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Abstract

Antiviral immunity in mammals involves several levels of surveillance and effector actions by host
factors to detect viral pathogens, trigger o/p interferon production, and to mediate innate defenses
within infected cells. Our studies have focused on understanding how these processes are regulated
during infection by hepatitis C virus (HCV) and West Nile virus (WNV). Both viruses are members
of the Flaviviridae and are human pathogens but they each mediate a very different disease and
course of infection. Our results demonstrate common and unique innate immune interactions of each
virus that govern antiviral immunity, and demonstrate the central role of o/ interferon immune
defenses in controlling the outcome of infection.
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1. Introduction

Viruses of the Flaviviridae are globally distributed and are responsible for major diseases of
humans and other animals. Hepatitis C virus (HCV) and West Nile (WNV) are distantly related
members of this family, and are enveloped viruses encoding a single-stand RNA genome of
positive polarity. The viral genome serves as a template for the production of a large polyprotein
that is post-translationally processed into the individual structural proteins that build new virus
particles, and non-structural (NS) proteins that support virus replication. Virus replication takes
place and in close association with intracellular membranes and through a double-stranded
RNA (dsRNA) intermediate [1,2]. Despite their common replication strategy, HCV and WNV
mediate a very different course of infection: wherein HCV is hepatotropic and typically causes
a chronic infection, WNV is neurotropic and causes an acute infection (Fig. 1) [3-5]. Chronic
HCV and acute WNV infection are each linked with viral strategies to control o/ interferon
(IFN) immune defenses [6,7].

Innate immune defense programs induced by o/ IFNs represent an essential first line of

protection against virus infection. The o/p IFNs are typically produced by cells during the early
stages of virus infection when the virus is recognized by specific pathogen recognition receptor
(PRR) molecules of the host (see Fig. 2). These include the cytoplasmic RNA helicases retinoic
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inducible gene-I (RIG-I) and melanoma differentiation antigen 5 (MDADS) and cell surface or
endosomal Toll-like receptors (TLRs). PRRs bind to viral products and subsequently signal
downstream activation of interferon regulatory factors (IRFs) and NF-«B transcription factors
to trigger the production of o/p IFNs and other proinflammatory cytokines [8]. Binding of the
a/B IFN receptor on cells within the local tissue triggers the receptor-mediated signaling of the
Jak-Stat pathway by the secreted IFNs to induce the tissue-wide expression of hundreds of
interferon-stimulated genes (1SGs) [9]. ISG products impart antiviral and immunomodulatory
activities that limit virus replication and spread [10,11]. The expression of a/p IFNs has been
differentially observed between HCV and WNYV infection in vivo. o/p IFN transcripts are
present but not highly expressed in hepatic tissue during chronic HCV infection but are induced
to high levels in vivo during WNV infection [12,13]. These observations underscore the distinct
strategies used by HCV and WNV to disrupt host innate immune defenses. Here, we provide
an overview of our studies aimed at understanding how HCV and WNV evade antiviral
defenses during infection.

1.1 HCV is a global health problem

HCV emerged largely after the second world war and has become endemic throughout the
world. There are approximately 200 million people now with chronic HCV infection, making
the virus aserious public health problem well into the foreseeable future [4]. HCV is transmitted
parenterally, and transmission typically results in a chronic infection. HCV infection is a major
cause of liver disease and is often associated with hepatic fibrosis, cirrhosis, and hepatocellular
carcinoma, making it the main indication for liver transplantation [14] (Fig 1). Infection with
HCV is currently treated by weekly injections of pegylated IFN-o in conjunction with oral
ribavirin [15]. There are six HCV genotypes, with genotype 1 being widespread and the most
difficult to treat. As described below, HCV can effectively block virus signaling of a/p IFN
production. This process of immune evasion provides a foundation for chronic infection.

