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Abstract

The essential, nonredundant roles of RIG-I and MDAS in detecting and controlling West Nile

virus infection

John Errett

Chair of the Supervisory Committee:
Professor Michael Gale, Jr.

Departments of Immunology, Microbiology, and Global Health

Virus recognition and response by the innate immune system are critical components of
host defense against infection. Activation of cell-intrinsic immunity and optimal priming of
adaptive immunity against West Nile virus (WNYV), an emerging vector-borne virus, depends on
recognition by RIG-I and MDAS, cytosolic pattern recognition receptors (PRRs) of the RIG-I-
like receptor (RLR) protein family that recognize viral RNA and activate defense programs that
suppress infection. We evaluated the individual functions of RIG-1 and MDAS5 both in vitro and
in vivo in pathogen recognition and control of WNV. Lack of RIG-I or MDAS alone results in
decreased innate immune signaling and virus control in primary cells in vitro and increased
mortality in mice. We also generated RIG-1"" x MDA5" double knockout mice and found that
lack of both RLRs results in a complete absence of innate immune gene induction in target cells

of WNV infection and a severe pathogenesis during infection in vivo, similar to animals lacking



MAVS, the central adaptor molecule for RLR signaling. We also found that RNA products from
WNV infected cells but not incoming virion RNA display at least two distinct pathogen
associated molecular patterns (PAMPs) containing 5' triphosphate and double-stranded RNA that
are temporally distributed and sensed by RIG-I and MDAS during infection. In addition to
biochemical characterization of stimulatory PAMPs contained within WNV infected cells, we
have also defined sequence identity of RNAs associated with RIG-I and MDAS
immunoprecipitated from infected cells. Thus, RIG-1 and MDAS are essential PRRs that
recognize distinct PAMPs that accumulate during WNV replication. This study highlights the
necessity and function of multiple related, cytoplasmic host sensors in orchestrating an effective

immune response against an acute viral infection.
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I. INTRODUCTION

MAMMALIAN DEFENSE AGAINST INFECTION

The field of immunology and its relevance to human health and disease largely came to
light following the experiments of Edward Jenner and his successful attempts to vaccinate
human patients against the smallpox virus (1, 2). These seminal experiments, that occurred more
than 200 years ago, were not based on a deep, mechanistic understanding of the immune system
but instead upon insightful, empirical observation. Nevertheless, the demonstration that in the
right context the immune system can protect against an otherwise deadly disease was a very
powerful one that helped lead to the development of immunology as one of the most important

fields of scientific research today.

The following decades of research in immunology revealed an astounding degree of
complexity in the mammalian immune system due to the evolutionary pressure to resist death
and disease caused by an enormous array of pathogens (3). For many years the majority of
research effort was focused on trying to understand the mechanisms that regulate the immune
system’s ability to respond to a variety of pathogens through highly specialized T cells, B cells
and antibodies (4-7). These responses, termed adaptive immunity, are normally the result of a
days long process requiring the expression of receptors encoded by DNA that has undergone
gene rearrangement and hypermutation to bind specific antigens. However, in the late 1980°s
Charles Janeway hypothesized there must be another aspect to the immune system that allowed
animals to respond more generally to pathogens and initiate immune responses (8). Indeed,

shortly after this hypothesis was put forward, several germline encoded pattern recognition



receptors (PRRs) were identified that respond to evolutionarily conserved pathogen associated
molecular patterns (PAMPs) present on invading microbes (9-12). PRR:PAMP interactions now
form the basis of what is called the innate immune system although other important aspects of

innate immunity have been described both before and after Janeway’s original hypothesis (13-

18).

One observation that led to Janeway’s hypothesis was that even vaccines, which exploit
the exquisite specificity of the adaptive immune system, require an adjuvant stimulation of the
what would come to be called the innate immune system to jump-start the activity of the immune
system as a whole (8). Ongoing work has helped highlight that the innate and adaptive immune
systems are not separate, but actually highly interconnected components of a single program of
vertebrate defense against infection. Immune defense against virus infection has been one of the
best studied areas of immunology due to its importance to human health and disease and the
body of research in this area highlights well the combined roles of innate and adaptive immunity.
This introduction will review our current understanding of immunity to viruses with a focus on
innate immune responses and the insights of host-pathogen interactions revealed by research on

the human neurotropic West Nile virus.

INITIATION OF IMMUNITY TO VIRUSES

Initiation of immunity to viruses is most commonly thought to begin with binding of a
host PRR with its cognate viral PAMP. Many distinct families of PRRs have been shown to play
a role in detecting viral infection including toll-like receptors (TLRs), nucleotide-binding,
oligomerization domain (NOD)-like receptors (NLRs), AIM2-like receptors (ALRs) and retinoic

acid-inducible gene I (RIG-I)-like receptors (RLRs) (19-22). In addition, several other PRRs



have also been shown to respond to viral infection such as protein kinase R (PKR), 2'-5'-
oligoadenylate synthetase (OAS), cGAMP synthase (cGAS), non-RLR helicases and class

A scavenger receptors (SR-As) (23-27). A common principle of most of the PRRs is their ability
to discriminate between self vs. non-self during a viral infection despite the fact that viruses are
obligate intracellular parasites and derived entirely from host cell components. This
discrimination occurs due to either a unique identity of the viral PAMP or its aberrant location
within an animal. With a few notable exceptions, the viral PAMP is usually comprised of the
nucleic acid genome, or nucleic acid genome products, be they deoxyribonucleic acid (DNA) or
ribnonucleic acid (RNA) (28). Following detection of a viral PAMP, most PRRs initiate a
signaling cascade that results in transcriptional activation and gene expression of a variety of
antiviral effectors, cell pathway modulators, pro-inflammatory cytokines and chemokines and

initiation of adaptive immune programs.

TLRs

The toll-like receptors (TLRs) are a family of PRRs consisting of 12 individual members
sharing a structural homology that was originally identified in the Toll gene of fruit flies
(reviewed in (19, 29)). Each of the individual members have been shown to recognize specific
components of pathogens and initiate innate immune signaling through a pair of TLRs assembled
as a homo or heterodimer. The trans-membrane TLRs consist of an extracellular leucine-rich
repeats (LRR) domain that engages the microbial PAMP and a cytoplasmic Toll/IL-1 receptor
(TIR) domain that initiates downstream signaling cascades. TLR3 and TLR4 signal through the
TRIF/TRAM pathway resulting in activation of the transcription factors factor k-light-chain-
enhancer of activated B cells (NFkB) and interferon regulatory factor 3 (IRF3) and the

expression of pro-inflammatory genes as well as type I interferon (IFN). Type I IFN (IFN-$3 and



IFN- a) is a central cytokine of antiviral defense and can signal in both an autocrine and
paracrine manner to induce an antiviral state through the expression of hundreds of genes
(interferon stimulated genes (ISGs)) as well as promote antigen presentation to initiate adaptive
immunity (30). TLR4 and the rest of the family members signal through the TIRAP/MyD88
pathway resulting in activation of NFxB and AP1 (exceptions occur as discussed below). Despite
the convergence of these receptors on common signaling pathways, engagement of different
single or multiple TLRs ultimately results in highly disparate immune responses due to strength

of signaling, cell-specific expression and other incompletely understood mechanisms.

The TLRs are primarily expressed on the cell surface or in endosomes of specialized cells
of the immune system including plasmacytoid dendritic cells (pDCs), dendritic cells (DCs),
macrophages, B cells and other immune cells. The TLRs collectively coordinate immunity to
fungi, parasites, bacteria and viruses through the recognition of lipids, lipoproteins, proteins, and
nucleic acids. TLRs 3, 7, 8, and 9 are all endosomally expressed and are the members most
known to participate in defense against viruses as well as be involved in autoimmune disease.
TLR3 recognizes double-stranded (ds)RNA (31-33). TLRs 7 and 8 recognize single-stranded
RNA (ssRNA) (34, 35). TLR9 recognizes hypomethylated DNA (36, 37). TLRs 7 and 9 are
especially highly expressed in pDCs and efficiently induce the expression of type I IFN through

a transcriptional pathway unique to these cells (34).

NLRs

Nucleotide-binding, oligomerization domain (NOD)-like receptors (NLRs) are a large
family of widely expressed intracellular PRRs that respond to a variety of stimuli to affect a
diverse array of biological outcomes (reviewed in (20)). Despite diverse structure and sequence,

all NLRs share a nucleotide binding domain (NBD) and LRR domain and are cytosolically



expressed with the exception of membrane bound NLRX1. The natural ligands of all NLRs
shown to be involved in antiviral immunity are still unknown, but some appear to respond to
danger-associated molecular patterns (DAMPs) instead of PAMPs. NOD?2 is involved in sensing
ssRNA during viral infection to induce type I IFN through activation of NFkB and IRF3 (38).
The NLRP3 activated inflammasome plays an important role in immunity against a number of
viruses although the exact mechanism of activation is unclear in all contexts (39-41). NLRP3 is a
pyrin domain containing NLR that interacts with and activates the cytosolic protease caspase-1
which drives interleukin (IL)-1p and IL-18 processing and release or even cell death. Activation
of the NLRP3 inflammasome during influenza infection was shown to occur following virus
induced ion flux and NLRP3 may therefore represent a sensor of DAMPS in the context of virus
infection (42). NLRX1 has also been shown to act in both a pro-inflammatory and anti-
inflammatory manner in response to viral infection but its precise role remains controversial (43-

45).

ALRs

AIM2-like receptors (ALRs) (also known as the PYHIN family) are widely expressed
intracellular receptors containing a pyrin domain mediating protein:protein interactions and a
HIN200 domain mediating DNA binding (reviewed in (46)). Despite considerable evolutionary
divergence between mice and humans, accumulating evidence has shown a clear role for the
ALRs in both species in initiating innate immunity in defense against both virus and bacterial
infection. Absent in melanoma 2 (AIM2) functions in both human and murine cells to sense
intracellular DNA and initiate an apotptosis-associated speck-like protein containing a CARD
(ASC)-dependent inflammasome response. Similar to NLRP3 inflammasome activation, ASC

inflammasome activation leads to activation of caspase 1 and production of mature IL-1f3, IL-18,



and potential cell death (22, 47, 48). Human IFI16 and several murine ALRs including PYR-A,
PYHIN-A, and IF1203 all induce a stimulator of interferon genes (STING)-dependent IRF3
driven type I IFN response following intracellular DNA stimulation (22, 49). Unlike the NLRs
which can drive inflammasome activation and type I IFN expression in response DNA and RNA,

the ALRs appear to only respond to intracellular DNA.

RLRs

The RIG-I-like receptors (RLRs) are three cytosolic PRRs that recognize RNA as PAMPs
during viral infection; RIG-I, melanoma differentiation-associated factor 5 (MDAS) and
laboratory of genetics and physiology 2 (LGP2) (reviewed in (21, 50)). These three receptors are
widely expressed by most cells and are highly inducible in both a cell extrinsic (by type I IFN
signaling) and/or cell intrinsic manner (direct IRF3-driven gene expression) (51). Given their
ubiquitous expression, high inducibility and surprising degree of cross-talk with other innate and
adaptive immune pathways (discussed below), RLRs have emerged as one of the most important

PRR families in immunity to viruses.

The three RLRs are ATPase dependent DExD/H RNA helicases and share homology
throughout their central helicase domains as well as the C-terminal domain that has been
described as a repressor domain (RD) (52-54). RIG-I and MDAS possess two N-terminal caspase
activation and recruitment domains (CARDs) and have been shown to recognize cytosolic RNA
during infection to activate innate immune programs. LGP2 lacks the N-terminal CARD
domains and is thought to function as a regulator of RIG-I and MDAS signaling, although it may
play other roles in regulating immune responses during virus infection (see ref. (55) and
discussion below for other possible roles of LGP2) (54-56). Figure I-1 illustrates the basic

organization of the RLR domains.
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Figure I-1. Schematic representation of the RLR domains.

RIG-I and MDAS function as PRRs by surveillance of the intracellular environment for
stimulatory RNA PAMPs and undergo a conformational change upon binding RNA to expose
their N-terminal CARD domains. The exposed CARD domains facilitate a homotypic
protein:protein interaction with the CARD containing, membrane bound, common adaptor
repressor domain (RD) (also known as IPS-1, CARDIF and VISA) (57-59). The assembly of the
RLR/MAYVS complex recruits further members of the signal transduction cascade (including
TANK-binding kinase 1 (TBK1) and inhibitor of nuclear factor kappa-B kinase subunit epsilon
(IKKe¢)) ultimately resulting in the nuclear translocation of NFkB and IRF3 and the induction of
pro-inflammatory genes and type I IFN. A combined model of RIG-I activation proposes that
RIG-I actively surveys RNAs as an ATPase-dependent translocase (60). Following encounter
with specific PAMP ligand properties (discussed in detail below), RIG-I undergoes a
conformational change and associates into homo-oligomers that are brought to the intracellular
surface of mitochondria, mitochondrial-associated membranes (MAMSs) and peroxisomes by
molecular chaperones such as TRIM25 and 14-3-3¢ (54, 61-63). Less is known about the specific

events regulating MDAS activation following RNA binding, but accumulating evidence suggests
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the signaling competent form of MDAS is a large oligomer of multiple MDAS molecules
arranged along ligand RNA so that the CARD domains are exposed for interaction with MAVS

(64, 65).

