCV replication in cell
culture (Guo and others 2001; Pawlotsky 2003) and induces
expression of many ISGs (de Veer and others 2001). In
addition to having roles in antiviral activities, ISGs are in-
volved in such processes as lipid metabolism, apoptosis,
protein degradation, and inflammatory responses (de Veer
and others 2001). Microarray analysis of liver samples from
HCV-infected chimpanzees or chronically infected humans
demonstrates that many ISGs are expressed in the HCV-
infected liver (Bigger and others 2001; Su and others 2002;
Smith and others 2003; Bigger and others 2004; Helbig and
others 2005; Lanford and others 2006; Lau and others 2008).
Characterization of these ISGs has revealed that several have
anti-HCV activity, including protein kinase R (PKR), ISG56,
ISG20, ADAR], and viperin. Both PKR and ISG56 block HCV
replication at the level of translational inhibition. PKR phos-
phorylates the a-subunit of the eukaryotic initiation factor
(eIF) 2 and the IRF3-activated gene ISG56 binds to elF3; both
of these processes prevent initiation of viral protein trans-
lation (Wang and others 2003). ADARI1 is an RNA-editing
enzyme that deaminates adenosines in dsRNA, resulting
in destabilization of RNA and accumulation of mutations
(Taylor and others 2005). Viperin has also been characterized
as an anti-HCV effector. Its expression induces the forma-
tion of crystalloid ER and interferes with protein secretion
(Hinson and Cresswell 2009). Deletion of the ER localization
domain of viperin abrogates its anti-HCV activity (Jiang and
others 2008). Therefore, it is possible that viperin inhibits
HCV replication by interfering with the formation or activity
of the HCV replication complex on ER membranes.

The current HCV therapy of pegylated IFN-a and riba-
virin is only successful for ~50% of those treated, despite the
fact that type I IFN can block HCV replication and stimu-
late the expression of ISGs that have anti-HCV activity. HCV
has several mechanisms for disrupting the IFN pathway (see
below) that may contribute to the low success rate of HCV
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therapy. This disruption of the IFN pathway by HCV may
prevent the activation of a specific subset of ISGs important
for HCV clearance. Examination of paired liver biopsies
from patients with chronic HCV before and after pegylated
IFN-a therapy found that nonresponders to therapy had
similarly high levels ISGs before and after therapy (Sarasin-
Filipowicz and others 2008). Additionally, this preactivation
of ISGs was higher in patients infected with the more dif-
ficult to treat HCV genotypes 1 and 4 than in genotypes 2
and 3, which are easier to treat. While the exact mechanism
for this preactivation of ISGs and non-response to therapy is
not known, this study, along with similar studies in chim-
panzees and human patients (Bigger and others 2001; Bigger
and others 2004; Chen and others 2005), suggests that non-
responders may not be activating a specific subset of ISGs
that are important for viral clearance or that negative feed-
back loops, such as those mediated by ISG15 protease USP18
(Randall and others 2006), due to the high levels of IFN sig-
naling in these patients prevent the induction of anti-HCV
ISGs following pegylated IFN-a therapy. Indeed, consensus
IEN, which has increased anti-HCV potency over pegylated
IFN-q, induces a subset of ISGs distinct from those induced
by pegylated IFN-a (Erickson and others 2008). Perhaps one
of these ISGs or a specific IFN-induced micro-RNA will be
implicated as a factor required for successful HCV clearance
(Pedersen and others 2007).

Control of Innate Immune Signaling by HCV

Despite the fact that RIG-I signaling and ISGs are induced
by HCV, 80% of those infected with HCV become chronically
infected. HCV successfully evades several aspects of the
host immune response, including expression of IFN-@, IFN
signaling, and antiviral activities of IFN-induced proteins
(Fig. 2). These activities blunt the intracellular innate immune
response and also most likely cause defects in the adaptive
immune response, contributing to HCV persistence.

