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Pattern Recognition Receptor MDA5 Modulates CD8" T Cell-
Dependent Clearance of West Nile Virus from the Central Nervous

System

Helen M. Lazear,® Amelia K. Pinto, Hilario J. Ramos,® Sarah C. Vick,® Bimmi Shrestha,® Mehul S. Suthar,® Michael Gale, Jr.,.4

Michael S. Diamond®P-<

Departments of Medicine,? Pathology & Immunology,® and Molecular Microbiology,© Washington University School of Medicine, St. Louis, Missouri, USA; Department of
Immunology, University of Washington School of Medicine, Seattle, Washington, USA%; Department of Pediatrics, Emory Vaccine Center, Emory University, Atlanta,

Georgia, USA®

Many viruses induce type I interferon responses by activating cytoplasmic RNA sensors, including the RIG-I-like receptors
(RLRs). Although two members of the RLR family, RIG-I and MDAS5, have been implicated in host control of virus infection, the
relative role of each RLR in restricting pathogenesis in vivo remains unclear. Recent studies have demonstrated that MAVS, the
adaptor central to RLR signaling, is required to trigger innate immune defenses and program adaptive immune responses, which
together restrict West Nile virus (WNV) infection in vivo. In this study, we examined the specific contribution of MDAS5 in con-
trolling WNV in animals. MDA5 '~ mice exhibited enhanced susceptibility, as characterized by reduced survival and elevated
viral burden in the central nervous system (CNS) at late times after infection, even though small effects on systemic type I inter-
feron response or viral replication were observed in peripheral tissues. Intracranial inoculation studies and infection experi-
ments with primary neurons ex vivo revealed that an absence of MDA5 did not impact viral infection in neurons directly.
Rather, subtle defects were observed in CNS-specific CD8" T cells in MDA5 '~ mice. Adoptive transfer into recipient MDA5*'*
mice established that a non-cell-autonomous deficiency of MDA5 was associated with functional defects in CD8* T cells, which
resulted in a failure to clear WNV efficiently from CNS tissues. Our studies suggest that MDAS5 in the immune priming environ-
ment shapes optimal CD8" T cell activation and subsequent clearance of WNV from the CNS.

ertebrate cells use a variety of proteins to detect viral infection.

These sensors recognize non-self molecular signatures, chiefly
foreign nucleic acid motifs, termed pathogen-associated molecu-
lar patterns (PAMPs). PAMPs are detected by cellular pattern rec-
ognition receptors (PRRs), which initiate signal transduction cas-
cades that activate the host antiviral response. Two key classes of
PRRs against RNA viruses include the Toll-like receptor (TLR)
family, whose members detect extracellular and endosomal
PAMPs, and the RIG-I-like receptor (RLR) family, which detects
PAMPs in the cytoplasm (1-4). The RLR family includes three
members: RIG-I, MDAS5, and LGP2, encoded by the genes Ddx58,
Ifih1, and Dhx58, respectively. RIG-I and MDAS5 have similar do-
main organizations consisting of two tandem N-terminal caspase
recruitment domains (CARDs), a central DexD/H box helicase
domain with ATPase activity, and a C-terminal repressor domain
(5, 6). LGP2 is distinct from the other RLRs in that it possesses
helicase and regulatory domains but lacks CARDs, and it is thus
believed to serve as a regulator of RLR signaling (7-10). RIG-I and
MDAS5 recognize distinct RNA ligands, with RIG-I preferentially
recognizing 5’ triphosphate (5'-ppp) RNA encoding a short dou-
ble-stranded RNA (dsRNA) motif or a single-stranded polyuri-
dine or polycytosine motif, and MDAS recognizing longer dsRNA
motifs (11-18). Upon RNA binding to the repressor domain,
RIG-I and MDA5 undergo conformational changes that expose
the CARDs and promote homo-oligomerization, cytosol-to-mi-
tochondrion translocation, and interaction with the mitochondri-
on-localized adaptor molecule MAVS (also called IPS-1, VISA, or
CARDIF) (3, 6, 19-21). This interaction initiates a signaling cas-
cade that results in the activation of interferon (IFN) regulatory
factor (IRF) family transcription factors, production of type I IFN,
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expression of cytokines and IFN-stimulated genes (ISGs), and in-
duction of an antiviral state.

RIG-I and MDAS5 have been implicated in the control of viral
infection in cell culture, with each sensor initiating a host defense
response to distinct and overlapping sets of viruses. Picornavi-
ruses, including encephalomyocarditis virus (ECMV), Theiler’s
murine encephalomyelitis virus (TMEV), and Mengo virus, as
well as a calicivirus, murine norovirus, appear to be sensed exclu-
sively by MDAS (22-24), possibly because the covalently attached
Vpg protein on the 5’ end of the viral genome blocks exposure of
the 5'-ppp moiety that normally would be recognized by RIG-I.
MDAS5 also is an important sensor of a coronavirus, murine hep-
atitis virus (MHV), particularly in the absence of a 2’'-O-methyl-
ated cap on the viral RNA (25, 26). Furthermore, ectopic expres-
sion of MDA5 in human hepatoma cells and fibroblasts inhibited
replication of West Nile (WNV) and Venezuelan equine enceph-
alitis viruses (27). In comparison, RIG-I is essential for recogni-
tion of hepatitis C (HCV), influenza A, respiratory syncytial, and
Sendai (SeV) viruses, whereas RIG-I and MDA5 both serve to
recognize infection by WNV and dengue viruses (16, 28). In some
cases, MDA5 and RIG-I may function as PRRs with differential
kinetics of viral RNA detection, with RIG-I recognizing virus-
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or host-generated PAMPs early after infection and MDAS5 act-
ing later, after dsSRNA viral or host-derived PAMPs accumulate
(29, 30).

The importance of RLR signaling for controlling viral patho-
genesis is evident from studies with genetically deficient mice. For
example, in the absence of MAVS, mice are highly vulnerable to
infection with WNV and Sindbis, chikungunya, Coxsackie B
(CBV), and rabies viruses (31-36). The contributions of individ-
ual RLRs to this response in vivo have been more difficult to dissect
because the RIG-I"/~ genotype is embryonic lethal on pure ge-
netic backgrounds (e.g., C57BL/6 or 129Sv) (22, 37). LGP27'~
mice are free of developmental defects and exhibited increased
susceptibility to WNV infection that was associated with defects in
the expansion and fitness of CD8" T cells (38). MDA5 /™ mice
develop normally, and their responses to a variety of RNA virus
infections have been characterized. MDA5 ™/~ mice had increased
mortality, disease severity, and/or viral burden after infection with
ECMYV, CBV, TMEYV, rhinovirus, murine norovirus, SeV, or hu-
man metapneumovirus (HMPV) (22-24, 34, 39-43). However,
MDA5~'"~ mice showed no increase in susceptibility to infection
with Japanese encephalitis or vesicular stomatitis virus (22).

