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Abstract

West Nile virus (WNV) is an enveloped positive-stranded RNA virus that has emerged over the
last decade in North America to cause epidemics of meningitis, encephalitis, and acute flaccid
paralysis in humans. WNV has broad species specificity, and replicates efficiently in many cell
types, including those of the innate immune and central nervous systems. Recent studies have
defined the pathogen recognition receptor and signaling pathways by which WNV is detected, and
several effector mechanisms that contribute to protective cell-intrinsic immunity. This review
focuses on recent advances in identifying the host sensors that detect WNV, the adaptor molecules
and signaling pathways that regulate the induction of IFN-dependent defenses, and the proteins
that limit WNV replication, spread, and disease pathogenesis.

Innate Host Defense to WNV Infection

To survive virus infection, the host must recognize invasion and develop an effective
antiviral immune response. This response is initiated in infected cells after detection of non-
self pathogen-associated molecular patterns (PAMPS). These PAMP motifs are detected by
specific host pathogen recognition receptors (PRR), which trigger signaling cascades that
induce the activation of latent transcription factors, including interferon regulatory factors
(IRFs) and NF-xB leading to expression of virus-responsive genes, including type |
interferons (IFN-a and ) and hundreds of different interferon-stimulated effector genes
(ISGs). ISG products include antiviral effector molecules and immunomodulatory cytokines
that serve to restrict virus replication and modulate the adaptive immune response.

West Nile virus (WNV) is a single-stranded positive-polarity RNA Flavivirus and is closely
related to other human pathogens including Dengue, yellow fever, Japanese encephalitis
(JEV), and tick borne encephalitis viruses. WNV cycles in nature between mosquitoes and
birds with some mammalian species, including horses and humans, becoming incidentally
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infected and developing disease. While most human infections remain asymptomatic or
develop a mild illness, a small subset (<1%) progress to severe neurological syndromes that
include meningitis, acute flaccid paralysis, and encephalitis. Although veterinary vaccines
are available commercially, there is currently no approved vaccine or therapy for WNV
infection in humans. The expansion of WNV disease globally highlights a need for greater
understanding of mechanisms of immune control, including the cell-intrinsic processes that
restrict infection.

An effective host defense against WNV requires the antiviral actions of type | IFN. Mice
lacking the common type | IFN receptor (/fnar”'~) exhibit 100% mortality, accelerated
spread, and expanded cellular and tissue tropism after infection with a virulent WNV isolate
[1], and infection with attenuated WNV strains results in enhanced replication and
pathogenesis [2-7]. The virulence of WNV strains has been linked directly to their ability to
antagonize IFN signaling [2, 6, 8, 9].

Studies by several groups have begun to define the pathogen recognition receptor and
signaling pathways by which WNV and other flaviviruses are detected, and the effector
mechanisms that contribute to protective cell-intrinsic immunity. These studies reveal
important insights into PRR function, PAMP discrimination, and intracellular signaling
pathways among different cell types relevant to WNV infection. This review will describe
the recent advances that have been made in defining the host sensors that detect WNV, the
signaling pathways and genes that regulate induction of IFN-dependent and —independent
responses, and the proteins that limit WNV replication and disease pathogenesis.

Innate immune cells controlling WNV are also targets of infection

Macrophages

Emerging data suggests that macrophages play key roles in orchestrating control of WNV
infection. Macrophages can limit infection though direct viral clearance, enhanced antigen
presentation to B and T cells, and production of pro-inflammatory or antiviral cytokines and
chemokines. The protective role of macrophages is highlighted by studies in mice, which
demonstrated exacerbated WNYV disease after selective macrophage depletion [10, 11].
Macrophages have been reported to control infection of other flaviviruses (e.g., JEV)
directly through the production of nitric oxide (NO) and other reactive oxygen intermediates
[12, 13], although this mechanism has not yet been confirmed for WNV. Activation of
macrophages in response to WNYV infection also promotes release of type | IFN, TNF-a,
IL-1B, IL-8, and other cytokines, some of which have antiviral activity and reduce viral
replication, at least in culture [14]. Despite their protective role in initiating innate immune
defenses, macrophages also are targets of WNV [15, 16].