HCYV disrupts signaling to IFN-_3

RIG-I signaling is activated upon interaction with the
HCV PAMP that promotes a conformational change in
RIG-I to facilitate its interaction with IPS-1. This interaction
and subsequent activation of IPS-1 leads to assembly of a
complex on the mitochondria that signals downstream to
activate NF-kB and the kinases IKK-¢ and Tank-binding
kinase 1 (TBK1), which phosphorylate the transcription
factors IRF3 and IRF7. STING (also called MITA (Zhong
and others 2008) and MPYS (Jin and others 2008)) has been
identified as a new member of this pathway (Ishikawa and
Barber 2008). It appears to be localized in both the ER and
the mitochondpria, and upon virus infection, it recruits TBK1
to the mitochondria for the phosphorylation and activation
of IRF3. The exact mechanism by which interaction of RIG-I
with IPS-1 activates signal transduction through IPS-1
remains to be determined, especially since overexpression
of IPS-1 alone leads to downstream signaling. Both NLRX1
and the Clq receptor gC1qR have been identified as nega-
tive regulators of IPS-1 signaling (Moore and others 2008;
Tattoli and others 2008; Xu and others 2009). When these
proteins are overexpressed during virus infection, they
interact with IPS-1 on the mitochondria and prevent IPS-1
signaling. Therefore, activation of RIG-I by PAMP binding
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and subsequent ubiquitination of RIG-I may promote strong
interactions with IPS-1 to displace these negative regulators
from IPS-1 for the activation of downstream antiviral sig-
naling. Interestingly, extracellular HCV core protein inter-
acts with gC1gR on the surface of T cells and inhibits T-cell
activation (Kittlesen and others 2000; Yao and others 2004).
It will be of interest to determine if HCV core protein inter-
acts with intracellular gC1gR or if any of the HCV proteins
antagonize the function of any of these new members in the
RIG-I pathway.

HCV has several mechanisms to disrupt the RIG-I sig-
naling pathway that it triggers to prevent and control ac-
tivation of type I IFN (Gale and Foy 2005). The NS3/4A
protein is the primary HCV protein responsible for evasion
of these antiviral signaling pathways. NS3/4A is the major
HCV protease and is essential for viral replication. NS3
interacts with its cofactor, the NS4A peptide, to anchor the
NS3/4A complex to intracellular membranes and to facili-
tate complete activation of the NS3 protease domain (Wolk
and others 2000; Brass and others 2008). During HCV rep-
lication, NS3/4A uses its serine protease domain to cleave
the HCV polyprotein and release the mature nonstruc-
tural viral proteins. To block signaling by RIG-I, NS3/4A
also cleaves the innate immune adaptor proteins IPS-1.
Cleavage of IPS-1 by NS3/4A releases it from the mitochon-
drial membrane thereby abolishing RIG-I-mediated signal
transduction, including IRF3 activation, in the infected cell
(Foy and others 2003; Li and others 2005; Meylan and oth-
ers 2005; Loo and others 2006). Recent studies have demon-
strated that IPS-1 oligomerization is required for activation
of antiviral signaling, and it appears that NS3/4A cleavage
of IPS-1 also prevents signaling by disrupting IPS-1 olig-
omerization (Baril and others 2009; Tang and Wang 2009).
NS3/4A has also been shown to cleave TRIF (Toll/inter-
leukin-1 receptor/resistance domain-containing adaptor-
inducing IEN), the signaling adaptor molecule for TLR3, to
prevent TLR3-mediated antiviral signaling (Li and others
2005). However, the role of TLR3/TRIF in innate immunity
to HCV has not been defined and other studies have not
reproduced this finding (Dansako and others 2007; Dansako
and others 2009). NS3/4A protease inhibitors are currently
under development as antiviral therapies for HCV (Soriano
and others 2009). These protease inhibitors, which block the
ability of NS3/4A to cleave the HCV polyprotein and IPS-1,
restore innate immune signaling in HCV-infected cells
(Johnson and others 2007; Liang and others 2008). In addi-
tion to NS3/4A-mediated cleavage of IPS-1 and TRIF, NS3
has also been reported to physically bind to TBK1 to block
the association of TBK1 with IRF3 and the activation of IRF3
(Otsuka and others 2005).