WNV is a neurotropic flavivirus that is maintained in an enzo-
otic cycle between birds and ornithophillic mosquitoes, with hu-
mans and other mammals serving as incidental dead-end hosts
(44, 45). It is believed that following subcutaneous inoculation,
WNV infects keratinocytes and resident dendritic cells, the latter
of which traffic to the draining lymph nodes, where they facilitate
spread of infection and development of viremia (46, 47). The
mechanism by which WNV crosses the blood-brain barrier (BBB)
to infect the central nervous system (CNS) remains unclear, but it
may involve passage of virus between compromised cell junctions
of the BBB, trafficking of infected leukocytes into the CNS, or
direct infection of the microvascular endothelial cells (48, 49).
WNV infection causes neurologic injury by direct cytopathic ef-
fect on infected neurons, bystander damage to uninfected cells,
and immunopathology from infiltrating immune cells responding
to the infection (48). In humans, WNV infection can result in
encephalitis, meningitis, or flaccid paralysis, and neurologic se-
quelae may persist even after the infection is resolved (50, 51).

While the innate immune response, especially type I IFN, con-
tributes to the control of virus infection in peripheral tissues, cell-
mediated adaptive immunity, particularly CD8™" T cells, restricts
and clears WNYV infection from the CNS (52-56). Cell culture and
in vivo studies have established that TLR and RLR signaling or-
chestrates control of WNV infection (31, 38, 57-61). Although
MDAS contributes to the induction of the antiviral type I IFN
response and limits replication of WNV infection in cell culture
(27, 29), its contribution to host control of pathogenesis has re-
mained unclear. In this study, we found that while mice lacking
MDAS5 were more susceptible to WNV infection, the antiviral role
of MDAS5 in vivo was not strongly linked to direct control of viral
replication. Rather, a deficiency of MDAS was associated with
functional defects in CD8" T cells, which resulted in a failure to
clear WNV efficiently from CNS tissues.

MATERIALS AND METHODS

Viruses. The WNV strain used (3000.0259) was isolated in New York in
2000 and passaged once in C6/36 Aedes albopictus cells to generate a virus
stock that was used in all experiments (52, 62). Virus titers were measured
by plaque assay on BHK21-15 cells as previously described (52).
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Mouse experiments. C57BL/6 wild-type (WT) inbred mice were
commercially obtained (Jackson Laboratories, Bar Harbor, ME).
MDAS5~'" mice (23) were provided by M. Colonna (Washington Univer-
sity, St. Louis, MO) and backcrossed for 10 generations onto a C57BL/6
background. Congenic CD8™/~ mice were obtained from Jackson Labo-
ratories. MDA5~'~ and CD8 ™/~ mice were genotyped and bred in the
animal facilities of the Washington University School of Medicine.
TCRo '~ mice were purchased from Jackson Laboratories or were the gift
of T. Egawa (Washington University). Nine- to 12-week-old mice were
used for all in vivo studies except for some of the adoptive-transfer exper-
iments, which used 6-week-old mice. For peripheral infection, 10° to 10*
PFU of WNV was diluted in Hanks balanced salt solution (HBSS) supple-
mented with 1% heat-inactivated fetal bovine serum (FBS) and inocu-
lated by footpad injection in a volume of 50 .l For intracranial infection,
10' PFU of WNV in a volume of 10 .l was injected into the right cerebral
hemisphere. Experiments were approved and performed in accordance
with Washington University animal study guidelines.

Tissue viral burden and viremia. To monitor viral spread in vivo,
mice were infected with 10> PEU of WNV by subcutaneous inoculation in
the footpad and sacrificed at specified time points (i.e., day 1, 2, 3, 4, 5, 6,
8, or 10) after infection. To monitor viral replication directly in the CNS,
mice were infected with 10" PFU of WNV by intracranial injection and
sacrificed at day 2, 4, or 6 after infection. After extensive cardiac perfusion
with phosphate-buffered saline (PBS), organs were harvested, weighed,
and homogenized, and virus titers were determined by plaque assay. Viral
RNA was isolated from serum using a viral RNA minikit (Qiagen) and
measured by fluorogenic quantitative reverse transcription-PCR (qRT-
PCR) using primers and probes to the WNV envelope gene (63), One-
Step RT-PCR Master Mix, and a 7500 Fast Real-Time PCR System (Ap-
plied Biosystems).

Primary cell infections. Cortical neurons were prepared from day 15
mouse embryos, and cerebellar granule cell neurons were prepared from six
day-old pups as described previously (64-66). Neurons were seeded in poly-
D-lysine—laminin-coated plates (cortical neurons) or poly-D-lysine-coated
plates (granule cell neurons) and cultured for 4 days with Neurobasal me-
dium containing B27 supplement, L-glutamine, and penicillin-streptomycin
(Invitrogen). Multistep virus growth curves were performed after infection at
amultiplicity of infection (MOI) 0f 0.001, and viral replication was measured
by plaque assay.

Quantification of type I IFN activity. Levels of biologically active type
I IFN were determined using an ECMV cytopathic effect bioassay per-
formed with 1929 cells as described previously (67). Prior to the assay,
serum samples were treated with citrate buffer (40 mM citric acid, 10 mM
KCl, 135 mM NaCl [pH 3.0]) for 10 min and neutralized with medium
containing 45 mM HEPES (pH 8.0). The amount of type I IFN per ml of
serum was calculated from a standard curve using alpha interferon
(IFN-a; PBL InterferonSource). The IEN specificity of the antiviral activ-
ity was confirmed by preincubating 1929 cells for 2 h with 25 pg/ml of the
IFNAR-blocking monoclonal antibody (MAb) MAR1-5A3 or an isotype
control MAb, GIR-208 (68).

