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SUMMARY

No vaccines or therapeutics are licensed for West
Nile virus (WNV), a mosquito-transmitted neuroence-
phalitic flavivirus. The small interfering RNA siFvE’W
targets a conserved sequence within the WNV E pro-
tein and limits virus infection. Using a rabies virus-
derived neuron-targeting peptide (RVG9R) and an
intranasal route for delivering siFVvE’" to the CNS,
we demonstrate that treatment of WNV-infected
mice at late stages of neuroinvasive disease results
in recovery. Selectively targeting virus in the CNS
lowers viral burdens in the brain, reduces neuropa-
thology, and results in a 90% survival rate at
5-6 days post-infection (when viral titers peak in
the CNS), while placebo-treated mice succumb by
days 9-10. Importantly, CNS virus clearance is
achieved by humoral and cell-mediated immune
responses to WNV infection in peripheral tissues,
which also engender sterilizing immunity against
subsequent WNV infection. These results indicate
that intranasal RVG9R-siRNA treatment offers effi-
cient late-stage therapy and facilitates natural long-
term immunity against neuroinvasive flaviviruses.

INTRODUCTION

Infectious flaviviruses such as the West Nile virus (WNV) and Zika
virus have exhibited unprecedented activity and geographic
expansion in recent years (Salimi et al., 2016). Human WNV
infection is a febrile illness that can progress to meningitis and
encephalitis; the elderly are at a 20-fold higher risk for severe
neurological manifestations and mortality (Diamond, 2009). No
vaccines or therapies exist for WNV disease and current treat-
ment is supportive care. Naturally acquired immunity is believed
to protect lifelong against WNV and humoral immunity, a critical

mediator of this immune protection (Nicolle, 2003; Suthar et al.,
2013). WNV vaccines may induce long-term immunity; however,
their clinical development has been stymied by sporadic disease
incidence impeding field efficacy studies and poor cost-effec-
tiveness of mass vaccination (Amanna and Slifka, 2014).

As meningoencephalitis is the most common (50%-84%)
diagnosis in hospitalized WNV patients (Hayes et al., 2005;
Jehi and Sila, 2009), therapeutics that improve clinical and viro-
logic outcome after virus dissemination in the CNS hold great
value. We previously demonstrated the utility of small interfering
RNA (siRNA) in the prophylactic treatment of flaviviral encepha-
litis by employing an RVG9R peptide for siRNA delivery in vivo
(Kumar et al., 2007). RVG9R, a chimeric peptide derived from
the rabies virus glycoprotein (RVG) fused to nona-arginine (9R),
targets nicotinic acetylcholine receptors (nAchRs) expressed
on neuronal cells and mediates transvascular delivery of siRNA
into the CNS. Intravenous (i.v.) treatment with antiflaviviral sSiRNA
complexed to RVG9R protected mice from lethal challenge with
Japanese encephalitis virus, an encephalitic flavivirus closely
related to WNV. Here, through a nose-to-brain route, which
maximized siRNA payloads to the brain, RVGIR-siRNA substan-
tially reduced brain viral burden and rescued mice from fatal
WNV encephalitis when administered even at late stages of
infection after virus had invaded the CNS. Importantly, siRNA
treatment delayed mortality, enabling natural immune responses
to peripheral virus replication, which mediated virus clearance
during primary infection and sterilizing immunity upon re-expo-
sure to WNV.

RESULTS

Intranasal Administration of RVG9R-siRNA Elicits
Widespread Gene Silencing in the Mouse Brain

The most severe manifestations of WNV infection are a result of
neuropathology and brain injury that positively correlate with,
and are in part caused by, high viral burden in the CNS (Diamond,
2009; Shrestha et al., 2003). C3H mice, an established animal
model for WNV infection, display a high mortality rate to WNV
and virus entry into the CNS occurs by day 2 post-infection
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Figure 1. Intranasal RVG9R-siRNA Elicits
Widespread Gene Silencing in the Brain