1.2 West Nile is an emerging infectious disease

WNV was first identified in Uganda in 1937, and has circulated endemically throughout Africa,
the Middle East and Europe. In the mid-to-late-1990s incidences of WNV-associated outbreaks
of severe disease including meningitis and encephalitis suddenly increased [16], and in 1999
the virus was detected in the Western Hemisphere for the first time [17]. WNV has rapidly
spread throughout the continental United States, Canada, Mexico and the Caribbean. In the
United States alone there have been nearly 24,000 diagnosed human cases of WNV infection
with approximately 4% of these resulting in death
[http://www.cdc.gov/ncidod/dvbid/westnile/index.htm]. The death rate climbs to nearly 10%
when the virus crosses the blood-brain barrier [16] (Fig. 1). WNV differs from HCV in that it
is an arthropod-borne virus that is transmitted primarily in a bird-mosquito-bird cycle with
humans and other animals as dead-end hosts. The illness caused by WNV is generally an acute,
febrile illness with a small percentage of human infections resulting in neuroinvasive disease
[3]. Currently there is no treatment for infection with WNV. Alick Issacs, the co-discoverer of
IFN [18], originally defined the antiviral potential of IFN against WNV infection [19]. More
recently, off-label use of IFNa-2b has been tried as a therapeutic for WNV-infected patients
with varying success, in which treatment initiated less than 10 days after the onset of
neurological symptoms resulted in a better clinical prognosis [20,21]. Various studies have
linked WNV evasion of a/p IFN actions with a pathogenic infection outcome [7].

2. Distinct mechanisms of innate immune control by HCV and WNV

In order to replicate and spread, viruses must evade or resist innate immune defenses of the
host cell [11]. While chronic virus infection obviates a need for a virus to direct the constitutive
attenuation of o/ IFN production, viruses that mediate an acute infection course only have to
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avoid a/p IFN actions during their window period of virus production. These parameters
underscore the distinct processes by which HCV and WNV evade innate immune actions. As
described in the following sections, HCV antagonizes RIG-I signaling to suppress o/f IFN
production by the infected cell, thereby avoiding the limitation to virus replication imposed by
endogenous IFN. On the other hand, WNYV infection induces o/p IFN production through
processes involving RIG-I, but it antagonizes Jak-Stat signaling through the o/p IFN receptor,
thus regulating ISG expression and the antiviral actions of IFN.

2.1 HCV regulation of the RIG-I pathway

Studies of HCV infection in chimpanzees have demonstrated that acute virus challenge and
infection resolution associated with a robust a/p IFN response in hepatic tissue [22]. In vitro
studies attribute this response to PRR triggering through HCV RNA recognition by RIG-1 and
signaling through the RIG-I pathway [23] (Fig. 2). The HCV genome contains motifs of RNA
secondary structure within it 5" and 3’ nontranslated regions (NTRs) and in areas throughout
the coding region [24]. When transfected into human Huh7 hepatoma cells, HCV RNA triggers
the activation of IRF-3 and the expression of IFN-B, but this response was found to be defective
in a subclone of these cells that were highly permissive for HCV RNA replication [23,25].
Biochemical studies revealed that the permissive cells had a defective innate immune response
to synthetic dsSRNA and to HCV RNA that mapped to a signaling lesion upstream of IRF-3
activation. Further cDNA complementation studies identified RIG-1 as a critical factor of HCV
RNA signaling that was defective in the permissive cells [23]. These observation supported
earlier work from Yoneyama et al. identifying RIG-1 as a novel PRR that recognizes dsSRNA
and signals IRF-3 activation during virus infection [26]. Thus, our observations revealed a role
for RIG-1in binding to structured HCV RNA in areaction that initiates innate immune defenses
controlling cellular permissiveness for HCV. Biochemical studies demonstrate RI1G-I can bind
to the structured 3’ and 5’ NTRs of the HCV genome RNA but not a linear, nonstructured
domain of the HCV genome nor to synthetic single-stranded RNA [23,27]. These observations
support a model of innate immune signaling during acute HCV infection in which the viral
RNA is recognized by RIG-I, thereby triggering RIG-I signaling of downstream IRF-3
activation, o/f3 IFN production, and ensuing hepatic ISG expression (Fig. 2).