Cytokine analysis. Mice were infected subcutaneously with 10* PFU
of WNV in the footpad, and brains were collected at 8 days after infection
following extensive perfusion with PBS. Brains were homogenized in 500
pl of PBS containing 1% heat-inactivated FBS using a Precellys 24 (Bertin
Technologies) at 1,500 rpm for 20 s, and cytokines were measured by
Luminex array. Protein concentration was assessed by Bradford colori-
metric assay (Bio-Rad), and 25 .l of tissue lysate was analyzed using a
13-plex Luminex assay (Millipore) followed by analysis on a Bio-Plex 200
(Bio-Rad). Concentrations of cytokine were normalized to total protein
levels. Cytokine levels in serum were measured using a Bio-Plex Pro 23-
plex group I cytokine kit (Bio-Rad) and Bio-Plex 200 (Bio-Rad).

Antibody responses. The levels of WNV-specific IgM and IgG were
determined using an enzyme-linked immunosorbent assay (ELISA)
against purified WNV E protein, as described previously (69).
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FIG 1 Survival and viral burden in WT and MDA5 '~ mice after peripheral inoculation. Mice were infected with 10> PFU of WNV in the footpad. (A) Survival
was monitored for 21 days in 15 WT and 25 MDA5~'~ mice. (B) Viremia was measured by qRT-PCR from 1 to 6 days after infection. (C to F) Viral burden was
measured by plaque assay from 2 to 10 days after infection. In panels B to F, results represent means == SEMs of 7 to 12 mice per group; dotted lines represent the

limit of sensitivity of the assay. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Cellular immune responses. WT and MDA5 '~ mice were infected
in the footpad with 102, 10%, or 10* PFU of WNV, and at 7 days after
infection, spleens and brains were harvested after extensive cardiac perfu-
sion with PBS. Splenocytes were dispersed into single-cell suspensions
with a cell strainer. Brains were minced and digested with 0.05% collage-
nase D, 0.1 wg/ml of trypsin inhibitor Na-p-tosyl-L-lysine chloromethyl
ketone, and 10 pg/ml of DNase I in HBSS supplemented with 10 mM
HEPES, pH 7.4 (Life Technologies). Cells were dispersed into single-cell
suspensions with a cell strainer and pelleted through a 30% Percoll
cushion for 30 min (1,200 X g at 4°C). Intracellular IFN-y or tumor
necrosis factor alpha (TNF-a) staining was performed after ex vivo
restimulation with a DP-restricted NS4B immunodominant peptide
using 1 wM peptide and 5 pg/ml of brefeldin A (Sigma) as described
previously (70). Cells were stained with the following antibodies and
processed by multicolor flow cytometry on an LSR II flow cytometer
(Becton, Dickinson): CD3 (Becton, Dickinson; clone 145-2C11), CD4
(Biolegend; clone RM4-5), CD8B (Biolegend; clone YT5156.7.7),
CD25 (eBiosciences; clone PC61.5), FoxP3 (eBiosciences; clone FJK-
16S), B220 (Invitrogen), CD45 (Biolegend; clone 30-F11), CD11b
(Becton, Dickinson; clone M1/70), CD11c (Becton, Dickinson; clone
HL3), CD80 (eBiosciences; clone 16-10A1), CD86 (eBiosciences; clone
P03.1), major histocompatibility complex class II (MHC-II; Bioleg-
end; clone M5/114.15.2), CD43 (Biolegend; clone IM7), CD62L (In-
vitrogen), KLRG1 (Biolegend; clone 2F1/KLRG1), PD1 (Biolegend;
RMP1-30), IFN-v (Becton, Dickinson; clone XMG1.2), TNF-a (Bio-
legend; clone MP6-XT22), and granzyme B (Invitrogen). Flow cytom-
etry data were analyzed using Flow]Jo software (Treestar).

Adoptive transfer of primed CD8" cells. WT and MDA5 '~ mice
were infected with 10? PFU of WNV in the footpad. At 7 days after infec-
tion, splenocytes were isolated and CD8 ™ T cells were purified by positive
selection using CD8a microbeads (Miltenyi Biotec). A total of 3 X 10°
WT or MDA5 '~ donor CD8™ cells were adoptively transferred via an
intraperitoneal route to recipient CD8 /™ mice that had been infected
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with WNV 1 day earlier. A sample of transferred cells was stained with an
antibody against CD8a (clone 53-6.7; Becton, Dickinson) or an isotype
control and analyzed by flow cytometry (fluorescence-activated cell sorter
[FACS] array; Becton, Dickinson) to assess the efficiency of positive selec-
tion. WNV-specific CD8™ cells were identified after staining with a DP-
restricted NS4B peptide tetramer, SSVWNATTA (71) (NIH Tetramer
Core Facility, Emory University). Nine days following adoptive transfer
(10 days after infection), recipient CD8 '~ mice were perfused with PBS
and viral loads in the brain, spinal cord, and spleen were measured by
plaque assay.

Adoptive transfer of naive CD8" cells. Naive WT and MDA5 /'~
splenocytes were purified by positive selection using CD8a or CD4 mi-
crobeads and an autoMACS Pro Separator (Miltenyi Biotec). A total of
1 X 107 WT or MDA5 ™/~ CD8" cells plus 2 X 10° WT CD4 " cells were
transferred to recipient TCRa ™'~ mice by an intravenous route. One day
following transfer, recipient mice were infected with 10> PFU of WNV in
the footpad. At 9 days following infection (10 days after transfer), recipi-
ent mice (and no-transfer controls) were perfused with PBS and brains
were processed as described above. Cells were stained with the following
antibodies and processed by multicolor flow cytometry on an LSR II flow
cytometer (Becton, Dickinson): CD3 (Becton, Dickinson; clone 145-
2C11), CD4 (Biolegend; clone RM4-5), CD8a (Biolegend; clone 53-6.7),
CD19 (Biolegend; clone 6D5), and granzyme B (Invitrogen). WNV-spe-
cific CD8™ cells were identified after staining with the DP-restricted NS4B
peptide tetramer. Flow cytometry data were analyzed using FlowJo soft-
ware (Treestar).

Statistical analysis. Viral growth curves were analyzed by a 2-way
analysis of variance (ANOVA). For viral burden, serum bioassay, anti-
body, and lymphocyte analyses, differences were analyzed by the Mann-
Whitney test. Kaplan-Meier survival curves were analyzed by the log rank
test. All data were analyzed using Prism software (GraphPad Prism 5;
GraphPad, San Diego, CA).
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represent the limit of sensitivity of the assay.