(A) The indicated organs were examined for fluo-
rescence 24 hr after i.n. administration of PBS
(mock), and 9R or RVG9R-complexed siFITC. Left:
representative fluorescent images overlaid with
their bright-field images. Right: cumulative data
from three mice depicting mean fluorescence in-
tensities (MFls) in arbitrary pixel values + SD.
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<« Liver » at 24 hr after the last i.n. treatment with RVG9R-
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siSOD1 (solid bars) and RVG9R-siNT (open bars).
Data are mean percent gene expression (+SD)
< Spleen» relative to GAPDH after normalizing with corre-
sponding data of mock-treated cohort. n = 3 mice
« Kidney » per treatment per time point. NT, non-targeting.
| . . . . ™"Pp < 0.001; ™*p < 0.0001. See also Figure S2.
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(p.i.) (Brown et al., 2007). When C3H mice were challenged with
100 LDsg WNV (i.e., causes 100% mortality at days 9-10 p.i.),
significant viral burden was detected in brain tissues by day
5 p.i. (Figure S1A). However, despite high viral burden
(~6 log1o PFU/g tissue by day 6), mice exhibited morbidity by
days 8-9 and mortality at days 9-10 following a dramatic in-
crease in TUNEL positivity (Figures S1B and S1C), implicating
severe neuronal injury as the determinant of lethality (Shrestha
et al., 2003). This revealed a time frame after virus invasion of
the CNS that might be exploitable for therapeutic benefit. We
therefore evaluated RVG9R-siRNA under therapeutic settings.
To maximize delivery to the brain, we explored the intranasal
(i.n.) nose-to-brain route that can provide direct access to the
CNS from the olfactory region, bypassing the blood-brain barrier
(BBB) (Dhuria et al., 2010; Lochhead and Thorne, 2012; Miyake
and Bleier, 2015). Using a positioning device for placement of
mice in the head-down and -forward position (Dhuria et al.,
2010), we performed preliminary biodistribution experiments in
BALB/c mice. i.n. administration of RVG9R (or a control 9R pep-
tide) complexed to fluorescein isothiocyanate (FITC)-labeled
siRNA (siFITC, 5 ng) resulted in strong fluorescent signal in the
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distal to the sinus/brain interface, known

to harbor virus during WNV infection

(Lim et al., 2011). Increasing siRNA
dosing frequency to four times over a 48-hr period resulted
in ~50% knockdown in SOD1 mRNA throughout the brain (Fig-
ure 1B), while comparable knockdown via the i.v. route required
increasing the siRNA dose to ~5-fold more per injection (Fig-
ure S2D). No silencing occurred when siRNA was complexed
to the control peptide 9R (Figure S2E), despite some brain local-
ization (Figure 1A), reconfirming that RVG9R-mediated siRNA
delivery required engaging a cellular receptor (Zeller et al., 2015).

Intranasal RVGOR-siFVE'" Is Therapeutic for WNV in
Mice with Active CNS Infection

We explored whether mice could be treated therapeutically with
RVGOR complexed to siFvE”", an siRNA targeting a conserved
sequence on the single-stranded RNA genome corresponding
to the fusion loop region of the WNV E protein (Kumar et al.,
2006). Mice preinfected with 100 LDso WNV and intranasally
administered RVGIR-siFVE'" (9.1 pg siRNA) on days 3 and 4
ordays 4 and 5 p.i. were completely rescued from WNV-induced
mortality (Figure 2A). Treatment with RVGOR complexed to
siRNA targeting luciferase (siNT) or a scrambled siRNA (siScr)
did not improve survival. Initiating the first i.n. treatment as late
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Figure 2. Intranasal RVGOR-siFVE'" Is Ther-
apeutic for WNV Infection

(A) Kaplan-Meier survival curves of C3H mice
treated with RVG9R-siRNA formulations at the
indicated days p.i. with 100 LDsg WNV. Data are
from three experiments with mouse cohorts of at
least n = 5 mice per group per treatment. Survival
statistics in all test cohorts (except treatment at
days 6 and 7) achieved significance by the log-rank
test when compared with mock- or siNT-treated
mice. siNT, silLuc; siScr, scrambled siRNA for
siFVE'W.

(B) Mean WNV titers (+SE) per gram of brain tissue
at the indicated days p.i. Each data point repre-
sents one mouse. The dotted line depicts the as-
say’s limit of detection. ND, not detectable.

(C) Representative images of mouse brain tissue
sections analyzed by fluorescent immunohisto-
chemistry at day 9 p.i. Scale bar, 30 um.

(D) Graphical presentation of data in (C) depicting
MFI of GFAP-positive cells (+SE) and mean
numbers of TUNEL-positive cells per high power
field (+SE, n = 10) combined from four mice per
treatment condition.

*p < 0.05; **p < 0.001; ***p < 0.0001. See also
Figure S83.

neys, lung, and liver (data not shown). Ex-
amination of the brains of surviving mice
for pathologic abnormalities by hematox-
ylin and eosin (H&E) staining revealed no
indications of neuropathologic damage
(data not shown). Thus, i.n. administration
of RVGIR-siFVE'W to mice with active
CNS WNV infection resulted in reduced
neuropathology, survival, and eventual

** virologic cure.

| |
Ill Antiviral Immune Responses Are
p— Critical for Recovery in RVG9R-

0
Olfactory Cortex Cerebellum
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as day 5 or 6 p.i., when brain WNV titers reached 4-6 log1q PFU
per gram tissue (Figure S1A), was also remarkably therapeutic,
resulting in corresponding survival rates of 90% and 50% (Fig-
ure 2A). This was accompanied by >1,000-fold and >10-fold
reduction, respectively, in WNV brain burden at day 9 p.i.
(Figure 2B). Accordingly, glial fibrillary acidic protein (GFAP;
a marker for injury-induced astrogliosis), TUNEL-positive
apoptotic neurons, and viral antigen were substantially reduced
in brain tissue (Figures 2C, 2D, and S3A). Interestingly, WNV-
challenged mice treated on days 3 and 4 via the i.v. route
succumbed by day 10, illustrating the markedly enhanced
CNS bioavailability of intranasally delivered siRNA. Importantly,
WNV infection resolved and virus titers became undetectable
in the brains of surviving mice at 30 days p.i. (Figure 2B). At
this time point, viremia, viral antigen, and/or viral RNA were
also not detected in peripheral organs, including spleen, kid-