Dendritic cells

Plasmacytoid (pDC) and myeloid (mDCs) DC subsets can be distinguished based on
function and surface markers. pDC lack phagocytic capacity, are less efficient in capturing
and presenting antigens to T cells, but produce high levels of type I IFN in the presence of
viruses or bacteria, and are thus considered to have a crucial role in antiviral immunity [17].
Low levels of WNV replication are observed in pDC, but pro-inflammatory cytokines are
produced rapidly and can accumulate to high levels. This cytokine response was not
dependent on viral replication, but instead on endosomal TLR7, and could be induced by
purified flavivirus virions RNA [18, 19]. Interestingly, the host origin of WNV influences
the pDC response, as WNV propagated in mammalian cells was a more potent inducer of
IFN-a secretion in pDCs whereas pDCs failed to produce IFN-a when exposed to WNV
grown in mosquito cells [20]. mDCs reside and circulate throughout the body, enabling them
to transport antigens from peripheral sites of infection to lymphoid tissues. As professional
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antigen-presenting cells, they transmit incoming infectious signals to B and T cells, to
orchestrate rapid adaptive immune responses [21]. Compared to pDCs, mDC are more
readily infected by WNV and consequently, thought to contribute both to viral spread and
early immune system activation. For example, WNV efficiently infects mDCs ex vivo and
induces a robust type I IFN and pro-inflammatory cytokine response, which may be
compromised during aging [20, 22, 23]. Despite an accumulating wealth of data on WNV
infection of purified mDC ex vivo, few studies have assessed their direct function in vivo.
One recent report showed that selective genetic deletion of CD8a™ mDC resulted in
defective cross-presentation and virus-specific CD8* T cell responses to WNV [24]. In
comparison, in the skin, different inflammatory DC subsets may be responsible for initiating
immune responses against WNV, including myeloid cells that are rapidly mobilized from
the bone marrow [25].

Pattern recognition receptor detection of WNV

Two major classes of PRRs have been identified in mammalian cells that recognize positive-
strand RNA viruses, such as WNV: 1) the toll-like receptors (TLRs); and 2) the retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRS). These PRR sense virus infections by
recognizing nucleic acid PAMPs associated with viral RNA. Members of the RLR (RIG-I
and MDAJ5) and TLR (TLR3 and TLR7) families are the dominant PRR that detect WNV
infection.

Cytosolic RIG-I-like receptors

Retinoic acid inducible gene-I (RIG-I), and melanoma differentiation antigen 5 (MDADJ) are
cytoplasmic RNA helicases that recognize viral RNA products and induce transcription
factor activation and type | IFN gene expression. Both RIG-1 and MDADS are composed of
helicase domains at the C-terminus and tandem caspase-activation and recruitment domains
(CARD) at the N-terminus. RIG-1 possesses a C-terminal repressor domain, which regulates
its activity. RIG-I1 and MDAS bind unique PAMPs. RIG-I ligands include single-stranded
(ss)RNA containing a 5”-ppp, short double-stranded (ds)RNA, and uridine- or adenosine-
rich viral RNA motifs [26-28] whereas MDAS binds short or long dsRNA structures
although the particular motif is not well delineated [29].

Binding of viral RNA PAMP ligands by RIG-1 and MDADS induces CARD-CARD
interactions with the mitochondrial-associated IFN promoter stimulator-1 (IPS-1) (also
known as MAVS, VISA or CARDIF). RIG-I signaling activation is dependent on RNA
PAMP binding and requires ubiquitination by TRIM25 [30], oligomerization [31], and IPS-1
multimerization [32] on mitochondrial-associated-endoplasmic reticulum membranes [33]
and peroxisomes [34]. The proteins caspase-12 and 14-3-3-e positively modulate RLR
signaling of type I IFN production by regulating TRIM25-mediated ubiquitination of RIG-I
[35, 36]. Activation of IPS-1 then promotes activation of transcription factors through
interactions with TRAF3, TBK1, Ixx—e, and NEMO, driving a “signalosome” that initiates
the antiviral response (Figure 1).