RIG-I and MDAS have been reported to detect both distinct and overlapping groups of
viruses (66-69). Briefly, RIG-I has been shown to be required for response to viruses including
Paramyxoviridae family members, influenza and hepatitis C virus (HCV). MDAS is essential for
response to Picornaviridae family members such as encephalomyocarditis virus (EMCV). WNV,
Dengue virus, reovirus and lymphocytic choriomeningitis virus (LCMV) have been reported to
be detected by both MDAS and RIG-I (66, 70, 71). However, subsequent work has shown that
Sendai virus (originally thought to be a RIG-I dependent virus) specifically antagonizes MDAS
signaling and EMCYV (originally thought to be a MDAS5 dependent virus) targets RIG-I for
degradation, raising the possibility that both RLRs may be able to detect a wider array of viruses
than initially appreciated (72, 73). The importance of the RLRs in immunity against viruses is
highlighted by the multiple ways these viruses have evolved to directly antagonize RLR
signaling. The NS1 protein of influenza binds RIG-I and the V proteins of Paramyxoviridae
family members efficiently bind to both MDAS and LGP2 to prevent RLR signaling (68, 74).
The HCV NS3/4A protein disrupts RLR signaling by proteolytically cleaving MAVS from the

surface of intracellular membranes (57).

Studies that characterize PAMP ligands of RIG-I have demonstrated that non-self
recognition depends on several properties of viral RNA including PAMP motif length, structure,
modification, and composition (75-78). The most consistent observation from these studies is
that RIG-I ligand RNA requires a 5’ppp in conjunction with at least a small amount of secondary

dsRNA structure. Importantly though, some RNAs that contain both 5’ppp and dsRNA do not



stimulate RIG-I-dependent signaling, suggesting that sequence composition is another
incompletely understood determinant of RIG-1 PAMP specificity (77, 79). The 5 ppp physically
interacts with the C-terminal RD of RIG-I while the helicase domain makes contact with dsSRNA
(53, 80). The precise nature of the viral ligand for MDAS has not been well described. MDAS
ligand specificity has been reported to be for either long dSRNA (>2 kilobases (kb)), or that
ligand RNA not only requires long dsRNA but “higher order” molecular complexes of RNA
containing both dsRNA and ssRNA (67, 81). The question of how MDAS discriminates between
long dsRNAs, short dsRNAs , and other higher order complexes is interesting and it is likely
that there are several unidentified factors that define the viral ligand of MDAS just as there are
for RIG-I. An overall illustration of innate immune recognition of RNA virus infection and

initial signaling events is depicted in Figure I-2.

An unexpected role for the RLR pathway was initially discovered in 2007 and further
elucidated in 2009 when it was demonstrated that the dSDNA poly(dA-dT)-poly(dA-dT)
(poly(dA-dT)) and several DNA viruses can induce an IFN response through the RLR pathway
(82, 83). Poly(dA-dT) or other viral substrate RNA is sensed by the DNA-dependent RNA
polymerase III (Pol IIT) and transcribed into a RIG-I stimulatory, 5° phosphate containing RNA
ligand. Other non-canonical roles for the RLR pathway have also been described as RIG-I and

MAVS may play a direct role in activating inflammasome activity and apoptosis(84, 85).
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Figure I-2. Cell intrinsic response to RNA virus infection (Figure 3 from(86)). RLR, TLR

and NLRP3 inflammasome activation and signaling in the context of an RNA virus

infection is depicted. The RLRs sense intracellular RNA PAMPs to initiate innate immune

signaling. The TLRs sense dsSRNA or ssRNA located within endosomes to drive TRIF or

MYD88-dependent signaling. Type I IFN production following RLR or TLR recognition of

PAMPs leads to the transcription of hundreds of ISGs. Upregulation of immune genes allows

cells to activate the inflammasome pathway and produce more pro-inflammatory cytokines.
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‘OTHER’ VIRAL SENSORS

Several sensors that do not fit into the above families have been shown to play an
important role in the innate immune response to virus infection. PKR is a dsSRNA activated,
cytoplasmic, serine/threonine kinase that has been shown to have at least two major roles as a
PRR during viral infection (reviewed in (23, 87)). Following recognition of dsSRNA, PKR
phosphorylates the o subunit of eukaryotic initiation factor 2 (eIF2 a) to shut down host cell
translation. PKR also plays a role in type I IFN induction by activating NF«xB and IRF3
transcription factors in a MAVS-dependent manner (88). 2'-5'-oligoadenylate synthetase (OAS)
is another cytoplasmic dsRNA sensor and following activation leads to the synthesis of 2'-5'
oligoadenylates that then proceed to activate the ribonulcease RNase L (24). Activation of RNase
L leads to processing of both host and viral RNA and may lead to the production of additional
RNA ligands for the RLR pathway, thus amplifying type I IFN signaling (89). cGAMP synthase
(cGAS) is a recently identified PRR of cytosolic DNA that shares structural and functional
homology with OAS and binds cytoplasmic DNA. Following recognition of PAMP DNA, cGAS
is activated to generate the cyclic dinucleotide GMP-AMP (cGAMP) (25). cGAMP then
functions as an endogenous second messenger to bind and activate the adaptor molecule STING,
leading to activation of IRF3 and production of type I IFN (90). The high-mobility group box
(HMGB) family and class A scavenger receptors (SR-As) have both been proposed to play a role
as accessory or sentinel PRRs to potentiate the more well known PRR pathways discussed
above. SR-As are expressed on the cell surface and bind extracellular dsSRNA and help shuttle
the stimulatory RNA into the cytosol or endosomes where they can be sensed by TLRs and
RLRs to initiate innate immune signaling cascades (26). HMGBs perform a similar role but aid

in the detection of non-self RNA and DNA, but the exact role they play as a chaperone or
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cooperative binding partner remains unclear (91). Non-RLR helicases are another emerging
family of PRRs that have been shown to be involved in innate immunity to viruses (reviewed in
(27)). Interestingly, these putative RNA helicases have been shown to detect and initiate innate
immune signaling in response to DNA as well as RNA (92, 93). An opposing role of these RNA
helicases has also been shown as DDX3 has been identified as an essential host factor to support

viral replication (94, 95).

CONSEQUENCES OF INNATE IMMUNE RECOGNITION OF VIRUSES

PRR recognition of invading pathogens initiates a complex set of events that can lead to
local clearance of infection or recruitment and activation of additional immune cells and
eventually adaptive immunity. The specific innate and adaptive immune responses to WNV will
be further detailed below, but a generalized sequence of events to viral infection will be
discussed here. Following local infection of cells, PRRs induce prototypic cytokines such as
tumor necrosis factor-o (TNF-a), type I IFN and IL-1B (96). Release of these cytokines can
cause recruitment of immune cells like macrophages, neutrophils, natural killer (NK) cells and
DCs. Recruitment and activation of these innate cells can result in either decreased or increased
severity of disease during a viral infection by effectively acting in a direct antiviral role or

increasing inflammatory pathology, respectively (97, 98).

Whereas cell-intrinsic and cell-mediated innate immunity can respond within minutes or
hours of infection, the highly specific responses of the adaptive immune system can take days or
weeks to develop. T and B cell responses are dependent on a random genetic rearrangement of
the sequences encoding their receptors during a positive and negative selection process that

results in a T cell receptor (TCR) or B cell receptor (BCR) with appropriate affinity for microbial
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antigens but not self ones. CD8 T cell, CD4 T cell and B cell development and function are
reviewed in the following references, respectively (99-101). The inflammatory milieu present
during infection helps drive maturation and antigen presentation by antigen presenting cells
(APCs). CD8a+ DCs (either by infection or uptake of antigen) are especially efficient at
presenting viral antigen to naive T cells to initiate adaptive immune responses (102). Primary
antigen presentation and activation of T cells usually occurs within lymphoid organs by APCs
and consists of three signals delivered to the T cells; (1) inflammatory milieu, (2) TCR ligation
by antigen presented as a MHC-antigen complex on APCs and (3) co-stimulation by cell surface
protein interaction between the APC and T cell. Successful activation of a T cell leads to clonal
expansion, differentiation, effector function and memory. CD8 T cells migrate to sites of
infection and have direct antiviral action through both cytolitic and non-cytolitic actions on
infected cells via interactions with their TCR and viral antigens presented on MHC-1. CD4 T
cells can also be directly antiviral through release of cytokine and effector molecules, but their
main function is to provide help to CD8 T cells and B cells during an infection (103). CD4 T cell
help aids in proliferation and functional specialization of CD8 T cells and B cells (104, 105). B
cells differentiate into antibody secreting plasma cells following binding of antigen to their BCR
and CD4 T cell help in the form of cytokine stimulation and cell:cell interactions. B cell
produced antibody can be antiviral by coating viruses to prevent cell entry or by binding to viral
antigens on cells (106, 107). A hallmark of the adaptive immune system is that following
activation, clonal expansion and effector function differentiation, a population of CD8 T cells,
CD4 T cells and B cells persist as a long-lived memory population capable of responding quickly

to infection up to decades later (108).
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WEST NILE VIRUS

WNV ECOLOGY AND EPIDEMIOLOGY

West Nile virus (WNV) has recently emerged as a primary cause of viral encephalitis in
the Western hemisphere (109). To date, WNV has now been identified in more than 80 countries
throughout North America, Europe, Australia, Asia and Africa where it cycles in nature between
birds and mosquitoes (110). More than 60 species of mosquito and hundreds of species of birds
have been found to carry WNV, but Culex pipiens and Passeriformes birds are the predominant
vector and host in the United States (111, 112). Infection of Culex pipiens and Passeriformes
birds, such as crows and jays, results in viremias high enough to complete the enzoonotic life
cycle of WNV. Other vertebrates can become infected by feeding mosquitoes or even from
consuming infected birds, however they rarely support levels of replication sufficient to
complete the viral life cycle. An infected mosquito can deliver up to 10° plaque-forming units
(PFUs) during a single feeding on a host and WNV can replicate to titers of 10'' PFU/ml in
highly susceptible bird species (113, 114). An interesting aspect of the natural biology of WNV
is the extreme promiscuity of species found to be infected. Well over 30 species of vertebrates
have been shown to be infected by WNV including; alligators, baboons, bats, dogs, horses,
iguanas, raccoons, reindeers, and turtles (112). WNV infection was even identified as the cause

of fatal encephalitis in a captive orca (115).

As with other mammals, humans typically become infected with WNV as incidental
hosts following virus exposure from a feeding, infected mosquito. Since its emergence into
North America in 1999, there have been over 39,000 cases of human WNYV infection in the
United States including the second highest annual peak of over 5,000 cases in 2012 alone (see

Table I-1 (116, 117)). Especially in North America, infection of humans follows a highly
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seasonal pattern with the number of infections peaking in late summer when populations of
mosquitoes are high and female mosquitoes change feeding habits to focus on mammals instead
of birds as the primary source of blood meals (118). Over 39,000 cases of human WNV
infections have been confirmed as clinical diagnoses, but serological studies of humans in the
United States in regions of previous outbreaks suggest that the majority of infections are
undiagnosed or asymptomatic (119). Using the estimates from Hayes et al. in reference (119),
the current calculation reveals that more than 2.3 million Americans have likely been
productively infected by WNV. The high level of exposure to WNV is concerning as dramatic
shifts in the dominant genetic strains of WNV have been observed to occur over relatively short
time periods. Following the introduction of WNV to New York in 1999, the virus quickly spread
throughout North America and the original genetic strain of virus was displaced by a newly
dominant genetic variant that was first identified in Texas in 2002 (120). Recent molecular
epidemiological studies show that there is significant continued genetic evolution of WNV
occurring throughout North America and that new genetic variants may be responsible for

seasonal shifts in the observed number of human cases and clinical severity (121).