RESULTS

Susceptibility of MDA5~'~ mice to WNV infection. To deter-
mine if MDAS is necessary for restricting WNV pathogenesis in
vivo, we infected WT and MDA5 '~ mice with WNV by subcuta-
neous inoculation and monitored survival over time. MDA5 '~
mice exhibited enhanced mortality (92% versus 53%; P < 0.001)
(Fig. 1A) and reduced average survival time (mean times to death,
11.1 and 12.8 days for MDA5 '~ and WT mice, respectively; P <
0.01) compared to infected WT mice. To determine the basis for
this increased lethality, we measured viral loads in tissues follow-
ing WNV infection. We found that MDAS5 was largely dispensable
for controlling WNV replication in peripheral organs, as
MDAS5~'™ mice showed only a small increase in viremia at a single
time point (11-fold greater at day 2 after infection; P < 0.05) (Fig.
1B). In comparison, no significant differences were observed in
viral burden in the spleen (Fig. 1C), and only limited replication in
the kidneys was detected in 5 of 12 MDA5 ™'~ mice (at 8 days after
infection; P < 0.05) (Fig. 1D). These results were unanticipated
given the marked increase in viremia and visceral organ infection
observed in MAVS ™'~ mice, which completely lack RLR signaling
(31), and the increased viral loads observed when MDA5 '~ mice
were infected with other RNA viruses (22, 24, 39-43).
Consistent with a small effect of MDAS on controlling WNV
infection in peripheral tissues, early entry into the CNS was not
observed in MDA5 '~ mice compared to WT controls. Similar
levels of WNV were observed at days 2 through 8 in the brain and
spinal cord (P > 0.05), but MDA5 ~/~ mice exhibited marked
increases in viral titers in the CNS at later times after infection. At
day 10 after infection, we observed a 140-fold-higher viral burden
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in the brain (P < 0.01) (Fig. 1E) and a 21-fold-higher viral burden
in the spinal cord (P < 0.01) (Fig. 1F) in MDAS5'~ mice than in
WT controls. These results suggest that MDAS5 is important in
controlling immunity to WNV in the CNS.

Because previous studies showed direct antiviral effects of the
RLR signaling pathway in cells of the CNS (43), we hypothesized
that the enhanced WNV infection phenotype in MDA5 ™/~ mice
could be explained by an MDA5-dependent restriction of replica-
tion in neuronal cells. To test this, wild-type and MDA5 '~ mice
were infected with 10" PFU of WNV directly into the brain via an
intracranial route, and viral burden in the cerebral cortex, brain
stem, cerebellum, and spinal cord was measured on days 2, 4, and
6 after infection. In contrast to the increased viral titers observed
in the CNS of MDA5 ™'~ mice after peripheral inoculation, we
observed no differences in infection between WT and MDA5 '~
mice following intracranial injection (P > 0.05) (Fig. 2A to D).
Consistent with this, an absence of MDA5 did not impact WNV
infection in primary cortical or cerebellar neuron cultures (P >
0.05) (Fig. 2E and F).

Effect of MDA5 on innate immune responses in vivo. One
explanation for the increased viral load in the CNS of MDA5 /'~
mice after subcutaneous infection might be a defective MDA5-
dependent protective immune response originating in the periph-
ery. As MDA5 contributes to the induction of type I IFN in vivo in
the context of multiple viral infections (22, 34, 39-43, 72, 73) and
to the induction of ISGs after WNV infection in fibroblasts (29),
we assessed the impact of the loss of MDAS5 on systemic levels of
type I IFN after WNV infection (Fig. 3A). Contrary to what has
been reported with other viral infections, we did not observe a
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P <0.05.

deficiency in type I IFN levels in the serum of MDA5 '~ mice.
Moreover, by 2 days after infection, MDA5 '~ mice had higher
levels (396-fold; P < 0.05) of type I IEN in serum than did WT
mice, possibly driven by the increased viremia at this time point.
We confirmed that the observed serum antiviral activity was due
to type I IFN, as it was completely neutralized by an IFNAR-block-
ing antibody (Fig. 3B and C). Although MDAS5 contributes to
inflammatory cytokine production in the context of other viral
infections (24, 40, 41), we did not detect a significant difference
between WT and MDA5 '~ mice in levels of 23 cytokines and
chemokines in serum at day 0, 1, 2, or 4 after infection (Fig. 3D to
Fand Table 1).

While MDAS did not modulate cytokine or chemokine pro-
duction systemically, we hypothesized that MDAS5 might regulate
production in the CNS in a manner that is required for WNV
control. To assess this, we infected WT and MDA5 '~ mice sub-
cutaneously and measured the levels of nine cytokines and
chemokines in the brain at day 8 after infection (Fig. 4). Notably,
we failed to detect any deficit in cytokine production in the brains
of MDA5~'~ mice. While there was no difference in macrophage
inflammatory protein 1 (MCP-1), MIP-1a, interleukin la (IL-
la), IL-6, or IFN-v production, levels of MIP-1B, IL-12 (p70),
RANTES, and TNF-a were in fact greater in MDA5 ~/~ mice than
in WT mice, likely secondary to enhanced viral replication in the
brains of MDA5 ™'~ mice.

Effect of MDAS5 on adaptive immune responses in vivo. Our
prior studies revealed an innate/adaptive immune interface that

November 2013 Volume 87 Number 21

was regulated by MAVS and modulated the magnitude of the hu-
moral immune response to WNV infection (31). To assess the
effect of MDAS5 on WNV-specific antibody responses, we analyzed
serum from MDA5 '~ and WT mice 4, 6, and 8 days after infec-
tion for binding to WNV E protein. We observed no defects in
anti-WNV E protein IgM or IgG responses in MDA5 '~ mice
(Fig. 5). Indeed, we observed a small increase in WNV-specific
IgM titers in MDA5 '~ mice at 6 days after infection, again pos-
sibly reflecting the slightly increased viremia observed in these
mice. Thus, the difference in WNV pathogenesis in MDA5 '~
mice did not appear to be explained by altered humoral immune
responses.