The precise mechanisms through which RIG-1 and MDADS recognize WNV, and the PAMPs
involved in this process, remain unknown. Both RIG-I and MDAJ5, however, are required
for optimal antiviral responses against WNV [37]. Dax58 (RI1G-1)""~ murine embryonic
fibroblasts (MEF) support increased WNV replication and reduced IRF-3 activation, with a
delayed IFN and I1SG response [38, 39]. In epithelial cells, a deficiency of both RIG-I and
MDAJS was required for enhanced WNV or DENV infection, as loss of either gene alone
had minimal phenotypes [39]. The precise hierarchy of function of different RLR in
controlling WNV infection remains an area of active study, although RIG-I may prime the
early response with both RIG-I and MDAJ5 together regulating the response at later time
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points of infection. Of note, infection of Dax587/~ but not Mda5~'~ mice with JEV resulted
in enhanced mortality [40]. In comparison, Mavs (IPS-1)~/~ MEF, dendritic cells (DC),
macrophages, and neurons sustained higher WNV titers and failed to induce a type | IFN
response [41, 42]. While Mavs™~ mice showed enhanced spread and replication in
peripheral tissues, and uniform lethality with virulent WNV strains [42], RLR alone do not
exclusively detect WNV as Mavs™~ mice produced higher levels of systemic type I IFN
than wild type controls.

Protein kinase R (PKR)

The dsRNA-dependent protein kinase R (PKR) is both a cytosolic PRR that detects dSRNA
and an ISG with effector functions capable of controlling viral replication by blocking
translation of viral and cellular mMRNA. PKR can serve as a PRR by binding dsRNA, which
promotes its activation and signaling actions. PKR can regulate antiviral responses by
suppressing mRNA translation through phosphorylation of the alpha subunit of eukaryotic
initiation factor 2 (elF2) and by modulating IFN mRNA stability [43]. PKR has been
implicated in modulating IFN signaling during WNYV infection [44]. While some studies
suggest that virulent WNYV infection does not directly activate PKR [45], in cells infected
with attenuated, chimeric WNV strains viral RNA can serve as ligands for PKR as it is not
completely protected by intracellular membranes [46]. The specific role of PKR /n vivowas
inferred from studies with Rnase/”’~ and Eif2ak2 (PKR)™~ x Rnasel '~ mice: more severe
virological and survival phenotypes were observed in Eif2ak2™~ x Rnasel"™'~ mice infected
with WNV [47]. Eif2ak2”'~ mice showed no defect in type | IFN response in serum
suggesting a limited contribution of PKR in systemic IFN induction. Rather, PKR appeared
to contribute to antiviral effector functions, as IFN-p pretreated £/f2ak2”'~ macrophages and
cortical neurons were more susceptible to WNV infection relative to wild type cells.

Endosomal Toll-like receptors

Recognition of WNV by TLRs occurs in endosomes and is largely mediated by TLR7 and
TLR3, which bind ssRNA and dsRNA, respectively. TLR7 recruits the adaptor protein
MyD88 and forms a complex with TRAF3, TRAF6, IRAK1 and IRAK4. This complex
recruits TAKZL, a kinase that activates NF-xB, or TBK1 and lxx—e kinases, which in turn
stimulate IRF-3 and/or IRF-7 and IFN responses. TLR3, in contrast, uses TRIF as an adaptor
protein. TRIF can stimulate an IRF-3 and IRF-7-dependent induction of type | IFN genes via
its interaction with TRAF3, TBK1 and Ixx—e (Figure 1).