WNYV has a large global distribution where it exists as an endemic, emerging and re-
emerging viral disease of humans. The virus is endemic to portions of Africa where it was
originally identified from a febrile patient in Uganda in 1937 (122). Seroprevalence in certain
regions in Africa has shown that 75-98% of the population had been infected with WNV (123).
Despite such high prevalence, incidence of disease was remarkably low until the 1990s when
several outbreaks of disease occurred in Africa and Europe (110). WNV has since been classified
into two major lineages that represent the low virulence strains (lineage 2) that circulate

endemically in Africa and parts of Asia and the emergent, more highly virulent strains (lineage
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1) associated with outbreaks in North America, Europe, northern Africa, Asia and Australia
(124). The determinants of virulence are incompletely understood, but include the ability to
antagonize the immune system and overall rates of viral replication. Lineage 1 strains have
greatly increased their global distribution over the last 30 years and there remains a potential for
newly emerging pathogenic WNV strains to cause additional and possibly increasingly severe

human outbreaks (125, 126).

Infection with WNV is characterized by an acute febrile episode that can progress to
neuroinvasive disease including encephalitis, meningitis, and flaccid paralysis. No effective
therapies are currently available to directly treat WNV infection in humans and intervention is
limited to palliative and supportive care. A majority of symptomatic patients will experience a
resolving disease course known as WNV fever that includes symptoms of fever, fatigue, myalgia
and gastrointestinal distress. The greatest risk for severe disease is in the elderly and
immunocompromised (127). In human WNYV cases with neuroinvasive disease, death occurs in
approximately 10% of patients (109, 116, 119, 128). A largely under-appreciated aspect of WNV
disease is the potential for long-term persistence of the virus and chronic symptoms. Evidence in
humans and animal models has shown that infectious virus and/or viral genetic material are
detectable for months to years following acute infection (129). Chronic symptoms of WNV
disease include fatigue, myalgia and neurological complications such as difficulty with memory

and concentration (130, 131).
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Year Neuroinvasive Total | Deaths
disease
62

1999 59 7
2000 19 21 2
2001 64 66 9
2002 2946 4156 284
2003 2886 9862 264
2004 1148 2539 100
2005 1309 3000 119
2006 1495 4269 177
2007 1227 3630 124
2008 687 1356 44
2009 373 720 32
2010 629 1021 57
2011 486 712 43
2012 2873 5674 286

2013

(preliminary) 1140 2271 100

total 17341 39359 1648

Table I-1. WNYV incidence and disease in the United States. Data compiled from:

http://www.cdc.gov/westnile/statsMaps/ [Accessed November 2014].

WNV PATHOLOGY AND THE IMMUNE RESPONSE

Many aspects of WNV infection, immunity, and clinical disease in humans are
recapitulated in mouse challenge models. Subcutaneous inoculation of WNV in mice results in a
pathogenesis sequence that includes local infection in cells (keratinocytes, Langerhans cells) of
the skin, migration of infected DCs to the draining lymph node, and the development of viremia,

which ultimately facilitates crossing of the blood-brain-barrier and infection of neurons in the
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central nervous system (CNS) (128, 132). The mouse model of WNV infection has revealed
many key host-pathogen interactions that control the outcome of WNYV infection and immunity
(reviewed in (86, 128)). Components of the innate and adaptive immune system are essential for
protection from WNYV infection. Innate immune programs involved in pathogen recognition,
signal transduction, and effector function are required for effective antiviral immunity against
WNYV infection and disease (133-141), whereas antibody and cell mediated immunity are
necessary for limiting virus dissemination, clearance of WNV from target cells in the periphery
and CNS, and preventing disease after secondary exposure (142-144). An underlying concept
extending from many studies of WNV infection in gene-knockout (KO) mice is that compromise
of innate antiviral immunity can ultimately result in enhancement of virus entry or replication in

the CNS, leading to neurological disease and mortality (86).

During WNYV infection the innate immune response serves to control tissue tropism of
infection and restrict virus entry into the CNS (86, 145, 146). Prior studies in cell culture have
shown that flavivirus recognition during acute infection is mediated by both RIG-I and MDAS
(70). For WNV, the RLR pathway is required for induction of type I IFN and innate antiviral
responses, with RIG-I proposed to induce gene expression early in infection and MDAS
signaling occurring at a later stage (134, 136, 147, 148). The common adaptor molecule MAVS
has clearly been shown to be essential for controlling WNV infection and immunity in vitro and
in vivo (136). MAVS deficiency in vitro in key target cells of infection leads to a complete loss
of innate immune signaling and increase in viral replication while MAVS deficiency in vivo
results in an increase in viral replication and inflammation. MAVS-dependent RLR signaling

activates the transcription factors IRF3, IRF-5, IRF-7, and NF-«xB, to promote gene expression
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programs that limit WNV replication and spread, and modulate adaptive immunity (57, 138, 139,

147, 149, 150).

The initiation of innate immune signaling listed above leads to expression of hundreds
genes and some of the consequent mechanisms of cell-intrinsic virus inhibition have been
attributed to individual effector genes. Viperin is an innate immune stimulated gene that does not
affect the early stages of viral binding or cell entry, but instead blocks efficient replication of
virus and is essential for in vivo protection (151, 152). IFITM proteins are ISGs that have been
shown to block early events of cell binding/entry by WNV (151, 153). IFIT protein family
members have been proposed to play a role in PAMP sensing, but also exhibit effector function

against WNV by inhibiting viral translation (154, 155).

In addition to inducing effector genes that are antiviral on a cell-intrinsic level, the central
role of the innate immune response in programming an effective adaptive response in the context
of WNV is highlighted by several key studies. As previously noted, MAVS deficiency in vivo
results in lethality and increased viral replication, but also a dysregulated adaptive response.
Despite an increase in most inflammatory pathways and immune cellularity, anti-WNV
antibodies had reduced function and regulatory T cells were reduced in number (136).
Interestingly, deficiency in the RLR family member LGP2 did not greatly affect observed innate
immune gene induction, but instead lead to an increased lethality in mice that was attributed to a
CDS8 T cell-intrinsic defect (55). Loss of inflammasome signaling also lead to an increased
lethality in mice that was linked to a lack of CD8 T cell function in the CNS (40). Innate immune
signaling thus regulates both cell intrinsic immune responses as well as adaptive immunity to

program successful defense against WNV.
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In the work presented below, we assessed the individual and combined roles of RIG-I and
MDAS in pathogen recognition and immunity to WNV infection using WT and RLR KO mice
and cells. We show that each RLR individually contributes to pathogen recognition and immune
protection against WNV in vivo and in vitro, and establish that RIG-I and MDAS detect distinct
PAMPs with differential kinetics during the course of WNV replication to mediate

complementary, nonredundant roles in viral detection and innate immune gene induction.
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II. MATERIALS AND METHODS

Mouse studies. RIG-1"" and their wild type (WT) littermate control mice have been
published (66, 156) and were obtained as a generous gift from S. Akira (Osaka University).
MDA5 " mice were kindly provided by M. Colonna (Washington University St Louis). MAVS™”
mice were previously described (55). For production of double knockout (DKO) mice lacking
both RIG-I and MDAS5, RIG-1"" and MDA5” mice were intercrossed, and the resulting DKO
offspring were backcrossed into a C57BL/6 background through the F3 generation. The resulting
DKO line used in this study is approximately 94% C57BL/6 genetic background, as determined
by microsatellite DNA analysis. All mice were genotyped and bred under pathogen-free
conditions in the animal facility at the University of Washington. Experiments were performed
with approval from the University of Washington Institutional Animal Care and Use Committee.
Age-matched six to twelve week old mice were inoculated subcutaneously (s.c.) in the left rear
footpad with 100 PFU of WNV-TX in a 10 pl inoculum diluted in Hanks balanced salt solution
(HBSS) supplemented with 1% heat-inactivated FBS. Mice were monitored daily for morbidity

and mortality.

Cells and viruses. Working stocks of WNV isolate TX 2002-HC (WNV-TX) were
generated by propagation on Vero E6 cells and titered by standard plaque assay on BHK-21 cells
as previously described (136). WNV infections were performed by incubating virus at the
indicated multiplicity of infection (MOI) with cells in serum free media for 1 hour followed by

removal of the virus and addition of DMEM supplemented with 10% FBS, 1 mM sodium
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pyruvate, 2 mM L-glutamine, 1x HEPES pH 7.3, antibiotic-antimycotic solution, and 1x non-

essential amino acids (complete DMEM).

Primary mouse embryonic fibroblasts (MEFs) were generated from RIG-1" MDA5™",
MAVS™ RIG-1""x MDA5" DKO, and WT control mice as previously described (139). Briefly,
13-14 day embryos were harvested from pregant mice. The head and developing organs from the
stomach cavity were removed and the remaining tissues were minced. The tissue was then
treated with 0.25% trypsin-EDTA and incubated for 5 minutes at room temperature. Cells were
recovered and grown in complete DMEM. To facilitate direct comparison of signaling in our
PAMP characterization studies, we also generated primary MEFs from RIG-1" embryos of the
F3 generation backcrossed onto the C57BL/6 background and used these cells to compare

directly to WT, MDA5™, and DKO MEFs.

Primary bone-marrow derived macrophages (M®) and dendritic cells (DCs) were
generated as described (139). Briefly, bone marrow cells were collected from age-matched adult
mice by flushing hind limbs with media. Red blood cells (RBC) were lysed using RBC lysis
buffer (Sigma). Remaining cells were cultured in complete DMEM or complete RPMI
supplemented with MCSF or GM-CSF and IL-4 (Peprotech) for M® and DCs, respectively.

Following 6-8 days in culture, cells were harvested, counted and plated for further experiments.

293T, Huh 7 and Huh 7.5 cells were cultured in complete DMEM; DMEM supplemented
with 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 1x HEPES pH 7.3, antibiotic-

antimycotic solution, and 1x non-essential amino acids.

Sendai virus Cantell strain was purchased from Charles River. Cells were infected with

100 HA units per ml of Sendai virus and harvested at 24 hours post infection (hpi). Japanese
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encephalitis virus (JEV), vaccine strain (SA 14-14-2) was a gift of M. Diamond (Washington
University, St. Louis). Encephalomyocarditis virus (EMCV) was a gift of R. Silverman

(Cleveland Clinic) and cells were infected at a MOI of 5 and harvested at 24 hpi.

Immunoblot analysis. Protein extracts were prepared as previously described (157) and
20 pg of protein lysate was analyzed by SDS-polyacrylamide gel electrophoresis followed by
immunoblotting. The following primary antibodies were used; a-murine IFIT2 (gift of G. Sen,
Cleveland Clinic); goat a-WNV NS3 (R&D Systems); mouse a-tubulin (Sigma); mouse a-
GAPDH (Santa Cruz); mouse a-myc 9E10 (Pierce); and mouse a-FLAG M2 (SIGMA). All
secondary antibodies were purchased from Jackson ImmunoResearch. Immunoreactive bands

were detected with Amersham ECL Plus Reagent (GE Healthcare).

IFN- g ELISA. IFN-f in cell culture supernatants was measured by using the mouse-

specific IFN- ELISA kit following the manufacturer’s protocol (PBL Biomedical Laboratories).

Dual luciferase reporter assay. Human pFLAG-RIG-I, pFLAG-MDAS5 and expression
controls were a kind gift from Takashi Fujita (Kyoto University, Japan). Huh7.5 cells were
plated at a density of 1.5 x 10”4 cells per well in a 48 well plate. Cells were then transfected with
Fugene 6 reagent (Roche) with RLR expression construct, IFN-B-luciferase (firefly) and pRL-
CMYV (renilla). 24 hours later cells were infected with WNV as described above at an MOI=5. At

the given time after infection cells were harvested for dual luciferase reporter assay (Promega).

Density gradient sedimentation. Density gradient sedimentation was performed as
previously decribed (61). Briefly, cells were lysed in buffer (10 mM Tris (pH 7.5), 10 mM KClI,
5 mM MgCl,) and passed through a 25-gauge needle 20 times. Lysates were cleared of nuclei by

centrifugation at 1000g for 5 min. Lysates were then mixed with a 72% sucrose containing buffer
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and overlaid with 55 and 10% containing sucrose buffer successively. Following centrifugation
for 14 hrs at 38,000 rpm in a Beckman SW41 Ti rotor, 7 successive fractions were removed and
concentrated by Centricon filter units (Millipore). Concentrated fractions were then analyzed by

immunoblot for presence of RLR-associated proteins.

Co-immunoprecipitations of MDAS and 14-3-3 proteins. 293T cells were transfected
with Fugene 6 with pFLAG-MDAS expression and myc-tagged 14-3-3 proteins or empty vector.
24 hours later the cells were infected or mock. The cells were next lysed in ice-cold RIPA buffer
(50 mM Tris-Cl pH 7.5, 150 mM NaCl, 5SmM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) in the presence of Protease Inhibitor Cocktail (Roche). Lysates were clarified by
centrifugation and incubated with o -FLAG M2 agarose beads (Sigma) for 2 hours. Beads were
washed 3 times with RIPA buffer and resuspended in SDS sample buffer for analysis by

immunoblot.