We next considered whether defects in cellular immune re-
sponses in MDA5 '~ mice could explain their susceptibility to
WNYV infection. This seemed a plausible hypothesis, as mice defi-
cient in CD8 or perforin showed an analogous late-stage pheno-
type in the CNS (53, 74), and LGP2™'~ mice exhibited defects in
CD8" T cell immunity during viral infection (38). Additional
studies suggest that MDA5-dependent responses to soluble
PAMPs or lymphocytic choriomeningitis virus (LCMV) infection
can boost induction of effector and memory CD8™ T cell subsets
(73, 75). We harvested splenocytes from WT and MDA5 ™/~ mice
7 days after WNV infection and performed immunophenotyping
analysis. Cells were stained with antibodies to detect T cells (CD3,
CD4, and CD8), their migratory capacity (CD43 and CD62L),
state of differentiation or exhaustion (KLRG1 and PD1), and pro-
duction of effector molecules (IFN-y, TNF-a, and granzyme B)
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FIG 4 Cytokine expression in brains of WNV-infected WT and MDA5 ™'~ mice. Mice were infected with 10* PFU of WNV in the footpad. Brains were harvested at 8
days after infection, and the indicated cytokines and chemokines were assessed by Luminex array. Data are shown as the means = SEMs of 9 mice per group. ¥, P < 0.05.
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after WNV peptide restimulation. In addition, we measured anti-
gen-presenting cells and their state of activation (B220, CD45,
CD11b, CD11c, CD80, CD86, and MHC-II) as well as regulatory
T cells (CD25 and FoxP3). Notably, we observed no marked dif-
ferences in the quality and quantity of these leukocyte responses
between WT and MDA5 ™'~ mice after WNV infection (Fig. 6 and
Tables 2 and 3), even when 10- or 100-fold-higher doses of virus
were used (data not shown). In general, there was little difference
in the numbers or percentages of WNV-specific CD8™ T cells. We
did observe, however, higher KLRG1 and CD62L expression on
MDA5™'~ CD8" IFN-y" and CD8" TNF-a™ cells, suggesting
that there may be some functional differences compared to WT
cells.

Although leukocyte function appeared relatively intact in
spleens from MDA5 '~ mice, it remained possible that the viro-
logic phenotype in the CNS was due to impaired leukocyte traf-
ficking across the BBB or altered function of cells within the CNS.
Therefore, we performed a similar analysis on leukocytes in the
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FIG 6 (A to H) Immunophenotyping of splenocytes from infected WT and MDA5 ™'~ mice. Mice were infected with 10> PFU of WNV in the footpad. Splenocytes were
harvested and analyzed by flow cytometry at 7 days after infection. Numbers (A to D) and percentages (E to H) of the indicated populations are shown; symbols represent
individual mice. CD8*, IFN-y", and TNF-a ™ populations represent cells that were restimulated with an immunodominant WNV peptide. (I to K) Representative flow
cytometry plots of IFEN-y™, TNF-a ™, and granzyme B* cell populations. Numbers indicate the percentage of cells in each quadrant.

brain at day 7 after WNV infection. Again, relatively few differ-
ences were observed in the infiltrating immune cells in the brains
of MDA5 ™'~ mice compared to WT mice (Fig. 7 and Tables 4 and
5), and higher infecting doses of WNV did not reveal any marked

changes (data not shown). There was no significant difference in
the number or percentage of WNV-specific CD8 T cells in the
brain, although MDA5™~'~ mice had higher numbers and percent-
ages of CD45" CD11b™* macrophages. One notable difference was

TABLE 2 Phenotypes of splenocytes in WT and MDA5 ™/~ mice after WNV infection”

Total no. of cells

% of gated cells

Phenotype WT MDA5™'~ P WT MDA5™'~ P Type of gated cell
CD4* 2.3 X 107 (2.2 X 10°) 2.3 X 107 (2.0 X 10°) 0.86 16.8 (0.7) 16.9 (1.1) 0.98 Splenocytes
CD4" CD25" FoxP3™" 2.5 X 10° (3.3 X 10°) 2.6 X 10° (2.8 X 10°) 0.78 10.2 (0.6) 11.6 (0.6) 0.12 CD4™" T cells
CD8™" 4.1 X 10° (3.4 X 10°) 3.6 X 10° (3.8 X 10°) 0.30 9.9 (0.8) 9.9 (0.9) 0.99 Splenocytes
IFN-y* 3.2 X 10° (4.8 X 10%) 2.4 X 10° (4.5 X 10%) 0.23 7.4 (0.9) 6.5(0.9) 0.47 CD8™ T cells
TNF-o* 2.0 X 10° (4.3 X 10%) 1.5 X 10° (2.8 X 10%) 0.15 5.8 (0.7) 4.7 (0.4) 0.18 CD8" T cells
Granzyme B* 4.0 X 10° (5.8 X 10%) 4.6 X 10° (9.3 X 10%) 0.55 10.3 (1.0) 13.1 (1.6) 0.14 CD8" T cells

“ Mice were infected with 102 PFU of WNV in the footpad. Splenocytes were harvested and analyzed by flow cytometry at day 7 after infection. Numbers and percentages of the
indicated populations are shown as means (SEMs) of approximately 15 mice per group. CD8 ", IFN-y", and TNF-a* populations represent cells that were restimulated with an

immunodominant WNV peptide.
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TABLE 3 Phenotypes of antigen-specific CD8* T cells in the spleens of WT and MDA5 ™/~ mice after WNV infection®

Fluorescence intensity within IFN-

Fluorescence intensity within TNF-

v cells at cells
Phenotype WT MDA5'~ P WT MDA5™'~ P
KLRG1 1022 (3.5) 132.0 (5.2) 0.00005* 100.3 (3.2) 117.9 (7.9) 0.044*
PDI1 102.9 (4.4) 123.3 (9.1) 0.05 96.3 (3.0) 108.3 (6.8) 0.11
CD43 104.5 (6.8) 110.4 (8.7) 0.59 100.4 (5.9) 92.1 (5.2) 0.30
CD62L 103.3 (4.5) 112.8 (6.7) 0.24 111.0 (9.2) 138.5 (9.7) 0.049*

“ Mice were infected with 10> PFU of WNYV in the footpad. Splenocytes were harvested and analyzed by flow cytometry at 7 days after infection. Values indicate the geometric mean
fluorescence intensity of the indicated phenotypic marker within IFN-y* or TNF-a™ populations, shown as means (SEMs) of approximately 15 mice per group. Asterisk indicates

significant differences between WT and MDA5 ™/~ cells.