Despite several studies showing that ligation of TLR3 by dsRNA /n vitro regulates IFN and
other cytokine responses, its role in inducing IFN and protecting against viral infection /n
vivo remains less clear (reviewed in [48]). For WNV, two studies using the same 7/r3/~
mice reported distinct phenotypes: One study showed a detrimental role, as 773/~ mice had
improved survival rates after WNV infection; 7/r3/~ mice showed a mildly increased WNV
burden in peripheral tissues with a decreased systemic pro-inflammatory cytokine response
that was associated with reduced blood-brain barrier permeability and entry of WNV into
the brain [49]. A second study showed a protective role with decreased survival of 7/r3/~
mice after WNV infection, mildly elevated viral titers in peripheral tissues, and early viral
spread to the CNS [50]. Ex vivo studies showed a dispensable role of TLR3 in regulating
IFN responses and controlling WNV replication in MEF, DC, and macrophages. TLR3 may
have a more significant role in the CNS, potentially by restricting WNV replication in
neurons [50] or via dsRNA sensing and induction of pro-inflammatory cytokines in resident
cells of the CNS, including microglia and astrocytes [51, 52]. WNV NS1 protein has been
reported to inhibit TLR3 signal transduction by attenuating transcriptional activation of the
IFN-B and NF-xB promoters [53, 54], although this finding was not observed in a second
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study [55]. The exact contribution of TLR3 in WNV protection and/or pathogenesis requires
further study but likely involves both cell-intrinsic and -extrinsic effects in the CNS.

The function of TLR7 in WNV infection /n7 vivo has been examined in two studies using the
same 7/r7~ mice, and again, somewhat discordant phenotypes were described [56, 57].
One study found no difference in susceptibility to WNV between wild type and 777/~ mice
after intradermal injection or feeding by infected mosquitoes. Viral load analysis revealed
similar levels of WNV RNA in the peripheral tissues and brains of these two groups of mice
[56, 57]. In the second study, 7/r7/~ mice were more vulnerable to intraperitoneal WNV
infection and showed increased viremia and defects in immune cell homing to WNV-
infected tissues via an IL-23-dependent mechanism [56]. Both studies reported increased
systemic levels of pro-inflammatory cytokines (IL-6, TNF-a., and 1L-12) and type | IFN in
7Ir7-'= mice when compared to wild type animals, which could be due to differential
replication in key cell types. Thus, abrogation of the TLR7 signaling pathway, which
eliminates type | IFN production in pDC, had little systemic impact on IFN production after
WNV infection. Consistent with this, recent studies with diphtheria toxin receptor transgenic
mice that selectively deplete pDCs showed only small decreases in type | IFN production
after viral infection [17].

Two studies reported a protective effect of MyD88 [56, 58], the downstream adaptor
molecule for several TLR, including TLR7. Myad88™'~ mice showed elevated viral burden
primarily in the brain, even though little effect on the systemic type I IFN response was
observed. In cell culture, increased WNV replication was observed in Myad88!~
macrophages and subsets of neurons. An absence of MyD88 had an independent and
negative effect on recruitment of monocyte-derived macrophages and T cells into the brain;
this was associated with blunted induction of the chemokines that attract leukocytes, which
function to clear WNV infection from the CNS. Together, these experiments suggest that
MyD88 restricts WNV by inhibiting replication and modulating immune cell migration into
the CNS.

Transcriptional regulation of the type | IFN response after WNV infection

The IRF family is composed of nine related members that function as transcription factors
[59]. IRF-3 and IRF-7 have been identified as the key transcriptional regulators of type |
IFN genes following viral infection, whereas IRF-1 and IRF-5 are thought to contribute
subordinately to this response. Optimal activation of the type I IFN response after viral
infection is believed to occur following a two-step amplification sequence. Viral sensing by
PRR (TLR and RLR) triggers nuclear translocation of constitutively expressed IRF-3 with
subsequent production of IFN-p and IFN-a.4 by the infected cell. The newly synthesized
IFN binds to IFNAR, activates JAK-STAT signaling, and induces expression of hundreds of
ISGs, including IRF-7. Subsequent activation of IRF-7 amplifies expression of IFN-p and
many other IFN-a subtypes through a positive feedback loop. Small amounts of
constitutively expressed IRF-7 in some cell types, however, may prime the type | IFN
response directly [60]. Recent studies with WNV have helped to elucidate the role of
individual IRF family members in regulating the type IFN response.