Gel-shift assay. Gel-shift assay was performed as previously described(77). Briefly, O-
60 pmol of purified RIG-I was incubated with 6 pmol of RNA for 15 min at 37°C. RIG-I/RNA
complexes were resolved on an agarose gel stained with SYBR©O Gold (Invitrogen) and
formation of stable complexes was visualized by a shift/disappearance of RNA from its original
migration pattern. HCV poly U/UC was prepared as previously described (77). Poly (I:C) was
from Sigma. The first 190 nt of the WNV 5’UTR RNA were in vitro transcribed as previously
described (158). Following phenol/chloroform extraction and ethanol precipitation, WNV RNA
was left with a 5’ppp or capped to contain a Cap 0 structure or Cap 1 structure using kits from
Epicentre© Biotechnologies (cat. # SCCE0610 and SCMT0610) according to the manufacturer’s

protocol.
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RNA extraction and analysis. Total cellular RNA from cultured cells was collected for
RT-quantitative PCR (RT-qPCR) using the RNeasy kit (Qiagen), and reverse transcribed using
the iScript select cDNA synthesis kit using both oligo (dT) and random primers (Biorad).
Cellular mRNA and viral RNA expression levels were determined by SYBR Green RT-qPCR

using gene- or virus-specfic primers. Specific primer sets are as follows:

mGAPDH forward: CAACTACATGGTCTACATGTTC, mGAPDH reverse:
CTCGCTCCTGGAAGATG; mIFNP forward: GGAGATGACGGAGAAGATGC mIFN
reverse: CCCAGTGCTGGAGAAATTGT; mIL6 forward: GTTCTCTGGGAAATCGTGGA,
mlL6 reverse: TGTACTCCAGGTAGCTATGG; WNYV forward:
CGCCTGTGTGAGCTGACAAAC, WNYV reverse: CATAGCCCTCTTCAGTCC; mIFN-a2a:
purchased from SABiosciences; mIRF-7 forward: CCCATCTTCGACTTCAGCAC, mIRF-7
reverse: TGTAGTGTGGTGACCCTTGC; mIFIT2 forward:

CTGGGGAAACTATGCTTGGGT, mIFIT2 reverse: ACTCTCTCGTTTTGGTTCTTGG.

RNA preparation. Infected cell RNA (icRNA) or mock-infected cell RNA (mcRNA)
was extracted using Trizol LS reagent according to the manufacturer’s protocol (Invitrogen).
WNV virus particle RNA (virion RNA) was purified by layering pre-cleared infected cell
supernatants over a 20% sucrose cushion followed by centrifugation for 4 hours at 70,000 g in a
Beckman Coulter SW 40 Ti rotor. RNA was extracted from sedimented virions using Trizol LS.
In vitro transcribed 5' and 3' non-translated regions (NTR) of WNV were generated as previously
described (159, 160). RNA concentrations were determined by absorbance using a Nanodrop

spectrophotometer. icRNA was treated with Antarctic phosphatase to remove phosphate moieties
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or RNase III to digest dsSRNA followed by ethanol and sodium acetate precipitation (New
England Biolabs). Transfections of RNA were performed with TransIT-mRNA transfection kit
according to the manufacturer’s protocol (Mirus Bio) into cells pretreated with for 30 minutes
with 20 [1g/ml of cycloheximide (CHX) in complete DMEM. Total cellular RNA from

transfected cells was collected for RT-qPCR 8-10 hours post transfection using an RNeasy Kkit.

RLR PAMP-pulldown. FLAG-tagged RLRs or vector control were transfected into
293T cells as described above. Cells were mock infected or infected with WNV for the indicated
times at an MOI=5. Cells were lysed in ice-cold RLR lysis buffer (137 mM NaCl, 20 mM Tris-
ClpH 7.5, 0.5 % NP40) supplemented with Protease Inhibitor Cocktail (Roche) and SUPERase
RNase inhibitor (Ambion). Lysates were clarified by centrifugation and incubated with a -FLAG
M2 agarose beads (Sigma) for 1 hour. Beads were washed three times with RLR lysis buffer and
RNA and protein were extracted by Trizol LS according to the manufacturer's protocol

(Invitrogen).

RNA deep sequencing. RLR-associated RNA was purified by Trizol LS as described
above. RNA integrity was analyzed by Bioanalyzer (Agilent) and all samples had an RNA
integrity number of greater than 8. Prior to library generation the RNA samples were subjected to
ribosomal RNA depletion with the RiboZero kit (Epicentre) as even after RLR-
immunoprecipitation and RNA extraction the majority of all RNA was of ribosomal origin
before depletion. cDNA libraries were then prepared using the mRNA Seq Sample Preparation
v1.5 kit from Illumina according to the manufacturer's protocols. All samples were sequenced on
the [llumina Genome Analyzer II platform and small RNA sequences were submitted to
Geospiza (Perkin Elmer) for initial analysis. We obtained greater than 20 million reads per
sample that mapped to either the human genome or WNV (WNYV reference genome ((161)).
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Mapped WNV RNA sequences were visualized using Integrative Genomics Viewer (Broad

Institute).

Strand-specific WNV RT-qPCR. Strand-specific WNV RT-qPCR was performed as
previously described(140). Briefly, strand specificity was achieved through use of a T7-tagged
strand specific primer as the primer for reverse transcription, followed by TagMan based qPCR
using primers for the T7 tag and WNV E protein sequence. Each reaction was performed with an
equivalent fraction of RNA from each RLR-associated RNA sample. Positive strand primer
(T7E1229R: GCGTAATACGACTCACTATAGGGTCAGCACGTTTGTCATTG) or negative-
strand primer (T7E1160F: GCGTAATACGACTCACTATATCAGCGATCTCTCCAC
CAAAQG) was incubated with 2 ul RNA, 12.5 ul 2x RT-PCR mixture and 0.625 ul 40x
Multiscribe (Applied Biosystems). Reaction mixtures were incubated for 30 min at 55°C and
95°C for 10 min, followed by the addition of 5 pmol of probe (FAM-
CAACCTCACCTACAGGGCGGACTTCAAG-TAMRA) and 20 pmol each of primers (T7:
GCGTAATACGACTCACTATA) and E1160F to positive-strand reaction mixtures and primers
T7 and E1229R to negative-strand reaction mixtures. The thermal cycling reaction was then

allowed to proceed for 40 cycles.

Statistical analysis. In vivo Kaplan-Meier curves were analyzed by log-rank test. All in
vitro statistics were performed by unpaired, two-tailed student t-test. A P-value < 0.05 was

considered significant. All data were analyzed using Prism software (GraphPad Prism).
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III. RLR DETECTION AND CONTROL OF WNYV IN

VITRO AND IN VIVO

INTRODUCTION

The mouse model of WNV infection has greatly enhanced our understanding of the
immune mechanisms that regulate protection and pathogenesis in response to virus infection.
Few other in vivo model systems have been as informative in defining the numerous components
of the immune system that contribute to protection against a virus that causes significant global
health burden in humans. For example, mice deficient in the chemokine receptor CCRS were
defined to uniformly succumb to WNV infection and the increased lethality was shown to be due
to a lack of recruitment of immune cells into the CNS (141). Human patients with a genetic
deletion in CCRS5 were then shown to be at increased risk of more severe WNV disease once
infected(162). The knowledge gained from the mouse studies has identified an at risk population
and raised the possibility of targeted therapeutic intervention in these patients. Previous work
from our lab and others has clearly implicated the RLR pathway in immune protection against
WNV in vivo. Animals deficient in MAVS, the central RLR adaptor, have enhanced mortality,
increased viral burden and dysregulated adaptive immune responses (136). Likewise, mice
deficient in any number of genes involved in propagating RLR signaling have also been
identified to have increased mortality and pathology (135, 138, 139, 147, 149, 157). However,
previous work has not addressed the individual or combined roles of RIG-I1 and MDAS in

providing protection against WNV in vivo.
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In vitro data has shown that cells lacking RIG-I have an abrogated innate immune
response, while cells lacking MAVS, the central adaptor protein for RLR signaling, have a near
complete absence of innate immune activation. Further evidence to suggest additional PRR
signaling through the RLR pathway was that RIG-1"" cells infected with a virus known to
antagonize MDAS5-mediated signaling, and then subsequently infected with WNV, fail to induce
nuclear translocation of IRF3 (134, 136). These results lead us to hypothesize that the second
PRR known to transduce signals through MAVS, MDAS, plays an important role in detecting
WNV infection and activating innate immune programs. In addition to an unknown role of
MDAS in detecting WNV, it is also unknown if loss of MDAS results in a similar or distinct lack
of innate immune induction compared to RIG-1. Our goal was to clearly establish a role for RIG-
I and MDAS in detecting West Nile virus and initiating innate immune responses by analyzing in
vitro models of key target cells of infection. We assessed the ability of RLR KO cells to control

virus replication and characterized the signaling response initiated by each RLR.

RESULTS

RIG-I and MDAS are essential for protection against WNYV infection in vivo. To
determine the individual roles of RIG-I and MDAS in WNV infection and immunity, we
assessed WNV pathogenesis in WT mice and in RIG-1"" or MDA5” mice. An in-depth, direct
analysis of the respective roles of the individual RLRs has been hampered by the embryonic
lethality of RIG-1" mice in a complete C57BL/6 background, while MDA5 " mice are fully

viable on several genetic backgrounds (66). To circumvent embryonic lethality, the RIG-1""and
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RIG-1"" mice were generated on a mixed ICR x 129Sv x C57BL/6 genetic background (66).
MDA5™ mice, in comparison, were generated originally on a 129Sv background without any
noted developmental defects (163) and were backcrossed subsequently to a 99% pure C57BL/6
background to facilitate WNV pathogenesis studies. Each RLR single knockout mouse line was
evaluated in comparison to its own individual wild type (WT) control. We infected mice
subcutaneously with 10* plaque forming units (PFU) of WNV-TX and monitored morbidity and
mortality. RIG-I"" mice were more susceptible to WNV infection compared to their WT controls,
with enhanced lethality (50% vs. 17%, P < 0.05) observed over the 20-day monitoring period of
infection (Fig. III-1a). Similar results were obtained when we compared MDA5™ mice with their
respective WT controls, with significantly more (70% vs. 30%, P < 0.02) MDA5 " mice dying
from WNYV infection (Fig. III-1b). We also intercrossed RIG-1" x MDA5™ double knockout
(DKO) mice lacking expression of both RIG-I and MDAS, and this line was backcrossed into a
C57BL/6 background through the F3 generation to yield a strain of ~94% C57BL/6, as defined
by microsatellite DNA analysis (data not shown). DKO mice exhibited markedly increased
susceptibility to WNV infection compared to WT C57BL/6 control mice or RIG-I"" or MDA5™
mice, and had a more rapid mean time to death of ~ 8 days (100% vs. 50%, P < 0.0001) (Fig.
III-1c¢). The susceptibility of DKO mice to WNV infection was remarkably similar to that of
MAVS™ mice, which were generated on a pure C57BL/6 background (Fig. III-1¢) (136). These
results demonstrate that RLR signaling from both RIG-I and MDAS is required for protection

against WNV infection in vivo.

RIG-I and MDAS are both required for innate immune gene induction and control
of WNYV replication. To determine how RIG-I and MDAS individually regulate innate immune

gene expression and control of WNV replication, we performed a detailed time-course analysis
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of gene expression and virus replication within low passage, primary MEFs from RIG-I""" WT,
RIG-I'/', C57BL/6 WT, MDAS'/', and DKO mice. For each analysis, we measured viral RNA and
compared innate immune gene expression in mock-infected cells with WNV-infected cells at a
high multiplicity of infection (MOI=5), thus determining the fold-change in RNA expression
levels (Fig. III-2). Whereas WNV RNA replicated to higher levels (4-fold difference, P < 0.003
at 48 hpi) throughout the 48 hr time-course in RIG-I" compared to cognate WT MEFs (Fig I11-
2a), no appreciable differences in viral infection were observed between WT and MDA5™" cells
(Fig II1-2b, P >0.05 at 48 hpi). IFN- is an acute innate immune response gene that is induced
early after virus infection (86). The increase in WNV replication in RIG-1"" MEFs corresponded
with an early deficit (14 and 13-fold difference, P < 0.03 at 8 and 10 hpi) of IFN-f mRNA
induction, with expression reaching WT levels subsequently (Fig. III-2¢). In comparison, IFN-f
expression was induced equivalently in WNV infected WT and MDA5™" cells throughout the
time-course (Fig. I1I-2d, P > 0.05 at 10 and 48 hpi). We also examined the WNV-induced
expression of IFN-a2a, a comparably late-expressed innate immune response gene and cytokine
that amplifies and diversifies innate immune gene expression. IFN-a2a is induced after IFN-f3
signaling, as it requires IRF-7 induction and activation (139, 164). We failed to detect a major
difference in IFN-a2a mRNA expression over a course of 22-48 hpi between WT and RIG-1"
cells (Fig. ITT-2¢). Remarkably, MDA5™ cells showed a significant deficit in IFN-a2a expression
(2 and 3.8 fold difference, P < 0.003 at 34 and 42 hpi respectively) compared to WT controls at
late time points of infection (Fig III-2f). These results verify that RIG-I is essential for early
innate immune gene induction and virus control (134) and reveal a specific role for MDAS in the
later, amplification phase of the innate immune response after WNV infection. We note that the

early deficit in IFN-f production resulted in increased viral replication in infected cells during
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time points before WNV can efficiently antagonize IFN signaling, whereas the late defect in
IFN-a2a production did not result in increased WNV replication in MEFs under single-step
growth kinetic conditions, possibly because at these points accumulated viral non-structural

proteins can antagonize IFN signaling (161, 165).