2.2 RIG-I as an on/off switch to innate immunity against HCV

Structurally, RIG-I contains two tandem caspase activation and recruitment domains (CARDS)
and a DExD/H box RNA helicase domain [26]. The helicase domain is thought to mediate
binding of viral RNA whereas the CARDs confer downstream signaling of IRF-3 activation
[23,26]. CARD signaling occurs through interaction with the interferon promoter stimulator-1
(IPS-1) adaptor protein [28], also known as Cardif, MAVS and VISA [29]. IPS-1 is localized
on the outer mitochondrial membrane where it serves to recruit a macromolecular complex or
“signalsome” that directs innate immune signaling in response to RIG-1 binding [29]. When
overexpressed in cells, RIG-I does not normally result in constitutive signaling to IRF-3, but
instead it amplifies virus activation of this process [23,30]. These observations implicate an
internal mechanism for repression of RIG-I signaling in otherwise resting cells in the absence
of virus infection. Overexpression of RIG-I lacking the CARDs confers dominant-negative
suppression of virus signaling. Dissecting this region further has identified a 190 amino acid
carboxyl-terminal domain of RIG-1 that serves as a repressor domain (RD) to hold RIG-I in a
closed, non-signaling conformation in the absence of a dSRNA ligand [27]. Structure-function
and biochemical studies demonstrated that 1) the RIG-I1 RD confers signaling repression by
interacting with both the amino-terminal CARDs as well as the helicase domain, and 2) binding
of a RNA ligand to RIG-I juxtaposes the RD to reveal an open conformation competent to
signal downstream activation of IRF-3. RIG-1 RD function studies demonstrated that ectopic
expression of the RD alone was sufficient to suppress innate immune defenses within cultured
cells thus conferring increased permissiveness to HCV infection [27]. Taken together, these
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data suggest a model for RIG-1 activation wherein RIG-I exists as a monomer in resting cells,
but self-associates upon virus infection or high level expression induced by o/p IFN. This
multimerization is necessary but not sufficient for RIG-1 CARD signaling, and a further viral
RNA binding event by the helicase domain releases the CARDs from RD inhibition and results
in an active RIG-1 complex that can signal downstream through IPS-1 (Fig. 2). Thus, RIG-I
mediates innate immune signaling during HCV infection through processes governed by the
RD as an on-off switch for innate immunity.

2.3 Disruption of RIG-I signaling by the HCV NS3/4A protease

The a/p IFN genes are not highly expressed during chronic HCV infection [13], and ISG
expression varies widely among patients [31], suggesting that that the innate immune response
to HCV infection undergoes virus-directed regulation. Our in vitro studies of the HCV RNA
replicon model and of cells infected with the JFH1 HCV 2A infectious clone demonstrated
that HCV imposes a blockade to RIG-I signaling of /B IFN production [32,33]. Analysis of
viral protein function identified the HCV NS3/4A protein complex an antagonist of virus-
induced IRF-3 activation [34]. NS3/4A is the essential HCV protease and RNA helicase [1].
Studies of mutant NS3 lacking protease or helicase activity revealed that the protease activity
and not the RNA helicase activity of NS3/4A was responsible for the IRF-3 activation blockade
[35]. These observation were validated by treatment of cells with peptidomimetic active site
inhibitors of the NS3 protease, in which inhibitor treatment restored virus activation of IRF-3
and ISG expression even in the presence of high levels of NS3/4A [34,35]. Studies to address
the RIG-1 pathway interactions with NS3/4A and HCV RNA replication defined this pathway
as the target of the NS3/4A signaling blockade, and demonstrated that the protease actions of
NS3/4A imposed the block of RIG-I signaling to prevent the downstream activation of both
IRF-3 and NF-xB. Thus, this regulation impacts the expression of IRF-3 target genes and NF-
kB target genes in parallel. The parallel disruption of IRF-3 and NF-«B activation by NS3/4A
allows HCV to suppress the expression of innate immune effector and proinflammatory
response genes that may otherwise control infection [32].