In vivo studies

Infection of /r£37~ or /rf7~ mice with WNV resulted in severe pathology linked with a
lack of innate antiviral immunity [22, 61]. Consistent with this, polymorphisms in the IRF-3
gene associate with symptomatic WNV infection in humans [62]. In both /r73/~ and /rf7~
mice, enhanced viral burden was observed in peripheral tissues (spleen, kidney, blood, and
lymph node), which led to entry and sustained replication in the CNS. Analysis of serum
from /rf3~ mice infected with WNV or WNV-virus-like-particles established a dispensable
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role of IRF-3 in regulating systemic production of type | IFN [22, 63]. In contrast, WNV-
infected /r#7-'~ mice showed blunted type | IFN responses [61]. The IRF-7-dependent
production of IFN in blood appears independent of TLR7, as levels were not decreased in
TIr7"= mice after WNV infection [56]. Thus, it remains uncertain as to which cell type
regulates systemic type | IFN production after WNV infection.

Recent studies have investigated the antiviral role of IRF-1 in WNV infection, as it was
originally described as a regulator of type I IFN responses after virus infection [64]. /rf17~
mice were vulnerable to lethal WNV infection with enhanced viral replication in peripheral
tissues and rapid dissemination into the CNS [65]. IRF-1, in contrast to IRF-3 and IRF-7,
also had an independent effect on CD8" T cell expansion. Although markedly fewer CD8* T
cells are observed in naive animals, //f7~/~ mice rapidly expanded their pool of WNV-
specific cytolytic CD8* T cells. Thus, IRF-1 restricts WNV infection by modulating the
expression of innate antiviral effector molecules while shaping the antigen-specific CD8* T
cell response.

Cell-specific innate defenses

Macrophages are susceptible to WNV infection [15] and are more permissive in the absence
of IFN signaling [1]. In macrophages, IRF-3 was identified as an essential regulator of the
basal expression of host defense molecules including IFIT-1, IFIT-2, RIG-1 and MDAD5,
potentially controlling the permissiveness of this cell type for WNV. The contribution of
IRF-3 and IRF-7 in macrophages was more fully established in subsequent studies with
Irf71= or Irf371= x Irf7"- DKO cells. While a deficiency of IRF-7 completely abrogated the
IFN-a. response, no effect on IFN-B gene induction was observed in /r77/~ cells. Analysis
of the IFN-B response in /rf3/~ x Irf7/~ DKO macrophages revealed an unexpected
finding: this response was completely abolished at early time points after WNV infection but
was not substantially altered at late time points [41]. Thus, IRF-3 and IRF-7 only partially
regulate the IFN-B gene and ISG expression in macrophages. Consistent with this, /rf17/~
macrophages supported enhanced WNV replication and showed diminished cell-intrinsic
innate immune responses, and ectopic expression of IRF-1 inhibited WNYV infection in
transformed cells [65, 66]. Moreover, IRF-1 gene expression in WNV-infected cells can be
induced through an IRF-3 -and IRF-7-independent pathway [67]. Thus, at least for some
macrophage subsets, the type | IFN response appears to be mediated through the
combination of IRF-1, IRF-3, and IRF-7 function.