We next assessed the combined roles of RIG-I and MDAS in controlling WNV
replication and promoting innate immune gene induction in MEFs. DKO cells were mock-
infected or infected with WNV over a 72 hr time-course. As expected, WNV RNA accumulated
to much higher levels (>60 fold difference at 72 hpi) in DKO compared to WT cells (Fig. III-
2g). We also performed real-time qRT-PCR analysis to examine the expression of a subset of
RLR-responsive innate immune genes previously identified from transcriptional profiling studies
of WNV infected cells (134). Remarkably, while these genes were induced highly in WT cells,
none were significantly induced in DKO cells after WNV infection (Table III-1). These
observations are consistent with recent results demonstrating that in target cells of WNV
infection, MAVS-dependent signaling is the predominant pathway through which viral RNA is
sensed for host defense gene induction (149). Our results now demonstrate that RIG-1 and
MDAS are the two essential PRRs that sense WNV infection and induce the antiviral response

through MAVS-dependent signaling.

MDAS is required to control virus replication in myeloid cells. Our results suggest
that RIG-I mediates early/initial PAMP recognition and signaling while MDAS mediates late
signaling to amplify innate immune actions during WNYV infection. While previous studies
support a role for RIG-I in initial triggering of innate immune defenses against WNV infection,
the role of MDAS in this process has not been evaluated (134, 148, 166). To assess the role of

MDAS in innate immune signaling in bona fide in vivo target cells of WNV infection, we
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performed time-course analysis to evaluate the levels of infectious WNV production and gene
induction in primary bone marrow-derived macrophages (M®) and dendritic cells (DCs)
prepared from WT and MDAS5" mice. M® and DCs from MDA5”" mice supported increased
virus growth when compared to WT cells (Fig. I1I-3a and b, 4-fold difference, P < 0.04 at 36
hours; 2- and 3-fold difference, P < 0.008 and P < 0.02 respectively). Immunoblot analysis
demonstrated that WNV proteins accumulated to higher levels in MDA5" M® and DCs
compared to WT cells (especially at 36 hours), whereas DCs exhibited a concomitant reduction
in the virus-induced expression of IFIT2, an ISG that is downstream of RLR signaling and
restricts WNV infection (Fig. I1I-c and d) (154, 157). We also found that MDAS5” M® and DCs
produced lower levels of IFN-P post-infection than WT cells (Fig. III-3e and f), despite the
increased viral burden. As controls, we also assessed IFN-f production in response to Sendai
virus (a RIG-I-specific stimulus (66)) and EMCV; an MDAS5-specific stimulus (163))
respectively in WT and MDA5” M® and DCs. Although Sendai virus induced robust production
of IFN-B, EMCYV infection failed to induce IFN-3 production in MDAS5” DCs. These results
demonstrate that MDAS is essential for optimal control of WNV replication and induction of

antiviral host defense genes in cells that are targets of infection in vivo.

To assess the combined roles of RIG-I and MDAS in detecting and controlling WNV
infection in myeloid cells we generated DKO DCs and compared their response with WT and
MAVS™ cells. WNV replicated to increased levels (18-fold higher) in DKO cells compared to
WT cells, similar to that observed in parallel cultures of MAVS” DCs (17-fold higher) (Fig. II1-
3g). Moreover, and in contrast to MDA5™ cells, there was no detectable induction of IFN-f
production or innate immune gene expression (compare Fig. III-3a-d with Fig. III -3h and i) by

DKO or MAVS™ DCs after WNV infection. Thus, while MDAS is required for optimal innate
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immune gene induction and control of WNYV infection, in myeloid cells the combination of RIG-
I and MDAS and subsequent signaling through MAVS is essential for WNV detection and innate

immune gene induction.

Dual RLR recognition of flaviviruses can be extended to other related viruses. We
next wanted to assess if the dual recognition of flaviviruses could be extended to another related
virus, Japanese encephalitis virus (JEV), that is a leading cause of virus induced encephalitis in
eastern and southern Asia. Japanese encephalitis virus (JEV) is a neurotropic virus maintained in
a similar enzoonotic cycle as WNV and exists as a threat to become an emerging virus in other
parts of the world including North America (167). WT, RIG-1"", MDA5™ and DKO MEFs were
infected at a high MOI (MOI=5) with JEV for a 48 hour time-course and measured for viral
RNA accumulation and IFN-f and IFN-02a mRNA induction. Consistent with our observations
with WNV infection, JEV infected cells lacking either RIG-I or MDAS can be seen to have a
reduction in innate immune gene induction at some time point, but the loss of both RLRs results
in a complete lack of measured innate immune gene induction (Fig. III-4b and c¢). Again, lack of
RIG-I or MDADS lead to an intermediate increase in viral RNA accumulation, but lack of both

RLRs lead to a dramatic increase in viral RNA replication (Fig. I111-4a).

Human RLR recognition of WNYV infection. The above results clearly demonstrate a
contribution of mouse RIG-I and MDAS in detecting WNV infection and activating innate
immune genes. We also wanted to test if human RIG-I and MDAS can detect WNV infection. To
do this we over-expressed FLAG-tagged human constructs of RIG-I and MDAS in the human
hepatoma cell line Huh 7.5 and subsequently infected with WNV. Huh 7.5 cells lack a functional
endogenous RIG-I receptor and have been used extensively to study intracellular innate immune
signaling (168, 169). In addition to transfecting the RLR expression constructs, we also
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transfected in dual luciferase reporters to assess IFN-3 promoter activity following WNV
infection. We achieved roughly equivalent expression of human RIG-I and MDAS (Fig. I11-5a).
Expression of either RLR alone is capable of inducing IFN-f3 promoter activity in response to
WNV infection, defining dual RLR recognition of WNV as a common principle of both mouse

and human (Fig. I1I-5b).

Regulation of RLR-induced signaling in response to WNV. Previous results from the
our lab utilizing density gradient sedimentation have demonstrated that RIG-I relocalizes from
the cytoplasm to intracellular membranes following RIG-I stimulation (61). RIG-I relocalization
was found to be dependent on several host factors including the ubiquitin ligase TRIM25 and
physical interaction with members of the molecular chaperone family called 14-3-3 proteins. We
therefore performed experiments to determine if MDAJS is subject to similar recruitment to
intracellular membranes and if 14-3-3 proteins associate with MDAS during virus infection. To
determine if MDAS is recruited to intracellular membranes during virus infection we infected
Huh 7 cells with Sendai virus and harvested uninfected cells or cells infected for 4 and 24 hours.
Sendai virus was originally identified as a virus specifically recognized by RIG-I, but it was
subsequently shown that defective interfering particles of Sendai virus are detected by
MDAS5(170). Cell lysates were subjected to density gradient sedimentation to isolate various
cytoplasmic and membrane associated fractions. Confirming previous results, RIG-I was
recruited from cytosolic fractions (fractions 6 and 7) to a membrane associated fraction (fraction
2) at 4 and 24 hpi (Fig. I11-6). MDAS was also recruited to this membrane-associated fraction at
24 hpi suggesting that MDAS is subject to similar intracellular recruitment mechanisms as RIG-

L.
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To determine if any14-3-3 proteins associate with MDAS during WNV infection we co-
expressed 6 separate isoforms of myc-tagged 14-3-3 proteins with FLAG-tagged MDAS and
infected with WNV. Uninfected and infected cells were lysed at 36 hpi and subjected to FLAG
immunoprecipitation to determine association between 14-3-3 and MDAS with 14-3-3 proteins
serving as the target and MDAS as the bait. All isoforms of 14-3-3 were detectable in samples
from uninfected cells following immunoprecipitation of MDAS, but 14-3-3C and B increased in
abundance following WNV infection suggesting that MDAS interacts with and co-

immunoprecipitates with MDAS during WNV infection (Fig. I11-7).

DISCUSSION

The central role of MAVS-dependent signaling in controlling WNV infection and
pathogenesis has been established and implicates an essential role of RLRs in immunity against
WNV (55, 134, 136, 149). Herein, we delineated the role of RIG-I and MDAS as individual
PRRs in contributing to the control of WNV and induction of innate immune genes in vitro and
in vivo. We found that each PRR is essential for full immune protection against WNV. In
addition, the susceptibility of mice to WNV infection lacking both PRRs recapitulates the
phenotype of MAVS™ mice, confirming the essential nature of RLR signaling over other innate
immune induction pathways (136). The susceptibility phenotype in DKO mice occurred despite a
full complement and expression of TLRs and NLRs in these mice. Thus, RIG-I and MDAS are
essential PRRs of WNV recognition, with each serving to transduce innate immune signaling

through MAVS in response to infection of key target cells. The loss of RIG-I or MDAS can be
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compensated for partially by the other, but loss of both genes results in a severe loss of innate

immunity to infection.

Efficient and early PAMP recognition is required to induce an IRF-3-dependent gene
expression signature that controls viral replication in a cell-intrinsic manner (138). In cells
lacking RIG-I expression, WNYV replication proceeds at a higher rate. In contrast, in MDA5"
MEFs, a deficit of innate immune signaling amplification and diversification is marked by a
deficiency in IRF-7-driven IFN-02a expression without an increase in viral replication. This
phenotype may reflect the ability of pathogenic WNV to block type I IFN signaling at later times
in infection when MDAS PAMPs accumulate (70, 139, 161, 165, 171). It has recently been
proposed the signaling-active form is a large MDAS oligomer bound to RNA (64). In the context
of WNV, MDAS5 might require long dsRNA replication intermediates for such oligomer

assembly, which accumulate at later times when replication peaks.

Immune responses in mice and humans can be highly divergent and mouse models of
human disease do not always translate well to interpretation of immune mechanisms in humans
(172). As previously noted, the mouse model of WNV pathology closely recapitulates the known
course of human disease. Dengue virus is a related flavivirus with a large global health burden
(173). Considerable work and insight in basic research on Dengue virus has been achieved, but
the necessity of complicated animal models (severely immunocompromised mice and
mouse/human chimeras) has hindered the pace of progress (174). The systematic dissection of
immune mechanisms using mice with specific genetic ablations, but otherwise possessing a fully
functional immune response, to understand WNV pathology therefore represents one of the most
powerful tools to understand immunity to flavivirus infection in animal and human disease. In
that regard, we were able to expand our observation of dual RLR recognition of WNV infection
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in mouse cells and demonstrate that the same phenomenon occurs in human cells as well.
Likewise, dual RLR recognition of flavivirus infection was extended from our initial
observations with WNV to another closely related virus causing human disease: JEV. Future
experiments will seek to further define principles regulating innate immune recognition of JEV
and WNV in human cells. Our preliminary experiments suggest an important component of

innate immune activation by virus infection in humans is the recruitment of RLRs to

intracellular membranes by chaperone proteins including members of the 14-3-3 protein family.