The identification of the HCV NS3/4A protease as an antagonist of RIG-1 signaling presented
the hypothesis that the HCV protease was targeting, cleaving, and inactivating an essential
signaling protein within the RIG-I pathway. However, biochemical studies showed us that
NS3/4A did not cleave any of the known components of the RIG-1 pathway, thereby indicating
that an undefined and essential cofactor of RIG-I signaling was the likely target of NS3/4A
[23]. Thus, our studies inspired a global hunt for this factor, which was subsequently identified
by several research groups, including our own, using functional or interactive cloning strategies
and bioinformatics approaches. These efforts identified IPS-1/Cardif/MAVS/VISA, as an
essential adaptor protein of RIG-I signaling [reviewed in reference 29]. Studies of HCV
infection demonstrated that IPS-1 was targeted and cleaved by the NS3/4A protease during
virus replication [33,36]. We found that NS3/4A targets and cleaves endogenous IPS-1 in vitro
and in vivo [33]. Mechanistically, this cleavage event occurs at cysteine 508 of IPS-1 to release
it from its membrane anchor. As a result, IPS-1 comes off the mitochondria and cannot recruit
the signalsome that mediates downstream activation of IRF-3 and NF-kB during HCV infection
(Fig. 2). Protein function studies now demonstrate that NS3/4A targeting of IPS-1 occurs
through the protease domain and its minimal NS4A cofactor alone, and does not involve the
NS3 helicase domain [35]. Moreover, NS3/4A protease inhibitors can effectively prevent
proteolysis of IPS-1 during HCV infection, and treatment of infected cells actually restores the
innate immune response to infection even in the presence of NS3/4A [33,35]. Thus, IPS-1 is
an essential signal transducer of the RIG-I pathway that is targeted and cleaved by NS3/4A
during infection (Fig 2). In effect, the proteolysis of IPS-1 attenuates both the production of
o/B IFN and disrupts a critical amplification loop of o/ IFN signaling, thus suppressing innate
immune defenses to HCV infection. Our studies reveal an immunomodulatory potential of
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NS3/4A protease inhibitors toward the therapeutic restoration of innate immune defenses
against HCV [35,37].

2.4 MDA5 and LGP2: RIG-I family helicases

MDAS is cytoplasmic RNA helicase with CARDs and is structurally similar to RIG-I [38].
MDAS is an ISG and also serves as a PRR to initiate signaling of innate immune defenses
during virus infection [8]. RIG-1 and MDAGS exhibit remarkable distinctions of PRR function
and recognition of viruses. In fibroblasts and tissue parenchymal cells RIG-I is a requisite PRR
for different negative-strand RNA viruses and HCV, while MDAG5 is an essential PRR of
encephalomyocarditis virus infection (a positive-strand RNA virus) [23,27,39,40]. Both factors
can bind and respond to dsSRNA in vitro and in transfected cells, and single stranded RNA with
exposed 5’ triphosphates (which are present in HCV RNA) has also been defined as a RIG-I
ligand [41]. In contrast to RIG-1, MDAGS does not contain a functional RD, thus it constitutively
activates the IFN-B promoter when expressed in cells [27]. While RIG-I has been shown to
bind to regions of the HCV genome with high degrees of secondary structure, MDAS does not
efficiently bind to HCV RNA. Moreover, MDAS5 is not required for signaling of innate defenses
by the HCV genomic RNA [27], thereby indicating that RIG-I is the essential PRR for HCV.

LGP2 is a third member of the RIG-I-like helicase family [38], sharing homology with RIG-I
and MDADS but lacking CARDs. LGP2 has been shown to negatively regulate virus activation
of RIG-I [38], and this occurs through the actions of a carboxyl-terminal RD with homology
to the RD of RIG-I [27]. LGP2 has also been shown to displace IKK-¢ (a component of the
IPS-1 signalsome) from IPS-1 to thereby block signaling [42]. Like RIG-1, LGP2 is an RNA-
binding protein, and this activity to bind RNA presents another possible mechanism by which
it may inhibit RIG-I signaling through sequestration of RNA ligands [43]. It is important to
note that LGP2 does not inhibit MDAS signaling [27] even though RIG-I and MDAS signal
through IPS-1 as a common downstream adaptor protein [28]. As an I1SG itself, LGP2
expression is indirectly subject to control through NS3/4A proteolysis of IPS-1. LGP2 thus
defines an autoregulatory mechanism to control RIG-I signaling and innate immune programs
[27]. However, the true function of LGP2 during virus infection and a possible role as a negative
or positive effector of PRR signaling remain to be defined.