that CD8" IFN-y" and CD8" TNF-a ™" cells from the brains of
MDA5~'" mice had higher expression of the exhaustion marker
PD1 than did cells from WT mice. Nonetheless, MDA5 '~ WNV-
specific CD8" T cells in the brain had no relative change in the
expression of KLRG1, CD43, CD62L, IFN-y, or TNF-a.. We also
examined the localization of CD3™ cells in the brains of infected
WT and MDA5~'~ mice by confocal microscopy. In the cerebral
cortex and cerebellum, MDA5 '~ T cells were present in the pa-
renchyma and showed no evidence of perivascular retention (data
not shown), indicating that the increased CNS titers observed in
MDA5'~ mice were not due to impaired trafficking of the anti-
gen-specific T cells responsible for CNS clearance.
Adoptive-transfer experiments. While priming in the periph-
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ery and trafficking of antigen-specific CD8 " T cells into the brains
of MDA5™'~ mice appeared normal, we observed subtle differ-
ences in some phenotypic markers, which in theory could influ-
ence virus clearance. To establish the role of MDAS5 in T cell prim-
ing or effector activity, we performed two adoptive-transfer
experiments. In the first experiment, WNV-primed CD8" T cells
from WT and MDA5 '~ mice were transferred into infected
CD8'~ mice, allowing us to assess the function in a common
MDA5""* environment of cells that were primed in the presence
or absence of MDAS. In the second experiment, we transferred
naive WT or MDA5 ™'~ CD8™ T cells to assess their function when
primed in a common MDA5"/" environment.

To test whether CD8™" T cells primed in an MDA5 ™/~ environ-
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FIG 7 (A to F) Immunophenotyping of brain leukocytes in infected WT and MDA5™'~ mice. Mice were infected with 10> PFU of WNV in the footpad. Brains
were harvested and analyzed by flow cytometry at 7 days after infection. Numbers (A to C) and percentages (D to F) of the indicated populations are shown;
symbols represent individual mice. CD8", IFN-y", and TNF-a™ populations represent cells that were restimulated with an immunodominant WNV NS4B

peptide. (G and H) Representative flow cytometry plots of IFN-y* and TNF-a™*
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populations. Numbers indicate the percentage of cells in each quadrant.
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TABLE 4 Phenotypes of brain leukocytes in WT and MDA5 ™'~ mice after WNV infection”

Total no. of cells

Percentage of gated cells

Phenotype WT MDA5™'~ P WT MDA5™'~ P Type of gated cell
CD4™" 9.4 X 10* (1.4 X 10*) 1.1 X 10° (1. 8 X 10%) 0.47 5.8 (0.6) 5.5 (0.6) 0.72 Total

CD4" CD25" FoxP3™" 5.1 X 10° (1.2 X 10°) 7.9 X 10° (2.4 X 10°) 0.31 5.4 (1.0) 6.6 (1.0) 0.39 CD4™" T cells
CD8™" 2.0 X 10° (3.6 X 10%) 3.6 X 10° (8.0 X 10%) 0.09 12.3 (1.7) 16.5 (2.0) 0.12 Total

IFN-y™* 7.4 X 10* (1.6 X 10*) 1.5 X 10° (4.0 X 10%) 0.09 34.6 (3.0) 39.4 (2.5) 0.24 CD8™" T cells
TNEF-o* 3.7 X 10* (8.9 X 10°) 7.8 X 10* (2.3 X 10%) 0.12 27.5(3.4) 28.8 (2.7) 0.76 CD8" T cells
CD45'° CD11b* (microglia) 4.2 X 10° (7.2 X 10%) 4.5 X 10° (9.8 X 10%) 0.80 24.1(2.9) 19.0 (1.7) 0.16 Total

CD45" CD11b™ (macrophages) 3.3 X 10° (3.8 X 10%) 6.1 X 10° (1.1 X 10°) 0.03* 18.6 (2.0) 27.3(0.9) 0.002*  Total

“ Mice were infected with 10> PFU of WNV in the footpad. Brains were harvested and analyzed by flow cytometry at 7 days after infection. Numbers and percentages of the
indicated populations are shown as means (SEMs) of 8 mice per group. CD8 ", IFN-y", and TNF-a* populations represent cells that were restimulated with an immunodominant

WNV peptide. Asterisk indicates significant differences between WT and MDA5 ™/~ cells.

ment were functionally equivalent to their WT counterparts, we
isolated primed donor CD8" T cells from WT and MDA5 '~
mice at 7 days after WNV infection and transferred them into
recipient CD8 '~ mice that had been infected with WNV 1 day
earlier. We confirmed that WNV-infected WT and MDA5 '~
mice had equivalent percentages of CD8™ splenocytes (Fig. 8A),
that this proportion was enriched following positive selection
(Fig. 8B), and that similar numbers and percentages of antigen-
specific WT and MDA5 '~ CD8" T cells were transferred (Fig.
8C). Nine days following adoptive transfer (10 days after WNV
infection), we measured tissue viral loads in recipient CD8 '~
mice. Although mice that received WT CD8" T cells had no de-
tectable WNV in the CNS or the spleen, those receiving MDA5 '~
CD8™" T cells failed to control CNS infection even though virus
was cleared from the spleen (Fig. 8D). These results demonstrate
that CD8™" T cells primed in MDA5 "/~ mice have functional def-
icits relative to cells primed in WT mice. This produces a cell-
intrinsic defect of MDA5 ™'~ CD8" T cells that results in an in-
ability to clear WNV infection in the CNS, even when transferred
into an MDA5*/" environment.