Findings from future in vitro experiments defining these requirements for RLR activation can

then be validated by subsequent experiments to define their contribution to in vivo pathology.
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RLR-induced innate immune genes
WT DKO
(fold induction) (fold induction)
RIG| dependent early/ | IFIT2 146.1 1.7
MDAS dependent late IL-6 36.6 0.6
IFN-a2a 467.6 9
IRF7 804.5 2.0
IFN-B 32294.5 25

Table III-1. RLR-induced innate immune genes. A summary of the innate immune gene
induction from WT and DKO cells infected with WNV and plotted in Fig. III-2g. Values
represent the fold induction at the peak of the innate immune response from the time-course

infection in Fig. I11-2g.
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Figure III-1. In vivo pathogenesis of RLR KO mice infected with WNV. Adult RLR KO mice
and WT controls were infected with 10* PFU of WNV and monitored for survival. (a) RIG-1"*
mixed background mice (n=13) and RIG-1"" mixed background mice (n=16), (b) C57BL/6 WT
(n=37) and MDA5" mice (n=16), and (¢) and RIG-1" x MDA5" (n=11), RIG-1""*"xMDA5*"*
littermate controls (n=8) and MAVS™™ (n=8) mice all exhibit significantly greater mortality

compared to their respective controls (P <0.05 P <0.02, P <0.0001).
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Figure III-2. Figure III-2. Innate immune gene expression and viral RNA accumulation
over a WNV-infection timecourse. Primary MEFs were infected with WNV or mock-infected
and innate immune gene induction or viral RNA accumulation in each cell line was determined
by qRT-PCR and plotted as relative fold induction compared to mock cells and normalized to
GAPDH expression. Cell lines used for (a-f) were mixed background RIG-1"* or RIG-I"
compared to each other or C57BL/6 WT and MDA5™" compared to each other. (a,b), (c,d), and
(e,f) represent WNV RNA, IFN-B mRNA, and IFN-a2a mRNA accumulation over time in
infected MEFs. The graphs show the mean + standard deviation (SD) from triplicate analyses
and are representative of three independent experiments. (g) WNV RNA accumulation in WT
versus RIG-1"" x MDA5” MEFs with a summary of innate immune gene induction shown in

Table III-1.
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in primary myeloid cells. Primary bone-marrow derived M® and DCs were generated from

control and RLR KO mice and infected with WNV. Supernatants and cellular protein lysates

were collected over a time-course to analyze viral replication and innate immune gene induction.
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(Figure I1I-3 continued). (a-b) Supernatants from infected M® and DCs were assayed for viral
load by PFU assay. (c-d) Immunoblot analysis of protein abundance of WNV, IFIT2, and tubulin
(control) in M® and DCs. (e-f) IFN- ELISA from WNYV infected cells or cells infected with

Sendai virus or EMCV. (g-1) Represents DCs generated from WT, RIG-1" x MDA5™ or MAVS™

mice and
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Figure III-4. Innate immune gene expression and viral RNA accumulation in RLR ko
MEFs infected with Japanese encephalitis virus. Primary MEFs were infected with JEV or
mock-infected and innate immune gene induction or viral RNA accumulation in each cell line
was determined by qRT-PCR and plotted as relative fold induction compared to mock cells and
normalized to GAPDH expression. (a) JEV RNA, (b) IFN-B mRNA and (c) IFN-a2a mRNA

accumulation over time in infected MEFs. The graphs show the mean + standard deviation (SD)

from triplicate analyses.
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Figure ITI-5. Human RLR induction of innate immune signaling in response to WNV
infection. Huh 7.5 cells were transfected with expression constructs for FLAG-tagged vector,
RIG-I or MDAS and infected with WNV. (a) Immunoblot of FLAG-tagged RLRs. (b) I[FN-3
promoter activity following WNV infection over a 72 hour time-course plotted as fold induction

over mock infection.
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Figure III-6. RLR relocalization following virus infection. Acute Sendai virus infection in
Huh 7 cells leads to relocalization of RIG-I (at 4 and 24 hpi) and MDAS (at 24 hpi) from an
exclusively cytosolic distribution to include RLR membrane-association. Fractions 6-7 are

cytosolic. Fractions 2-3 are membrane-associated.
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Figure III-7. MDAS interacts with 14-3-3 family members during WNYV infection. FLAG-
tagged MDAS was co-expressed with individual myc-14-3-3 isoforms in 293T cells. Cells were
infected or not and subjected to FLAG immunoprecipitation. Products were analyzed by

immunoblot for myc-tagged 14-3-3 protein co-immunoprecipitation with MDAS.
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IV. DEFINING THE WEST NILE VIRUS PAMP

INTRODUCTION

RIG-I is believed to bind to WNV RNA to initiate innate immune signaling, but the
specific determinants of recognition of flavivirus RNA by RIG-I remain unknown (166).
Moreover, the role of MDAS in WNV recognition is not well-defined nor have the combinatorial
and distinct functions of RIG-I and MDAS in pathogen recognition and host defense been
revealed. As previously noted in the introduction, studies that characterize pathogen-associated
molecular pattern (PAMP) ligands of RIG-I have demonstrated that non-self recognition depends
on several properties of viral RNA including PAMP motif length, structure, modification, and
composition (75-78). Multiple studies show that RNA ligands of RIG-I require an exposed 5'-
triphosphate (5'-ppp) for recognition and binding (75, 77, 175). Studies to characterize the
features of an MDAS-specific PAMP ligand show that long, stable dSRNA and/or “higher order”
RNA complexes containing both dsSRNA and ssRNA are preferred PAMP ligands, though the
nature of such RNA complexes is unknown (67, 81). The ~11 kb ssRNA WNV genome contains
a 5' Cap-1 structure that is expected to mask the 5'-ppp necessary for RIG-I recognition. The
dsRNA replication intermediates or highly structured subgenomic fragments that accumulate
within cells during infection could serve as possible MDAS ligands (128, 160), although such
PAMPs may be sequestered in membrane-derived replication ‘packets’ with limited accessibility
to RLRs (176, 177). As flaviviruses share a common replication program (178), assessment of

WNV interactions with RIG-I and MDAS will provide a general understanding of how the host
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recognizes cellular infection by flaviviruses, which include a family of related pathogens of
global public health concern such as dengue virus (70), Japanese encephalitis virus (66), and
yellow fever virus (179). WNV therefore presents an attractive and interesting model to assess
the precise properties of viral RNA that allow discrimination between self RNA, RIG-I substrate

RNA, and MDAS substrate RNA.

We employed two complementary strategies to define the WNV PAMP. The first
strategy was to assess the biochemical requirements for PAMP RNA isolated from WNV
infected cells. The second strategy allowed us to identify sequences of RNA associated with the
RLRs during WNV infection. New insights into the biochemical and immunological aspects of
host pathogen interactions of RNA viruses and mammalian innate immunity will be revealed by

these experiments.

RESULTS

5' modifications of WNV RNA ablate RIG-I binding. RIG-I has been shown to
respond to ligand RNA in a 5' phosphate-dependent and independent manner (77, 81). WNV 5'
modifications have been shown to be essential for virus replication and we hypothesized this
might be due in part to differential recognition of 5' modified WNV RNA by RIG-I (159). WNV
undergoes two sequential methylation modifications to its 5' genome; addition of a Cap 0
structure (7mGpppN) followed by another methylation event giving a Cap 1 structure
(7mGpppNm) (159). We performed in vitro transcription of the 5' non-translated region (NTR)
of WNV and left it uncapped or added a Cap 0 or 1 structure. We next performed an RNA

binding/gel shift assay with purified RIG-I protein and the three differentially modified 5' NTR
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WNV RNAs. As previously reported, addition of increasing amounts of RIG-I protein lead to
efficient loss of unbound HCV derived poly U/UC and poly (I:C) (Fig. IV-1) (77). Addition of
RIG-I protein led to a modest loss/shift of unbound 5'PPP WNV RNA, but addition of either a
Cap 0 or 1 structure ablated RIG-I-dependent loss of unbound WNV RNA (Fig. IV-1). These
results suggest that RIG-I can weakly bind unmodified 5' WNV RNA, but that 5' modification

would be expected to eliminate RIG-I-mediated recognition of WNV.

WNV PAMP characteristics for RLR detection. To determine the properties of the
PAMPs that trigger RLR signaling during WNV infection, we examined the signaling actions of
RNA recovered from mock-infected control cells (mcRNA), cells infected with WNV for 24 hrs
(icRNA), specific WNV RNA secondary structure motifs, and native virion RNA when
transfected into primary MEFs. We first purified RNA from mock- and WNV-infected cells to
generate control mcRNA and icRNA. mcRNA transfection induces only very low IFN-f mRNA
levels, and we thus normalized all data sets against the response to mcRNA (Fig. IV-2a). RNA
also was obtained from WNYV virions (VRNA) by extraction and purification after
ultracentrifugation of infected cell supernatants. As the WNV genome 5' and 3' NTR contain
dsRNA loop structures that might confer RLR recognition, we also prepared in vitro transcribed
RNA fragments of the 5' and 3' NTR of the viral genome RNA. Each RNA preparation was
transfected into WT MEFs in the presence of cycloheximide to prevent translation and de novo
viral transcription, thus allowing us to assess the ability of the input RNA to stimulate innate
immune signaling of IFN-f mRNA expression. Notably, transfection of icRNA significantly
induced IFN- mRNA expression in recipient cells as compared to control cells transfected with
mcRNA (1,050 fold, P<1x10) (Fig. IV-2b). We treated icRNA with Antarctic phosphatase

(AP) to remove 3' and 5' phosphate moieties or with RNase III to digest dSRNA. In parallel, we
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recovered icRNA from WNV-infected RNaseL™ cells, allowing us to assess innate immune
signaling induced by possible RNA products of RNAseL cleavage (89). icRNA stimulation of
innate immune signaling was reduced by ~50% following phosphatase treatment, and it was
completely ablated following RNase III treatment (1050 fold vs. 550 fold, P<0.001, Fig. IV-2b).
icRNA recovered from RNaseL”" MEFs contained ~8 times more WNV RNA (not shown); as
such, we adjusted the amount of input icRNA into recipient cells to equalize input RNA levels
based on WNV genome equivalents. icRNA from RNaseL™ cells induced comparable levels of
innate immune signaling as icRNA recovered from WT cells. These results suggest that the
WNYV stimulatory PAMPs are generated independently of RNase L cleavage products. Neither
VRNA nor the in vitro transcribed viral NTR RNA induced appreciable levels of IFN-f3
compared to icRNA. This outcome was despite the presence of a 5'-ppp on the viral NTR RNA,
and that larger copy number of viral RNA were transfected into cells from the NTR RNA
compared to icRNA because equivalent mass quantities of RNA were transfected into cells for
each condition. Despite an absence of innate immune signaling induction, there were in fact
greater than 470-fold more WNV genomes transfected from the VRNA compared to icRNA, as
determined by qRT-PCR (see Fig. IV-2b). Thus, icRNA but not WNV virion RNA nor viral
5’ppp-NTR RNA motifs induce innate immune signaling. These results imply that RLR PAMPs
are not carried within the incoming WNV genome RNA of the virion but instead are produced
within infected cells, and that PAMP recognition of icRNA by the RLRs includes RNA

components with phosphate moieties and dsSRNA motifs.

Differential kinetics of RIG-1 and MDAS PAMP production in WNYV infected cells.
To determine how RIG-I and MDAS individually contribute to the recognition of icRNA

PAMPs, we examined icRNA signaling of innate immune genes in WT, RIG-1"", and MDA5™
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MEFs. We isolated mcRNA from WT mock-infected cells and icRNA from WNV-infected cells
at 6, 10, 12 and 34 hrs after infection. Equal mass amounts of the recovered icRNA or mcRNA
were transfected into WT, RIG-1"", and MDA5™" cells in the presence of cycloheximide, and IFN-
B mRNA levels were measured by RT-qPCR. icRNA recovered after 6 hr post-infection
stimulated IFN-B mRNA induction in WT cells but this response was reduced in both RIG-1" or
MDA5 cells (Fig. IV-3a). We observed a difference in early signaling between RIG-1"" and
MDA5™ cells in response to icRNA harvested at 10 and 12 hr after infection but not at 34 hrs
after infection. As shown in Figure IV-3a, the early signaling of IFN-f mRNA induction was
impaired in RIG-17" cells in which signaling was mediated exclusively by MDAS. Signaling was
comparable in both RIG-1" or MDA5™ cells upon transfection of icRNA recovered from later
times (34 hr) post-infection. Thus, icRNA from early time points of WNV infection contains
PAMPs that were sensed preferentially by RIG-I, whereas icRNA from later time points of

infection contains PAMPs that were detected by both RIG-I and MDAS.

As phosphatase treatment of 24 hr-derived icRNA reduced PAMP stimulation by ~50%
(see Fig. IV-2b) we next assessed the requirement for RNA phosphate moieties to affect PAMP
sensing by either RIG-I or MDAS. icRNA was recovered from cells 24 hrs after WNV infection
and treated with phosphatase prior to transfection of WT, RIG-I", or MDA5" MEFs.
Phosphatase treatment of icRNA had a minimal effect on reducing IFN-f3 signaling in RIG-I"
MEFs, suggesting that the remaining MDAS sensing of the WNV PAMP was not affected by
loss of exposed phosphates on PAMP RNA. In contrast, phosphatase treatment of icRNA caused
an almost complete loss of innate immune signaling in MDA5™ MEFs such that less than 10%
signaling remained compared to that observed for untreated icRNA transfected into MDA5™"

MEFs (Fig. IV-3b). As a control, these RNAs also were transfected into DKO and MAVS™ cells;
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we failed to see significant signaling in either cell type (Fig IV-3b). These results reveal a
temporal distribution of PAMP detection by RIG-I and MDAS during WNV infection.
Recognition of PAMP RNA within WNV-infected cells at early times occurs in a RIG-I-
predominant manner that depends on exposed phosphate moieties, whereas at later times PAMP
recognition is performed cooperatively by RIG-I and MDAS. Additionally, our results suggest
that WNV generates RIG-I1 and MDAS5-specific PAMPs with differential kinetics over the course
of viral replication, and that both PAMPs feature a component of dsSRNA that imparts RLR
recognition. Results from these RNA transfection experiments agree with infection data (see Fig.
I1-2) showing that the loss of RIG-I and MDAS or MAVS abolishes innate immune signaling in

response to cytosolic RNA.