The HCV core protein interacts with the DEAD box pro-
tein-3 (DDX3), a member of the DEAD box helicase family
(Mamiya and Worman 1999; Owsianka and Patel 1999; You
and others 1999). It has recently been shown that during
virus infection, DDX3 interacts with IKK-¢ to prevent IRF
activation (Schroder and others 2008). Further studies are
required to determine if the interaction of HCV core with
DDX3, which is required for HCV replication (Ariumi and
others 2007), has an effect on IRF activation during HCV in-
fection. In 1 study, HCV NS4B was shown to block RIG-I- and
IPS-1-mediated signal transduction, although other studies
have not observed an effect of NS4B expression on IRF3 acti-
vation (Foy and others 2003; Tasaka and others 2007).
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FIG. 2. Hepatitis C virus (HCV) evades the innate immune response of the host cell. The intracellular innate immune re-
sponse to HCV is activated when RIG-I (retinoic inducible gene-1) binds to the HCV pattern-associated molecular pattern,
uridine-rich single-stranded RNA (ssRNA) with a 5" triphosphate (5 ppp). HCV proteins ablate the signaling pathways that
activate this immune response. (A) The HCV NS3/4A protease cleaves the RIG-I and TLR3 (Toll-like receptor-3) signaling
adaptor proteins, IFN-B promoter stimulator-1 (IPS-1), and Toll/interleukin-1 receptor/resistance domain-containing adap-
tor-inducing IFN (TRIF), respectively. Cleavage of these proteins by NS3/4A prevents IRF3 (interferon regulatory factor-3)
and NF-kB (nuclear factor-«B) signaling and IFN-B activation in the infected cell. (B) The HCV core protein blocks several
aspects of Janus kinase (Jak) signal transducer or activator of transcription (STAT) signaling to prevent expression of IFN-
stimulated genes (ISGs). HCV core protein induces suppressor of cytokine signaling-3 (SOCS3), a negative regulator of Jak/
STAT signaling. HCV core also prevents STAT1 phosphorylation and nuclear import. (C) HCV proteins antagonize the an-
tiviral activity of IFN-induced proteins. Both the HCV E2 and NS5A proteins bind to protein kinase R (PKR) and inhibit its
activation. NS5A also blocks the antiviral activity of 2'-5" oligoadenylate synthetase (2-5 OAS). Abbreviations: ISRE, inter-
feron stimulated response element; TYK2, protein tyrosine kinase-2; PRR, pattern recognition receptor.

HCYV regulates IFN signaling and antagonizes
antiviral activities of IFN-induced proteins

The HCV core protein expressed alone can block Jak/STAT
signal transduction. It directly binds to STAT1 to prevent its
phosphorylation and subsequent activation of downstream

The Jak/STAT pathway is another target of HCV.
Expression of the HCV polyprotein may attenuate Jak/
STAT signal transduction by inducing expression of protein
phosphatase 2A (PP2A) (Heim and others 1999) in chronic
HCV infection, resulting in a decreased activity of STAT1
and loss of ISG activation by the transcription factor ISGF3
(Blindenbacher and others 2003; Duong and others 2004).

anti-HCV ISGs, including PKR, MxA, and 2-5 OAS (Melen
and others 2004; de Lucas and others 2005; Lin and others
2006). Additionally the HCV core protein induces expression
of the suppressor of cytokine signaling-3 (SOCS3), a nega-
tive regulator of the Jak/STAT signaling pathway, resulting
in decreased STAT1 activation in response to type I IFN
(Bode and others 2003). Therefore, antagonism of the Jak/



HCV DISRUPTS HOST ANTIVIRAL SIGNALING

STAT pathway by HCV core protein prevents ISG induction
in response to virus infection.

The HCV NS5A and E2 proteins directly interfere with
the antiviral actions of ISGs, including PKR. The HCV glyco-
protein E2 acts as competitive substrate with elF2a for PKR
binding resulting in inhibition of PKR kinase activity (Taylor
and others 1999). The HCV NS5A protein, which is involved
in RNA replication and HCV particle assembly (Huang and
others 2007; Appel and others 2008; Tellinghuisen and others
2008), prevents PKR activation through direct interactions
that prevents PKR-mediated translation control resulting
in increased HCV replication and subversion of the IFN re-
sponse (Gale and others 1998; Pflugheber and others 2002).
NS5A also blocks the antiviral function of 2-5 OAS through
a direct interaction (Taguchi and others 2004). Expression
of NS5A seems to induce secretion of IL-8 resulting in a re-
duced expression of ISGs (Polyak and others 2001a). In fact,
IL-8 levels are increased in HCV-infected patients who do
not respond to therapy, as compared to those that do respond
to therapy, suggesting that NS5A may have direct effects on
responses to IFN therapy (Polyak and others 2001b). Finally,
NS5A binds to MyD88, the major signaling adaptor protein
for TLRs (except for TLR3), in macrophages and prevents
cytokine induction in response to TLR ligands, although
the relevance of this is unclear because HCV has not been
reported to infect macrophages (Abe and others 2007).

Conclusion

The recent discovery of the HCV PAMP has provided us
with a more complete understanding of how RIG-I engages
its ligands for activation of downstream signaling path-
ways that mediate the production of type I IFN and ISGs.
In spite of the fact that HCV induces RIG-I signaling, 80%
of those infected do not clear the virus and become chron-
ically infected. HCV has a diverse set of strategies to evade
the actions of RIG-I signaling, type I IFN, and antiviral
ISGs, creating an environment suitable for HCV persistence.
These innate immune evasion mechanisms most likely pre-
vent a functional adaptive immune response to HCV and
contribute to the ability of HCV to mediate a chronic course
of infection. A detailed understanding of the interactions of
HCV with the innate immune response is necessary to de-
velop novel therapeutics for HCV and to design strategies to
improve the outcome of current HCV therapy.
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