What remained unclear was whether the defect of MDA5 '~
CD8™ T cell function was cell autonomous and due to a direct
requirement for MDA5 in the T cell itself or non-cell autonomous
and due to a defective MDA5 '~ priming environment. To ad-
dress this, we isolated naive CD8 " T cells from WT and MDA5 ™/~
mice and transferred them into MDA5"/* animals prior to WNV
infection. As transfers of naive cells into CD8 /™ mice were inef-
ficient (data not shown), we used TCRa '~ mice as recipients.
Along with CD8" cells, we also transferred naive WT CD4 ™ cells,
as TCRo. ™'~ mice lack both CD8" and CD4™" cells, and CD4-

mediated help is necessary for sustaining CD8-mediated clearance
of WNV from the CNS (76). One day following adoptive transfer,
recipient mice were infected with WNV and infiltrating lympho-
cytes were assessed in the brain at 9 days after infection. We de-
tected equivalent percentages and numbers of CD8* and WNV
antigen-specific cells in the brains of mice receiving WT versus
MDA5'~ CD8" cells (Fig. 9A and B and data not shown). Fur-
thermore, we did not detect any significant difference in expres-
sion of phenotypic markers, including CD43, PD1, KLRGI, or
granzyme B, in the recipient mice (Fig. 9C and data not shown).
These observations imply that WT and MDA5~'~ CD8™ cells are
phenotypically equivalent after priming in an MDA5"'* environ-
ment. Our results suggest that the inability of MDA5 '~ CD8*
cells to control WNV infection in the CNS in MDA5 '~ mice
reflects a non-cell-autonomous role for MDAS5 in proper CD8" T
cell priming.

DISCUSSION

While prior studies established that RLR signaling is critical for
controlling WNV pathogenesis (31), the relative contributions of
RIG-I and MDAS5 to sensing WNV infection and coordinating
innate and adaptive immune responses in vivo have remained un-
clear. Here, we established that in the context of WNV infection,
an absence of MDAS5 in vivo resulted in increased lethality and
higher viral loads in the CNS than in WT mice. Somewhat unex-
pectedly, MDA5 did not have a dominant direct role in restricting
viral replication in peripheral tissues or neurons, and the systemic
IEN response to WNV remained intact. Instead, the increased
WNV titers in the CNS of MDA5 /™ mice were linked to a quali-
tative defect of MDA5 '~ CD8" T cells in clearing infection from

TABLE 5 Phenotype of antigen-specific CD8* T cells in the brains of WT and MDA5™/~ mice after WNV infection®

Fluorescence intensity

within CD8" cells IFN-y™" cells

Fluorescence intensity within

Fluorescence intensity within
TNF-a" cells

Phenotype WT MDA5™'~ P WT MDA5™'~ P WT MDA5™'~ P
IFN-y* 98.4 (4.9) 107.0 (5.1) 0.24

TNF-o* 94.2 (6.3) 98.5 (7.4) 0.67

KLRGI 100.2 (5.8) 109.1 (6.2) 0.31 99.4 (6.0) 104.0 (5.3) 0.57
PDI 102.6 (5.2) 140.1 (13.1) 0.02* 101.7 (5.3) 146.4 (15.7) 0.02*
CD43 100.3 (4.9) 112.7 (8.8) 0.24 104.7 (6.1) 116.6 (8.1) 0.25
CD62L 96.0 (8.5) 122.9 (14.8) 0.14 104.1 (14.7) 125.9 (15.5) 0.32

“ Mice were infected with 102 PFU of WNV in the footpad. Brains were harvested and analyzed by flow cytometry at 7 days after infection. Values indicate the geometric mean
fluorescence intensity of the indicated activation or phenotypic marker within CD8*, IFN-y™, or TNF-a* populations, shown as means (SEMs) of 8 mice per group. Asterisk

indicates significant differences between WT and MDA5 ™/~ cells.
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FIG 8 Adoptive transfer of primed donor WT or MDA5 ™/~ CD8™ T cells into
recipient infected CD8™/~ mice. WT and MDA5 /™ mice were infected with
10% PFU of WNV in the footpad. At 7 days after infection, CD8 " T cells were
purified from splenocytes by positive selection and transferred into CD8 ™/~
mice which had been infected with WNV 1 day prior. (A and B) Flow
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the brain and spinal cord. Since WT and MDA5 '~ CD8™ T cells
were primed equivalently in an MDA5"'" host, we surmise that
MDAGS functions in other cell types to optimally activate CD8" T
cells to control WNV infection in the CNS.

Although we observed increased WNV-induced lethality in
MDA5'~ mice, this phenotype was less pronounced than that
observed in MAVS™'~ mice, which lack all RLR signaling; this is
most apparent in the mean times to death of the animals (7 days
for MAVS™'~ versus 11 days for MDA5 ™'~ mice) (31). MAVS '~
mice are less vulnerable to WNV infection than IRF-3"'~ X IRF-
57/7 X IRF-7"'~ mice, which are defective at producing type I
IEN, or IFNAR™'~ mice, which cannot respond to it (77-79).
These differences in susceptibility highlight the considerable re-
dundancy present in the pathogen-sensing and downstream sig-
nal transduction pathways responsible for initiating the antiviral
response. While infections with some viruses, particularly pi-
cornaviruses and murine norovirus (22-24) and possibly coro-
naviruses (25, 26), are sensed largely or exclusively by MDAS5,
in the context of WNV infection, RIG-I, TLRs, or possibly
other PRRs can compensate to some degree for the loss of
MDAS5 (57, 59-61, 63).

We expected that as a cytoplasmic PRR, MDA5 would act
partly in a cell-intrinsic manner to restrict WNV replication, as
has been reported after infection with other RNA viruses (24, 27).
We failed to observe increased WNV replication in MDA5 '~
primary neurons or following direct introduction of the virus into
the brain, even though the most prominent viral phenotype after
subcutaneous infection was observed in the CNS. This phenotype
could reflect functional redundancy with RIG-I in neurons or a
lack of expression of MDA5. MDAS5 is not expressed in uninfected
cortical neurons in culture, and relatively low levels were detected
by Western blotting at 24 h after WNV infection compared to
levels in myeloid cells (80). Cerebellar granule cell neurons express
higher levels of MDA5 following WNV infection than do cortical
neurons (81) yet also showed no increase in viral replication in
MDAS5™'™ cells. It remains possible that a cell-intrinsic antiviral
effect of MDA5 on WNV occurs in other cell types (e.g., myeloid
cell subsets), which could explain the small increase in viremia
observed in MDA5 ™'~ mice.