DCs have primary roles in regulating innate and adaptive immune responses against viruses,
and also are targets for WNV infection /in vivo [57, 68]. Although pDC potently produce
type I IFN after WNV infection [20], other DC subsets are major sources of type | IFN in
response to viral infection [69]. Indeed, myeloid DC, when productively infected with
WNYV, secrete large amounts of type I IFN [20, 70], and impaired IFN signaling in DCs is
observed in older human donors infected with WNV [23]. The IRF-3 and IRF-7-dependent
regulation of type I IFN gene induction in mDC differs compared to that seen with
macrophages. Whereas the IFN-a response was analogously regulated by IRF-7, the IFN-f
response in mDCs was largely unaffected by the absence of IRF-1, IRF-3, IRF-7, or a
combination of IRF-3 and IRF-7 [41] (Figure 2). These findings may reflect an
undocumented yet important role of IRF-5 or other transcription factors in transmitting an
IPS-1-dependent signal downstream of RLR recognition of viral RNA to induce IFN-f
expression in specific cell types such as DCs.

IFN stimulated genes that control WNV infection

Progress has been made recently in defining the specific 1SGs that limit WNV infection.
Systematic investigation of the antiviral functions of large groups of ISGs using ectopic
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gene or sShRNA screens [66, 71] has identified new genes and gene families that restrict
infection of flaviviruses, including WNV (Table 1).

Initial studies showed that 2”-5"-oligoadenylate synthase (Oas) proteins mediate intrinsic
cell resistance to WNV. Because RNase L is activated by 2"-5-linked oligoadenylates that
are synthesized by Oas enzymes, several groups have assessed its antiviral function in the
context of WNV infection. RNAse L inhibits viral infections by cleaving viral RNA [72]
and by generating small self-RNA that amplify immune responses through an RLR-
dependent pathway [73]. Rnase/ '~ macrophages and MEFs supported increased WNV
replication [47, 74] and a deficiency of RNAse L partially rescued a WNV mutant deficient
in the production of a non-coding subgenomic flavivirus RNA (sfRNA) [6]. Mice deficient
in RNase L showed moderately increased lethality following WNV infection, with higher
viral loads in peripheral tissues at early time points [47].

Although susceptibility to flaviviruses in mice has been mapped to a mutation in Oas1b,
resulting in the expression of a truncated protein [75, 76], the antiviral mechanism by this
gene remains unknown but appears independent of RNAse L [74, 77]. Genetic variation in
OASI also has been suggested as a risk factor for initial infection with WNV in humans
[78]. Knock-in of the wild type Oasiballele into a flavivirus-induced disease susceptible
mouse generated a resistant phenotype [79], and murine cells that ectopically express wild
type Oas1bresisted WNV infection by preventing viral RNA accumulation [80]. While
biochemical studies have shown that Oas1b itself is an inactive 2'-5" Qas, recent
experiments suggest that Oas1b inhibits Oasla activity resulting in reduced 2°-5" oligoA
production [77]. Negative regulation of 2"-5" Oas by inactive Oaslb proteins may fine-tune
the RNase L response that could cause significant damage in cells, if it were not tightly
controlled.

The ISG viperin (rsad2) can inhibit WNV infection in cells and /n vivo. Viperin is induced
in many cell types after exposure to type | and Il IFN, TLR agonists, or virus infection [81].
Viperin localizes to the cytosolic face of the endoplasmic reticulum via an amphipathic a-
helix [82], where it is believed to inhibit infection of several viruses by modulating
cholesterol and isoprenoid biosynthesis, lipid raft formation, and the composition and
localization of lipid droplets. Viperin originally was identified as a possible inhibitor of
WNV infection in ectopic expression studies in cell culture [71]. Subsequent /in vivo studies
confirmed its antiviral potential, as Rsad2~~ mice infected with WNV showed increased
lethality and enhanced viral replication in CNS tissues [83].