3. WNV regulation of IFN signaling

Unlike HCV, WNV does not actively inhibit the RIG-I pathway leading to the production of
o/p IFN. Rather, WNV delays activation of PRR signaling long enough to give the virus a
replicative advantage within the infected cell [44]. The delayed activation of IRF-3 during
WNV infection results in a robust a/p IFN response that slows cell to cell virus spread but this
response is largely ineffective at limiting infection by the emergent strain [45]. The exact
mechanism by which WNV evades PRR detection is not understood. Studies using cells from
gene knockout mice revealed that WNV signals innate defenses through RIG-1-dependent
mechanisms as well as through processes independent of RIG-I likely involving MDAGS [44].
These studies revealed that efficient viral replication is dependent upon the virus delaying the
activation of innate defenses inasmuch as ectopic activation of the RIG-I pathway results in a
severe limitation of virus replication [44]. The delay in PRR detection of WNV provides the
virus with a window of opportunity to essentially replicate unimpeded during the early stages
of infection. Virus replication during this window period supports an accumulation of viral
proteins that exert effects on a/p IFN actions.

3.1 WNV disruption of a/ IFN receptor signaling is a pathogenesis determinant

WNV replication in the face of a potent albeit delayed innate immune response suggests that
it can effectively evade or control the ISG response signaled by IFNs [45-47]. Several groups
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have recently reported that WNYV is capable of inhibiting activation of JAK-STAT signaling
components [48-51]. However, the exact mechanism of this inhibition is not clear, as it has
been proposed that the NS2A, NS2B3, NS4A and NS4B viral proteins each have inhibitory
activity against IFN signaling. Further work using viral genetic approaches is needed to define
the precise mechanisms by which WNV antagonizes o/p IFN signaling. It is clear, however,
that ISG induction still occurs during WNV infection, suggesting that viral control of a/p IFN
signaling is not complete, and that continuous induction of o/ IFN expression may occur
through PRR signaling processes triggered during asynchronous cell to cell virus spread [12,
45,51,52]. Thus, WNV may attenuate or “fine-tune” o/p IFN signaling sufficiently to support
virus replication. The importance of this fine tuning of JAK-Stat signaling was demonstrated
by comparing a highly pathogenic WNV strain (WNV-TX02) and a traditionally
nonpathogenic strain (WNV-MAD78) during infection of wild type cells or cells recovered
from mice lacking a functional o/f IFN receptor. In cells from wild type animals the
nonpathogenic WNV-MAD?78 strain was attenuated in its ability to antagonize IFN signaling
compared to pathogenic WNV-TX02 [51]. This phenotype correlated with a completely
avirulent phenotype of the nonpathogenic virus in vivo during infection of wild type mice.
Importantly, virulence of the normally nonpathogenic WNV-MAD78 virus was unmasked
upon infection of mice lacking a functional o/f3 IFN receptor. All WNV strains thus far shown
by other groups to antagonize a/p IFN receptor signaling were derived from pathogenic isolates
of the virus [49,50,53]. These studies demonstrate that the antiviral actions of o/f3 IFNs are
essential for immunity and protection against WNV infection, and define viral suppression of
JAK-Stat signaling through the o/ IFN receptor as a major determinant of WNV pathogenesis.

3.2 a/B IFN limits peripheral dissemination of WNV and protects neurons against lethal

infection

In vivo studies have revealed an important role of o/B IFNs in controlling tissue tropism of
WNV infection. Normally, WNV is not detected in peripheral organs such as the heart, kidney,
liver, lung, or muscle, yet in mice lacking a function a/p IFN receptor high viral load was
detected in each of these organs [12]. Furthermore, o/f IFN receptor deficient mice exhibited
higher viral load in serum and in the central nervous system (CNS) that associated with a
significant reduction in the survival of neurons infected with WNV. These results demonstrate
the critical role o/ IFN plays in not only controlling WNV replication at the site of inoculation
but also in protecting non-renewable neurons in the CNS from the damaging effects of
infection. The effector molecules responsible for the control of WNV replication within
infected cells are only incompletely defined. The identification of these important antiviral
components could lead to new therapeutics effective not only against WNV but also against
other viruses. Current evidence indicates pathogenic and non-pathogenic WNV strains induce
distinct transcriptional profiles in infected cells [46]. Understanding the genes that are
differentially regulated and therefore potentially responsible for control of viral replication,
between pathogenic and nonpathogenic strains is critical to understanding the underlying
biology of these viruses.