WNV PAMP-pulldown. In order to understand the identity and dynamics of RNA
ligands bound by the RLRs, we undertook experiments to isolate, characterize, and sequence
RLR bound RNA during a WNV infection. These experiments utilize expression of human
FLAG-tagged RIG-I, MDAS, and epitope tag vector alone in West Nile virus infected 293T
cells. RIG-I, MDAS and tag alone were immunoprecipitated from 293T cells mock infected or
infected with WNV (MOI=5). The RLR-associated RNA was then isolated and analyzed by
RNA deep sequencing. The goal of these experiments is to determine the sequence identity and
relative abundance of RNA bound to RIG-I and MDAS during a West Nile virus infection and
how the individual contribution of the RLRs to detection of West Nile virus infection differs. We
hypothesized that subgenomic regions of WNV may be enriched in the RLR-associated RNAs
(180, 181). In addition, these experiments would also reveal if there was any enrichment of host

RNAs bound to either RIG-I or MDAS as a possible result of the activation of the RNase L
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pathway or other RNA modifying enzymes (89). By using RNA deep sequencing we were able

to map RLR-associated RNAs to both the West Nile virus genome as well as host genomic RNA.

A schematic representation of our PAMP-pulldown strategy is depicted in Fig. IV-4a.
Expression and subsequent immunoprecipitation of the FLAG-tagged RLRs after infection was
confirmed by immunoblot (Fig. IV-4b). RNA was extracted from the immunoprecipitated RLR
samples and subjected to ribosomal RNA depletion prior to generating libraries for analysis on
the Illumina Genome Analyzer II platform (see chapter 2 for more details). Analyzed sequences
were mapped to the human and WNV genome (summary of coverage in Table IV-1). The total
percentage of reads mapping to the WNV genome for each sample is shown in Figure IV-4c.
We interpreted the percent of viral reads in the vector samples to be the background amount of
WNV RNA that non-specifically associated with the immunoprecipitation complexes. Plotting
the percent of total reads mapping to the WNV genome as a fold increase over vector, revealed
that WNV RNA was only enriched in the RIG-I complexes to a significant degree over vector

(approximately 8 and 3 fold at 24 and 48 hpi, respectively (Fig. IV-4d)).

We visualized genomic coverage of WNV by plotting a histogram where the y axis
represents the number of reads mapped to a single nucleotide position and the x axis represents
the nucleotide position. Setting the y axis to the same value for all samples (y ~113,000) reveals
that there are many more reads mapping to all sequences of the WNV genome from the RNA
samples associated with RIG-I immunoprecipitation than vector or MDAS over the first 5 kb of
genome (Fig. IV-5a). However, by adjusting the y axis to depict the same height for the
maximum value of each sample (Auto-scale), we can see there is no enrichment of specific viral
RNA sequences in the RIG-I-associated RNA samples compared to vector or MDAS (Fig. I'V-

5a). Figure 5b depicts the entire WNV genome and shows there is no enrichment of specific
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sequences over the whole length of the genome. Figure 5 shows histograms for RNAs associated
with immunoprecipitation samples at 24 hpi and is representative of histograms showing

genomic coverage at 48 hpi.

Non-ribosomal, non-WNV RNA made up the majority of all sequences mapped in every
sample (Table IV-1). To investigate the identity of these RNAs and relative abundance across
the samples we performed hierarchical clustering of relative expression/abundance values of all
samples compared to vector mock. Figure I'V-6 is a heat map representation of the RNAs most
highly upregulated compared to vector mock. Samples from RNA associated with MDAS
immunoprecipitations during WNV infection had the greatest increase in abundance compared to
vector mock samples, although RIG-I-associated samples were also increased for many of these
RNAs compared to mock. Many of the RNAs most highly enriched code for genes associated
with innate immune signaling (top five upregulated RNAs code for; CCLS, IFIT1, OAS, IFIT2
and ISG15). We considered two, non-exclusive hypotheses to explain this observation. One
possible explanation is that the RLRs, especially MDAS, are specifically binding host RNAs
during WNYV infection and this host-RNA binding may serve to regulate RLR signaling. The
other hypothesis is that expression of the RLRs potentiates innate immune signaling during
WNV infection and we are just mapping sequences of RNA that are non-specifically associating

with the immunoprecipitations.

Strand-specific determination of WNV RNA associated with RIG-1. Mapping the
immunoprecipitation-associated RNA sequences to the WNV genome revealed no specific
enrichment of WNV RNA sequences in the RIG-I-associated immunoprecipitation samples even
though there was significantly increased abundance. This result could be consistent with other
reports demonstrating that RIG-I does not display any preference for viral subgenomic regions
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during infection (182). Nevertheless, we were surprised by the lack of sequence specificity since
we observed negligible innate immune stimulation when transfecting very large amounts of
virion RNA into cells (see Fig. IV-2b). Flavivirus replication occurs through a series of RNA-
dependent RNA polymerase (RARP) genome amplifications (183). The incoming positive strand
genomic RNA is amplified by viral RARPs to produce a negative strand genome. The negative
strand then serves as a template for the amplification of multiple new positive strand genomes by
viral RARPs. In vitro RARP assays revealed a strict dependence on a 5' cap for efficient positive
strand-templated amplification of negative strand genomes (184). The 5' cap on negative strand
RNA was completely dispensable for efficient negative strand-templated amplification of
positive strand genomes. Taken together with our results demonstrating negligible signaling by
virion RNA, we performed a PAMP-pulldown experiment and subjected the RLR-associated
RNA to TagMan based strand-specific qRT-PCR assay. At 24 hpi, during peak enrichment of
WNYV RNA by immunoprecipitated RIG-I, we observed enrichment of positive and negative
strand WNV RNA by RIG-I, but negative strand genomes were preferentially enriched (Fig. I'V-

7).

DISCUSSION

During an extensive time-course infection of MEFs we observed a deficit in innate
immune signaling at early time points in RIG-17" cells. This observation is consistent with our
finding that viral PAMPs from early time points after WNV infection are preferentially sensed
by RIG-I. Additionally, we demonstrated that the WNV PAMP recognized by RIG-I is almost

completely dependent on phosphate moieties and dsRNA structure whereas the MDAS PAMP is
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largely independent of phosphate moieties but dependent on dsRNA structure. Prior studies have
suggested that multiple regions of the WNV RNA present within both genome and anti-genome
replication intermediates can be recognized by RIG-I as PAMP motifs (166). We too observed a
modest binding to RIG-I and innate immune gene induction in response to WNV 5 NTR RNA
(3-fold IFN-B mRNA induction) but this stimulation was marginal compared to the PAMPs
present in RNA generated in WNV-infected cells (icRNA; >1,000-fold induction of IFN-
mRNA expression). The low level of innate immune stimulation by in vitro transcribed WNV
RNA sequences containing highly structured motifs and 5'-ppp, coupled with the reduction of
signaling observed from phosphatase-treated icRNA, indicates that WNV PAMPs of RIG-I
recognition are comprised of multiple motifs. In this case, 5'-ppp is a component of this
recognition that may also include specific sequence composition and certain RNA structures
(77). Such a 5'-ppp PAMP unit would be present on viral RNA during virus replication but is not
associated within the incoming virion RNA, due to the absence of negative strand RNA and
presence of a 5' Cap 1 structure on the genomic RNA, which effectively blocks 5'-ppp

recognition by RIG-I.

For MDAS, our observations reveal a strict dependence on dsRNA for signaling by
icRNA. Moreover, our data indicate that MDAS contributes to innate immune induction at later
times after initial WNV infection. This response leads to an amplification of innate immune
signaling to IFN-, and response diversification due to the induced expression (and activation) of
IRF-7 and other innate immune signal transducers to drive the expression of I[FN-a2a and
increased ISG and cytokine expression (139, 157). Consistent with this, collaborative studies
reveal that MDAS is essential for the optimal priming of effector T cells, and that this process

occurs in a T cell-non-autonomous manner, with MDAS function required for the priming
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environment (171). Thus, PAMP recognition and signaling by MDAS, as WNV replication
proceeds, mediates an innate immune response that restricts viral infection and produces
mediators supporting T cell priming, which links innate to adaptive immunity through RLR

signaling.

WNV PAMP-pulldown experiments have revealed that RIG-I binds and enriches WNV
RNA, preferentially interacting with the negative sense genome. Initial experiments with RNA
deep sequencing of MDAS5-associated WNV RNA has not revealed a clear interaction between
MDAS5 and WNV RNA. Instead, we observed an increase in host sequences of RNA in the RLR-
immunoprecipitation samples compared to vector. Unfortunately our current experiment design
does not allow us to discriminate between the possibility of specific RLR binding to host RNAs
or simply a potentiated innate immune response in samples over-expressing RIG-I and MDAS.
The future directions section of chapter V will discuss strategies to determine if specific host
RNAs are being bound by the RLRs as well as increase our sensitivity to assess MDAS binding

to WNV RNA.
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Vector Mock
Vector 24 hr
Vector 48 hr
MDAS Mock
MDAS 24 hr
MDAS 48 hr
RIG-1 Mock
RIG-I 24 hr

RIG-I 48 hr

Total # of
reads

21560587
30464946
31920651
23108125
27616488
39113305
26177140
38298886
34366122

5642
591460
3788992
4056
513702
5178774
2397
5863391
10967527

1.9
11.9
0.0
1.9
13.2
0.0
15.3
31.9

1.92
2.7
10.74
4.19
10.82
9.92
9.32
6.88
11.77

Table IV-1. Summary of depth of coverage from deep sequencing of RLR-associated RNAs.

Greater than 20 million reads per sample were mapped to the human or WNV genome. A

significant percentage of reads mapped to the viral genome in all infected samples, but only RIG-

[-associated RNAs were enriched compared to vector pulldowns that were interpreted as

background.
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Figure IV-1. RNA binding/gel-shift analysis of purified RIG-I with HCV poly-U/UC with a
5’ppp, WNV 5°’NTR RNA with a 5’ppp, 7mGpppN (Cap 0), or 7TmGpppNm (Cap 1)
structure, and poly (I:C). Purified RIG-I (0, 15, and 60 pmol) was incubated with 6 pmol of
the respective RNA. RIG-I efficiently bound to HCV poly U/UC and poly (I:C) and weakly to
the WNV 5’NTR with a 5’ppp. Addition of a 2’0 methyl group to the Cap 0 structure showed

no change in RIG-I binding to the WNV 5’NTR.
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Figure IV-2. PAMP properties of WNYV infection. (a) WT MEFs were transfected with reagent
alone (mock tfxn) or with RNA isolated from uninfected cells (mcRNA). IFN-B mRNA was
measured by qRT-PCR analysis and is shown relative to GAPDH. (b) RNA purified from cells
infected with WNV for 24 h (icRNA), differentially modified icRNA (phosphatase-treated or
RNase III-digested), in vitro-transcribed WNV RNA NTR motifs, and native virion RNA were
purified, and equal mass quantities were transfected into WT MEFs in the presence of CHX.
Innate immune gene induction was measured by qRT-PCR analysis for IFN-3 mRNA, and
relative fold induction normalized to GAPDH was determined compared to cells transfected with

mock-infected cell RNA (mcRNA). Results are representative of three independent experiments.
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Figure IV-3. Distinct RIG-1 and MDAS-dependent PAMPs accumulate with differential
kinetics during WNYV infection. In (a) icRNA was isolated from WT cells infected with WNV
after 6, 10, 12, and 34 hrs of infection and subsequently transfected into WT, RIG-1"", or MDA5™
MEFs in the presence of CHX. Innate immune gene induction was measured by qRT-PCR
analysis for IFN-f mRNA and relative fold induction after normalization to GAPDH was
compared to cells transfected mcRNA. icRNA induced less IFN-f mRNA at all time points in
RLR deficient recipient MEFs, but significantly less IFN-f mRNA only was induced in RIG-I"
MEFs from icRNA collected at 10 and 12 hpi (P <0.02 and P < 0.006 respectively). In (b)
icRNA from 24 hpi was treated with phosphatase and transfected into WT, RIG-1"", and MDA5™"
MEFs in the presence of CHX and IFN-B mRNA induction was measured. Results are

representative of three independent experiments.
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Figure IV-4. WNV PAMP-pulldown. (a) Schematic depiction of the WNV PAMP pulldown
strategy. (b) Immunoblot staining for FLAG-tagged RLRs and vector from whole cell lysate
(input) and following immunoprecipitation (IP:FLAG) from 293T cells mock infected or
infected with WNV. (c) Percent of total reads mapping to the WNV genome following
immunoprecipitation of each sample. (d) Same data as in (c) plotted as fold increase of WNV

mapped reads compared to vector pulldowns.
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Figure IV-5. Viral genomic coverage from RNA isolated from immunoprecipitated RLRs

during WNYV infection. The y axis represents the number of reads mapped to a single nucleotide

position. (a) The first 5 kb of the WNV genome are represented for each of the three samples at