Surprisingly, we observed no defects in type I I[FN production
in MDA5'~ mice in response to WNV infection. In the study
described in our accompanying paper (82), MDAS5 has been de-
fined as a PRR sensing “late”-stage viral RNA replication products
of WNV infection, whereas RIG-I serves as the primary or early
initiator of innate immune signaling. Indeed, mice lacking MDA5
and infected with WNV produced slightly higher levels of type I
IFN that correlated with increased viremia, suggesting that the loss
of late PRR signaling in the absence of MDAS5 supports increased
viremia and higher levels of viral PAMPs that trigger increased
levels of type I IFN production via alternate PRRs. This outcome
contrasts data from other viral infections of MDA5 ™'~ mice: type

cytometry plots showing percentages of CD8™ cells from WT and MDA5™/~
splenocytes (A) and following positive selection of CD8™ cells (B). Filled gray
plots represent isotype control staining, while open plots represent anti-CD8
staining. (C) Flow cytometry plots showing percentages of WNV antigen-
specific CD8 ™ cells from WT and MDA5 ™'~ mice. (D) Tissues were harvested
from CD8 ™/~ mice at 10 days after infection and viral burden was measured by
plaque assay. Results represent the means = SEMs of 6 mice per group; dotted
lines represent the limit of sensitivity of the assay. ****, P < 0.0001.
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FIG 9 Adoptive transfer of naive donor WT or MDA5~'~ CD8™ T cells into
recipient TCRa '~ mice. CD8" and CD4™" T cells were purified by positive
selection from naive WT or MDA5~'~ splenocytes. WT or MDA5 ™/~ CD8™"
cells were transferred with WT CD4 " cells to TCRa ™'~ mice. Recipient mice
were infected with 10> PFU of WNV 1 day following adoptive transfer, and
tissues were harvested 9 days after infection. Brains were analyzed by flow
cytometry. Percentages of CD8" (A) and WNV antigen-specific (B) infiltrat-
ing cells are shown. (C) Expression of CD43, PD1, KLRGI, and granzyme B
was measured on NS4B tetramer-positive cells. Results represent the means =
SEMs of 6 mice per group.

I IFN induction was reduced following infection with ECMYV,
TMEV, CBV, rhinovirus, SeV, HMPV, and LCMV (22, 34, 39-43,
72, 73). In these cases, MDADS likely serves as a primary PRR of
innate immune signaling such that an insufficient type I IFN re-

11412 jviasm.org

sponse contributes directly to enhanced viral pathogenesis. Con-
sistent with our results, type I IFN production was sustained in
MDA5~'~ mice infected with Japanese encephalitis virus, a closely
related flavivirus (22). As we observed increased lethality in
MDA5™'™ mice after WNV infection in the context of sustained
type I IEN production and a relatively similar peripheral viral
burden, WNV appears to be controlled by a distinct MDA5-de-
pendent pathway.

Although MDA5 ™/~ mice have blunted type I IFN responses to
some viral infections, augmented inflammatory responses have
been reported, which may contribute to the pathology observed in
virus-infected MDA5~'~ mice (41, 43). We observed increased
accumulation of some inflammatory cytokines and chemokines
(i.e., MIP-1B, IL-12, RANTES, and TNF-«) in the brains of
MDA5™'" mice, consistent with the increased CNS inflammation
observed in MAVS™'™ mice following WNV infection (31). The
effects of these cytokines on WNV infection and pathogenesis in
the CNS are not clear. Clearance of WNV from the CNS requires
the recruitment of CD8™ T cells (53) and their effector cytokines
and functions (74, 83-86), so an increase of inflammatory cyto-
kines may reflect an appropriate immune response to greater viral
replication in the CNS of MDA5 /™ mice, rather than immuno-
pathology. Indeed, the numbers and proportions of antigen-spe-
cific and nonspecificimmune cells in the brains of MDA5 ™/~ mice
were largely unchanged compared to those in WT animals, even in
the context of increased viral load in the CNS, arguing against a
dysregulated inflammatory response. While an increase in inflam-
matory cytokines was seen in MDA5 '~ mice after WNV, TMEV,
and HMPYV infection, reduced levels of several proinflammatory
cytokines were observed after infection with rhinovirus and SeV
(40-43). This variable role for MDAS5 in inflammatory cytokine
induction in response to different viral infections may reflect the
specific PRR interactions or cellular tropism of each virus.

While the numbers and percentages of infiltrating immune
cells in the CNS of WNV-infected MDA5 ™/~ mice were similar to
those in WT mice, MDA5 '~ CD8" T cells showed increased
expression of the exhaustion marker PD-1, which also was ob-
served in MDA5 '~ mice infected with TMEV (43). The relation-
ship between PD-1 expression and the function of CNS CD8" T
cells in the absence of differences in intracellular cytokine (IFN-y
or TNF-a) expression remains unclear. This phenotype, however,
correlated with an intrinsic defect of primed MDA5~/~ CD8" T
cells to control WNV infection in the CNS of recipient MDA5 "'+
CD8 /" mice. When naive MDA5 ™'~ CD8" T cells were primed
in an MDA5"'" environment, no phenotypic differences were
observed, suggesting that MDA5 likely is required during the
priming process to shape CD8™ T cells to function effectively in
the CNS. In comparison, in other viral infection models, a defi-
ciency of MDAS5 had distinct effects on the CD8™ T cell compart-
ment. MDA5 ™'~ mice had fewer antigen-specific CD8" T cells
following LCMYV infection, although these cells were functional
both ex vivo and following adoptive transfer to WT mice (73). The
quantitative CD8" T cell defects observed in LCMV-infected
MDA5 '~ mice could be reversed by administration of exogenous
type I IEN, suggesting that they occurred secondary to blunted
IFN production and are thus unlikely to apply in the context of
sustained IFN production that we observed during WNV infec-
tion. A T cell-extrinsic role for MDAS5 is supported by another
study in which MDAS5 expression in nonhematopoietic cells en-
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hanced survival of antigen-specific CD8 ™ effector T cells and de-
velopment into memory cells (75).

MDADS is not the only RLR that regulates CD8 * T cell function.
CD8" T cell dysfunction in LGP2~'~ mice also contributed to
WNV pathogenesis, and this was associated with effects on CD8*
T cell death receptor-induced apoptosis through an uncharacter-
ized signaling pathway that was independent of MAVS (38). As
LGP2 physically interacts with MDA5 (6, 7), it is conceivable that
the observed CD8" T cell phenotypes in MDA5™'~ mice result
from MAVS-independent interactions with unbound LGP2,
rather than through the canonical RLR signaling pathway. Future
studies with MDA5 '~ X LGP2’~ mice and animals with cell
type-restricted deletion of MDAS are planned to address the spe-
cific mechanism by which MDA5 regulates CD8™" T cell function
against WNV and other viruses.
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