Members of the IFIT family of genes (Ifitl, Ifit2, and Ifit3 in mice) also likely contribute to
the control of WNV infection. Initial studies suggested that IFIT proteins exerted their
antiviral function by inhibiting protein translation through interaction with subunits of
translation initiation factor elF3 (reviewed in [84]). In cell culture and mouse models of
infection, WNV strongly induces Ifitl gene expression in target cells via IFN-dependent and
-independent signaling pathways [22, 85]. Interestingly, a WNV mutant with a site-specific
substitution in the NS5 gene (WNV-E218A) that abolishes 2’ - O-methyltransferase activity
[86] showed wild-type levels of replication in transformed Vero and BHK21 cells but
attenuated infection in primary macrophages and wild type mice [3]. Because replication of
WNV-E218A was rescued in the absence of IFNAR or Ifitl [3], 2’- O methylation of the 5’
cap of WNV RNA functions to subvert host antiviral responses through escape of Ifitl-
mediated suppression. Differential methylation of cytoplasmic RNA probably serves as an
example for pattern recognition and restriction of propagation of some foreign viral RNA in
host cells.
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Additional 1SGs have been suggested to inhibit WNV infection based on studies in cell
culture. IFITM3 was recently shown to inhibit an early entry step in infection of WNV in
cells [87], an observation that was confirmed by ectopic expression studies in HEK293 and
STAT1~ cells [66, 71]. ISG20 also has been proposed to inhibit infection of flaviviruses,
including WNV [71, 88]. Newer genetic screens have identified additional candidate 1SGs
(C60rf150 (MB21D1), HPSE, and NAMPT) with anti-WNV activity [66, 71]. Although the
field is rapidly advancing with respect to identifying putative antiviral ISG against WNV
and other flaviviruses, future studies in genetically deficient animals will be needed to
establish the cell- and tissue-specific non-redundant effects and hierarchy in controlling
infection in the context of a type | IFN response.

Concluding remarks

The innate immune response of the host is programmed to control viral replication and limit
spread by recognizing non-self nucleic acid as PAMPs and triggering an antiviral response.
Although type | IFN was discovered more than 50 years ago, only recently have the
mechanisms by which these molecules are induced, signal, and produce an antiviral effect
been delineated. The generation and distribution of mice with targeted deletions in PRR,
transcription factors, IFN signaling or effector genes has allowed the field to dissect and
evaluate the function of individual host defense genes in the context of infection by specific
viruses. WNV is a zoonotic pathogen that readily infects mice, and thus has afforded a
unique perspective on the interface between the mammalian cell-intrinsic innate host
response and viral pathogenesis. In the last few years, the field has identified the specific
PRR and signaling pathways that detect entry and infection by WNV and initiate a
protective IFN response. Over the next five years, we anticipate that several important
questions will be answered. Among these include: (a) the identification of the specific
PAMPs on WNYV that are recognized by PRR; (b) the characterization of a hierarchy of ISGs
that function to control different stages of WNV infection in distinct cell types and tissues;
(c) the role of viral proteins, viral RNA structural elements, and viral non-coding RNA in
modulating cell-intrinsic innate immune responses to WNV; and (d) the basis for WNV
virulence, and how it interfaces with recognition or evasion of cell-intrinsic immune
pathways. As these topics are explored, the field undoubtedly will gain new insight into
fundamental cellular responses as well as mechanisms of viral pathogenesis. This work may
promote novel strategies for development of therapeutic agents that activate specific innate
immune processes or effector molecules to contain spread and disease of WNV, and likely
many other viruses.
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Figure 1. Detection of WNV and activation of | FN-a/p genesand |1 SG