24 hpi.
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(Fig. IV-5. continued). The top set depicts all graphs set to the same maximum Yy value (Same
scale). The bottom set depicts coverage when the maximum Yy value for each sample is set to the
same height (Auto-scale). (b) The entire WNV genome is represented as a wrapped illustration
with a break at approximately 5 kb for the three samples at 24 hpi. The scale is set to the same

height for maximum Yy value for each sample.
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Figure I'V-6. Non-virus, non-ribosomal RNA most enriched in RLR immunoprecipitation
samples. The heat map represents the hierarchical clustering analysis of RNAs exhibiting the
highest enrichment compared to the vector mock sample. Colors on the heat map represent the
log, ratios of expression (representing normalized read counts) of the all samples to the vector

mock sample.
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Figure IV-7. Strand specific WNV qRT-PCR of RNA isolated from immunoprecipitated
RLRs. Values are represented as the fold enrichment of WNV RNA associated with vector,

RIG-I, or MDAS pulldowns at 24 hpi compared to vector.
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V. FINAL DISCUSSION

PRR signaling in response to microbial infection can have complex effects on the overall
outcome of in vivo pathogenesis. Under certain experimental conditions, loss of TLR signaling
was shown to decrease virulence in a mouse model of bacterial infection (185). The loss of a
single PRR during WNV infection has been described to have a positive or negative effect on in
Vvivo pathogenesis. One group of researchers demonstrated that animals lacking TLR3 had
enhanced survival compared to WT controls and attributed this to a lack of maintenance of the
blood brain barrier (31). Another report defined TLR3-mediated signaling to be protective
against fatal WNV infection and suggested this could be due a loss of local type I IFN
production in the CNS (133). We have now defined both RIG-I and MDAS as essential PRRs

that mediate in vivo protection against WNV.

Furthermore, we have utilized in vitro infections to show that loss of either RLR can
result in a loss of innate immune signaling and an increase in viral replication. An increasing
number of PRRs and adaptor molecules have been described to promote innate immune
signaling in response to RNA PAMP stimulation. With the work described above we have
defined RIG-I and MDAS as the two PRRs responsible for initiating innate immune signaling in
a MAVS-dependent manner in key target cells of infection. DDX3, the DDX1/DDX21/DHX36
complex and STING have all been implicated as intracellular PRRs or adaptor molecules that
function independently of the RLR pathway to sense RNA PAMPs (93, 186, 187). We have
found no evidence for this interpretation in our experimental models of infection of fibroblast

and myeloid cells, but cannot exclude the possibility that these genes function as accessories to
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RIG-I and MDAS5-mediated signaling or play a role not revealed in our experiments. MAVS™
animals actually have elevated levels of circulating IFN before they succumb to fatal WNV
infection (136). Clearly other PRR pathways are capable of sensing WNV infection, but we
hypothesize that the majority of IFN is likely due to TLR sensing on cells such as pDCs in the

presence of elevated viremia.

Our study supports a model in which capped, incoming WNV RNA genomes are hidden
from RLR detection, yet during viral RNA replication the accumulation of uncapped genomes
with exposed phosphate moieties and secondary structure are initially sensed by RIG-I with
MDAS contributing to detection of highly structured PAMPs accumulating later. It remains a
possibility that cleavage of viral or endogenous RNA by cellular enzymes may contribute to or
amplify PAMP generation. In this respect, we note that icRNA contains both viral and cellular
RNA, the latter might contribute to RLR signaling if specific PAMP motifs are generated and
displayed. One scenario would involve RLR recognition of virus-induced cellular RNA species

that can serve as endogenous PAMPs of innate immune signaling.

RNase L had previously been implicated in a role generating PAMP RNAs from cleavage
of host RNA, but our results do not reveal a major role for RNase L in generating stimulatory
RNAs during a WNV infection. Other host RNA modification enzymes may play a role such as
XRN1 which has been shown to be active during WNV infection and modifies both viral and
host mRNA stability (160, 188). Additional candidate RNA enzymes could also include DDX60,
IRE1 and SKIV2L. Intriguingly, DDX60 was recently identified as an RNA helicase that
enhances RLR-dependent signaling and shares sequence similarity with SKIV2L (189). SKIV2L
is part of the mammalian RNA exosome, but the SKI2 gene in yeast was originally identified as

being part of yeast antiviral defense (190). IRE1 plays an important role in immune defense
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against infection by promoting adaptive immune cell responses, but has also been shown to play
a role in cell-intrinsic immunity to HCV, an RNA flavivirus (191, 192). Adenosine deaminases
acting on RNA (ADARs) have been reported to alter RNA composition to become hyperedited-
inosine containing antagonist ligands of the RLR pathway (193). Alternative mechanisms may
exist for how these putative RNA modification enzymes affect antiviral immunity, but they may

be altering viral or host RNAs to generate additional RLR agonists and/or antagonists.

A relatively unexplored question is whether signaling through RIG-I vs. MDAS has a
functional difference in terms of downstream signaling cascades and innate immune activation.
We now know that the RLRs are capable of signaling through at least three distinct pathways to
activate transcription and gene expression; NF-kB activation, interferon production through
IRF3/IRF7 activation, and inflammasome activation. The precise ability of RIG-I vs. MDAS to
signal to each of these pathways and their relative magnitude of contribution to each is unknown.
Poly(I:C), a well established agonist of both RIG-I and MDAS in vitro, has highly different RIG-
I-dependent and MDAS-dependent effects when administered in vivo (163, 194, 195). Our
results do demonstrate that infection with WNV results in slightly differential induction of innate
immune genes in RLR ko MEFs. However, our data also support the conclusion that in the case
of WNV infection this is likely due to differential kinetic accumulation of viral PAMPs. Our
experiments to understand the mechanisms governing functional activation of MDAS following
infection with WNV may enable us to explain some of these differential responses. RIG-I
primarily utilizes 14-3-3¢ as a molecular chaperone to assist in translocation to intracellular
membranes, but our preliminary results suggest MDAS interacts most strongly with 14-3-3C and

B during infection. Future experiments will reveal if these interactions are required for efficient
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MDAS signaling and may provide a mechanistic explanation for how RIG-I and MDAS

propagate different downstream signatures.

Our observations define the complementary and individually essential roles of RIG-I and MDAS
in detecting and controlling WNV infection. While each RLR can recognize WNV
independently, signaling by both optimally restricts infection and protects against viral
pathogenesis. In cells in which both RIG-I and MDAJS are present, the RLR signaling of each
PRR could be enhanced by the other as both RIG-I and MDAS are ISGs themselves. Indeed,
RIG-I and MDAS5 may both be able to detect PAMPs present in multiple RNA virus infections
but effectively confer no innate immune signaling, due to direct viral antagonism of PRRs. The
evolutionary forces that drive other viruses to directly antagonize RLR detection may not have
played as strong a role for WNV since it initially evades detection of virion RNA and
subsequently antagonizes type I IFN signaling (161). WNYV therefore presents an attractive
model to further our understanding of basic principles of self versus non-self detection during
infection by other flaviviruses and RNA viruses in general due to the engagement of both RIG-I

and MDAS (see Fig. V-1).
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Figure V-1: Final model of RLR-mediated protection against WNYV infection. (a) RIG-I
mediated control of viral replication by early production of IFN-f occurs intrinsically (autocrine
signaling) and extrinsically (paracrine signaling). (b) During later time points of infection, IFN
signaling is antagonized and does not influence cell-intrinsic viral replication even though RIG-I
and MDAS are contributing to the type IFN production. (c) RIG-I and MDAS contribute to viral
replication control by inducing a full IFN-a/p response that signals to uninfected, or early
infected cells. Processing of host or viral RNA at any step could modulate RLR recognition of

PAMP RNA and immune signaling.

Given the central role of the RLRs in protection against virus infection and initiating
innate immune responses, they can be considered as therapeutic targets to treat WNV or other
diseases. There is currently no effective therapy against WNV infection in humans but several
therapeutic agents and vaccines are actively being investigated (overview in (86)). The ability to

selectively activate the appropriate PRR pathway as a direct antiviral is an attractive option. One
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of the major targets of RLR activation, type I IFN, has been used as an effective antiviral agent
for decades (196). However, therapy with other pharmaceutical agents that induce interferon
have been shown to be effective when type I IFN fails (197). This suggests that stimulation of
multiple pathways, including type IFN receptor signaling, can be an effective strategy. RLR
stimulation has been shown to lead to type IFN production and signaling, NF-kB activation, and
inflammasome activation. Such pleiotropic responses could be highly beneficial when a more
limited therapy fails. IFN-A is one of the most promising new antiviral therapies and was recently
shown to be regulated by a similar transcriptional machinery as type I IFN and indeed is induced

by RLR activation (198).

RLR-targeted therapeutic strategies could include use as direct antivirals or as new
adjuvants for vaccines. The innate/adaptive immune interface has been highlighted as key to
effective immunity for many years now (199). The direct RLR/adaptive interface has already
been highlighted (55, 136, 171, 195, 200). Approved adjuvants such as alum and
monophosphoryl lipid A (MPL) may not accurately represent the appropriate innate immune
stimulation for a natural course of infection for the pathogen being immunized against. An
excellent example of an effective non-conventional adjuvant was revealed by work from the
Pulendran lab. Systems biology approaches identified the gene signatures of an effective vaccine
and this informed the creation of a new combinatorial vaccine adjuvant that was highly effective
in eliciting an adaptive immune response, at least in part by targeting multiple PRRs (179, 201,
202). Our work here has demonstrated that multiple, highly related PRRs (RIG-I and MDAS) in
the same pathway are essential for full immune protection against infection and suggest that the

most efficacious adjuvants may be most effective if targeting of both RLRs is achieved.
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Direct targeting of the RLRs for activation will require an increase in our understanding
of the exact specificities of RIG-I and MDAS. The proposed experiments in the future directions
section below seek to achieve this and will inform our understanding of how viral infections
initiate non-self sensing of PAMPs. The knowledge gained could enable therapeutic intervention

during virus infection or when aberrant RLR signaling leads to autoimmunity (203, 204).

FUTURE DIRECTIONS

The research presented above leaves several interesting questions unanswered, but the
primary focus of our future research is to further characterize the RNAs that are bound to RIG-I
and MDAS during a WNV infection. We clearly demonstrated that RIG-I binds to WNV RNA
and preferentially interacts with the negative strand genome. Specific MDAS interaction with
WNYV RNA was not observed, but this could be due to a reduced ligand affinity of MDAS
compared to RIG-I (53). RNAs associated with RIG-I and MDAS immunoprecipitations were
also enriched for many host RNAs compared to vector, but our initial experiments were not able
to differentiate if this was specific binding or just a background of higher gene induction in the

presence of over-expressed RLRs.

The next series of experiments will directly address the limitations of our first PAMP-
pulldown efforts. Utilizing metallic beads instead of agarose gel as the platform for
immunoprecipitation will decrease background and increase sensitivity. Preliminary results
suggest that this reduces non-specific RNA binding by ~8 fold. Additionally, we will further
investigate the relative binding of positive/negative strand genomes to RIG-I by preparing
libraries for sequencing with Illumina’s “Directional mRNA Seq Sample Preparation”

guidelines. Directional deep sequencing will allow us to determine the relative binding of RIG-I
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to the positive and negative strand genomes in a non-sequence biased manner. Most importantly,
future experiments will also include directional deep sequencing of the whole transcriptome
before any immunoprecipitation. Comparison of the ratio of RNAs in a single sample before and
after immunoprecipitation will allow us to conclusively determine if there is enrichment for any
specific RNA sequences. Novel identities of enriched RNA will inform further experiments to
determine if or which host RNA modifying enzymes are contributing to RLR PAMP recognition

and signaling regulation.
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