4. 1SGs control HCV and WNV replication

Our studies demonstrate an important role of o/p IFN immune defenses in controlling HCV or
WNV infection outcome, and further imply important roles of ISGs in controlling hepatic
spread of HCV or systemic and CNS dissemination of WNV. The spectrum of ISGs involved
in these processes number in the hundreds and the functions of most are not known. However,
studies of a/p IFN actions have revealed important insights into the antiviral functions of
specific ISGs against HCV and WNV. Our work has demonstrated that o/p IFN exerts a
dominant effect on HCV RNA translation that serves to suppress viral replication [54].
Biochemical studies defined PKR and ISG56 as I1SG effectors of o/p IFN-induced translational
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control programs in cultured hepatoma cells [54,55]. PKR and ISG56 were shown to operate
at different levels of translation initiation to respectively block eukaryotic initiation factor (elF)
2 recycling and ribosome recruitment by elF3, thereby attenuating HCV protein synthesis. o/
B IFN has also been shown to suppress the production of the negative-strand intermediate of
HCV RNA replication in association with a general reduction of viral RNA translation [56],
and effective inhibition of HCV replication in vitro has corresponded with high level expression
of 1ISG6-16, though the mechanisms of this control are not known [57]. Various studies to
assess hepatic ISG expression in human patients have provided mixed results of expression or
suppression of specific ISGs during chronic HCV infection. However, a recent study identified
USP18 as a possible factor whose expression associated with a poor response rate of HCV
infected patients undergoing IFN therapy [58]. In vitro studies have now demonstrated a
possible role for USP18 as a negative regulator of ISG expression (Fig. 3) [59]. USP18 counters
the specific antiviral actions of ISG15 [59] but its impact on other ISGs such as PKR and 1ISG56
has not been defined nor is the role of ISG15 in HCV infection known. The translational
suppressive action of a/p IFN of HCV replication may contribute to the acute reduction of viral
levels observed in vivo during the first hours and days of therapy, but it is clear that HCV can
resist these actions to persist in the course of therapy, in part through viral countermeasures of
IFN action [6]. Further studies are required to understand the nature of ISG expression control
and function during HCV infection. Such efforts hold continued importance for understanding
and improving current therapy for HCV.

Recent work is beginning to elucidate roles for specific ISGs in controlling WNV infection
outcome. Analysis of gene expression following acute WNV infection of a human embryonic
kidney cell line revealed the induction of several ISGs including PKR, ISG56, and ISG6-16.
ISG56 is a direct IRF-3 target gene while PKR and 1SG6-16 are induced through a/p IFN
signaling actions [60]. Thus, WNYV infection triggers an innate immune response in the host
involving both the IRF-3 and o/p IFN signaling pathways [45]. After intranasal infection of
mice with WNV, expression of ISG56 and its gene family members, 1ISG49 and 1SG54, was
significantly increased throughout the brain as compared to non-infected control mice [52].
Importantly, ISG56 was expressed in infected and non-infected cells within the brain of animals
with WNV infection, suggesting it may contribute to protection from virus spread during a
response induced by endogenous o/p IFN. Other studies have demonstrated that PKR and
RNaseL modulate WNV pathogenesis in mice by controlling infection in peripheral tissues
and neurons [61]. Like PKR, RNaseL modulates mRNA translation but does so by cleaving
target RNA substrates [62]. PKR and RNaseL deficient mice were significantly more
susceptible to subcutaneous WNV infection than wild type mice, and exhibited increased
viremia and viral burden in peripheral tissues in association with earlier entry of the virus into
the brain and CNS [61]. Thus, PKR and RNAseL contribute to the control of WNV
dissemination and protection of peripheral tissues from infection. However, despite the role of
PKR and RNaseL in controlling virus dissemination, the pathogenic WNV exhibits a less
severe virulence phenotype in mice lacking either of these factors compared to mice lacking a
functional a/p IFN receptor [12]. This observation underscores the complexity of function
within the many ISGs induced by o/p IFNs, and indicate that additional 1SGs are involved in
a/p IFN mediated protection against WNV infection [7].