Schematic of innate immune signaling triggered by WNV infection through cytosolic RLRs
or endosomal TLRs. Solid lines indicate the primary response. Broken lines indicate the
amplification response driven by IRF-7 after initial IFN production by the infected cell. P
denotes phosphorylation; Ubq denotes ubiquitin modification. Infection by WNV produces
RNA intermediates in the cytosol that are detected as non-self by the host RLR. RIG-1 acts
as the main sensor for WNV during the early steps of infection. RIG-I activation promotes
interaction with IPS-1 that leads to the recruitment of TRAF3, TBK1 and lxx-e or NEMO,
Ixx—a, and lkx—p, which results in activation and nuclear translocation of IRF-3 and NF-
kB, respectively. Small amounts of constitutively produced IRF-7 also may be activated via
this pathway. IRF-3, IRF-7, and NF-xB bind the IFN-p gene promoter and induce
transcription. Secretion of IFN-B by the infected cells results in paracrine type | IFN
signaling through IFNAR. Activation of IFNAR induces phosphorylation of JAK1 and
Tyk2, which can promote the formation of the heterotrimer ISGF3 formed by STAT1,
STAT2 and IRF-9. Ultimately, translocation into the nucleus of ISGF3 induces hundreds of
interferon-stimulated genes (ISG), including IRF-7. During late phases of infection,
detection of WNV also relies on MDADb, whereas lxx-e promotes specific ISG induction
through phosphorylation of STAT1 on serine 708. Induction of IFN-a genes (except IFN-
a4) occurs mainly via the transcriptional activity of IRF-7. Putative mechanisms by which
WNYV antagonizes the type | IFN response are marked and include (a) a delay in recognition
of WNV RNA by RIG-I [38]; (b) attenuation of TLR3 signaling by the NS1 protein [54]; (c)
reduction in IFN-P gene transcription by the viral NS2A protein [5]; (d) blockade of
phosphorylation of Tyk2 [2]; (e) down-regulation of IFNAR expression through virus-
induced protein degradation pathways [92]; and (f) inactivation of the IFN-regulated JAK/
STAT signaling pathway [93] through redistribution of cellular cholesterol [94].
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Figure 2. Induction of IFN-B after WNV infection utilizes a different complement of |RF

transcription factorsin distinct cell types

In macrophages and mDC, IFN-B is induced at least partially through IPS-1-dependent yet
IRF-3 and IRF-7-independent pathways. In macrophages FN-p gene expression utilizes
IRF-1 whereas in mDCs another transcription factor (possibly IRF-5) has a complementing
role to IRF-3 and IRF-7. The smaller text size in the Figure suggests a subdominant role of
these ancillary transcription factors compared to IRF-3 and IRF-7. In comparison, in
epithelial cells and fibroblasts loss of IRF-3 and IRF-7 completely ablates IFN-f gene

induction after WNV infection.
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Table 1

List of ISGs with reported antiviral effector activity against infection by WNV and other flaviviruses

1SG Activity M echanism of Flavivirus Reference
Action
PKR Mice, primary | Translation WNV [44, 47, 71]
cells inhibition?
Induction of IFN
RNAse L Mice, primary | Viral RNA WNV [47,74]
cells degradation?
Generation of
PAMP
Oaslb Mice, primary | Reductionin2’-5" | WNV, other | [75, 76]
cells oligoA production | flaviviruses
Viperin (rsad2) | Mice, primary | Modulation of WNV, [71, 83]
cells, ectopic lipid biosynthesis Dengue
expression or droplet
formation?
IFIT1 Mice, primary | Translation WNV [3,89]
cells inhibition?
IFIT2 Ectopic Translation WNV [3]
expression inhibition?
IFITM2 Ectopic Inhibition of WNV, [71,90]
expression, entry? Dengue
primary cells
IFITM3 Ectopic Inhibition of WNV, [66, 71, 87, 90]
expression, entry? Yellow
primary cells fever
1SG20 Ectopic Exonuclease? WNV, [71, 88]
expression Yellow
fever
MB21D1 Ectopic Unknown WNV [66]
expression
HPSE Ectopic Unknown WNV, [66]
expression Yellow
fever
NAMPT Ectopic Unknown WNV [66]
expression
TRIM79a Ectopic Degrades viral Tick-borne [91]
expression, RNA polymerase encephalitis
primary cells

Note, ISGs that inhibit flaviviruses other than WNV and their corresponding references are added for completeness but not necessarily discussed in
the text.
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