Conclusion

IFN was discovered 50 years ago as an antiviral agent secreted by infected cells [18]. This
discovery and the many exciting studies of o/f IFN biology that have followed continue to be
a driving force and constant inspiration to our work. HCV and WNV are important human
pathogens, and our studies have defined intimate relationships of both with a/p IFN. HCV and
WNV have evolved strategies of innate immune control that support virus replication and
spread. Our studies of HCV have defined RIG-1 and IPS-1 respectively as important PRR and
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signaling proteins involved in initiation of innate defenses to infection, and we have identified
the viral NS3/4A protease as a major feature of innate immune control by HCV. Our studies
define the NS3/4A-IPS-1 interface as a novel target of antiviral therapy by NS3 protease
inhibitors that function to restore innate immune signaling to HCV infected cells. Examination
of WNV/IFN interactions have defined viral processes controlling the a/p IFN response as a
determinant of pathogenesis and infection control. A full understanding of o/p IFN biology
and antiviral actions against HCV, WNV and other viral pathogens will require careful
functional analysis of the PRR pathways and their signaling factors that induce o/p IFN
expression in different cells and tissues, and definition of the specific actions of antiviral
effector I1SGs. Defining these processes will provide direction for future studies aimed at
exploiting PRR signaling and ISG function in antiviral vaccine and therapeutic strategies of
virus control.
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(+)ssRNA; ~9.6kB; enveloped virion

(+)ssRNA; ~11kB; enveloped virion

Proteins

Internal ribosome entry site (IRES)-
dependent translation as a single
polyprotein that is co-/post-translational
cleaved to 10 distinct proteins by cellular
and viral proteases.

Cap-dependent translation as single
polyprotein that is co-/post-translationally
cleaved into 10 or 11 individual proteins.

u.s.
epidemiology

~30,000 new cases/year;
3.2 million chronically infected;
10,000 deaths/year

~24,000 cases (1999-2006)
946 deaths (1999-2006)

Transmission

Blood-borne

Bird <€—» Mosquito €« Human

Clinical
manifestations

80% asymptomatic initially
Jaundice, fatigue, nausea;

85% of patients develop chronic
hepatitis; sequelae include cirrhosis,
hepatocellular carcinoma;

Extrahepatic manifestations primarily
include autoimmune or
lymphoproliferative disease

Death

Asymptomatic;

West Nile fever: fatigue, fever,
headache, muscle pain/weakness, rash,
neck stiffness;

CNS involvement:
meningitis/encephalitis, paralysis,
tremor, Parkinsonism;

Death

Treatment

IFN-a and ribaviran combination therapy;
efficacy associates with genotype

None currently approved;
Supportive care only

Figure 1. Characteristics of HCV and WNV
The virologic, epidemiologic, and clinic features of each are indicated. Upper: structural

representation of the viral genome and polyprotein coding region (shown in color). The viral
proteins of the final processed polyprotein for HCV (left) are denoted as core (c), envelope 1
(E1) and envelope 2 (E2), p7, and NS2-5B proteins. For WNV the protein products are shown
as shown as core (C), preM/M (preM), and NS1-5.
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Figure 2. a/p IFN interactions with HCV and WNV

Virus infection and replication produces replication products, such as dsRNA, that are
recognized and bound by RIG-I. This drives a conformation change in RIG-I that promotes its
interaction with IPS-1 anchored on the mitochondria outer membrane and results in recruitment
and activation of signaling factors that activate IRF-3 and NF-«xB. Transcription factor
translocation to the nucleus results in induction of o/p IFN expression and secretion from the
infected cell. o/p IFN binding to the IFN receptor triggers activation of receptor bound protein
kinases and downstream Jak-Stat pathway signaling of ISG expression. The HCV NS3/4A
protease cleaves IPS-1 off of the mitochondria outer membrane to ablate o/p IFN expression,
while WNV disrupts Jak-Stat signaling processes of the o/p IFN receptor to attenuate IFN
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actions. P and Ubq respectively denote protein modification by phosphorylation and
ubiquitination events triggered during innate immune signaling.
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Figure 3. ISG action against HCV or WNV replication

HCV and WNV replication involves viral mRNA translation, membrane-associated replication
of the viral genome, and a maturation/assembly process that involves secretion of enveloped
virus particles from the infected cell. o/ IFN induced the expression of ISGs that suppress
HCV or WNV RNA translational and replication. In addition, other ISGs likely impart antiviral
actions against the various steps of virus replication. USP18 has been identified as a negative
regulator of the ISG response against HCV.
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