Olfactory COI:'teX Cerel:;ellum

siFVE'W-Treated Mice

Cell-mediated immune responses orches-
trate WNV clearance from the CNS (Dia-
mond, 2009; Netland and Bevan, 2013).
To assess whether siRNA mechanisms were sufficient for virus
elimination, we treated WNV-infected immunodeficient NSG
mice intranasally with RVGIR-siFVvE'" at days 4 and 5 p.i. (Fig-
ure 3A). Although the median survival time increased from 10 to
12 days (p = 0.0047), the treatment did not affect mortality, signi-
fying an important role for immune responses in recovery. As pre-
dictable from the brain-specific profile of siRNA biodistribution
(Figure 1), WNV replication in peripheral tissues of C3H mice
was not curtailed after i.n. treatment and splenic WNV burden
was comparable between the RVGIR-siFVE'Y and control co-
horts at day 8 p.i., becoming undetectable by day 11 p.i. (Fig-
ure S3B). Thus, we looked for germinal center responses
to WNV infection. We identified T follicular helper cells (Tgy, CD4*
PD1*CXCR5*) and germinal center B cells (GC B, BB220*Fas*
GL7%) in the spleens of RVGIR-siFVE’"-treated C3H mice at
8 days p.i. (Figure 3B). Sera from mice surviving WNV challenge

Cell Host & Microbe 23, 549-556, April 11, 2018 551

CellPress




Cell’ress

Day post-infection

at 11 and 30 days p.i. revealed significant titers of virus-neutral-
izing antibodies (mean PRNTgy = 84.5 + 24.8 and 144.8 + 41.6;
p = 0.0034; Figure 3C).

T cells (particularly CD8™) elicited during WNV infection and
recruited to the CNS by chemokines secreted from infected neu-
rons aid in WNV clearance and limit disease severity while anti-
bodies control peripheral viremia (Netland and Bevan, 2013;
Shrestha et al., 2008; Sitati and Diamond, 2006). To delineate
the relative contribution of T cells and humoral responses in re-
covery from neuroinvasive WNV disease, we performed adop-
tive transfer experiments using RVGOR-siFVE?W-treated mice
that survived WNV infection as immune donors. Splenocytes iso-
lated on day 12 after viral challenge (when splenic virus titers
were absent) from multiple animals were pooled and depleted
of CD8* T cells and used as the source of immune cells or after

552 Cell Host & Microbe 23, 549-556, April 11, 2018

Figure 3. Immune Responses Mediate Re-
covery in RVGOR-siFVE'W-Treated WNV-In-
fected Mice

(A) Kaplan-Meier survival curves of immunodefi-
cient NSG mice treated intranasally with RVG9R-
siFVE'" on days 4 and 5 p.i. with 100 LDgo WNV.
n = 6 mice per group.

(B) Flow cytometric detection of TFH (CD4*, PD1*,
and CXCR5*) and GC B (B220*, Fas*, and GL7")
cells in spleens of RVGOR-siFVE'"-treated C3H
mice on day 8 p.i. Left: representative plots. Right:
cumulative data with mean values + SE. Each data
point represents one mouse.

(C) Serum PRNTgy of mice treated with RVGIR-
siFvE'" at the indicated days p.i. with WNV.
Horizontal bars depict the geometric mean.
*p < 0.01.

(D) Kaplan-Meier survival curves of C3H recipients
that received splenocyte populations (with or
without immune serum) at day 5 p.i. with WNV from
donor RVGOR-siFVE'W-treated mice that survived
WNYV challenge. n = 3-4 mice per group.

See also Figure S3.

replenishing CD8" T cells. Transfer of
pooled 12-day immune serum (individual
WNV-specific PRNTgy > 100) or spleno-
cytes replete with CD8* T cells into naive
C3H mice 1 day prior to WNV challenge
protected from mortality (Figure S3C;
data not shown). Transfer of splenocytes
lacking CD8* T cells along with immune
serum or after repleting CD8" T cells into
WNV-challenged C3H mice at day 5 p.i.,
when the virus is in the CNS, signifi-
cantly delayed mortality (14 and
16 days, p = 0.0455 and 0.0023, respec-
tively); however, recipient mice eventually
succumbed to WNV infection (Fig-
ure 3D). A combination of the treatments,
i.e., splenocytes replete with CD8"
T cells and immune serum, in contrast,
completely rescued mice from lethal en-
cephalitis. As splenocytes are composed
mainly of B cells (45%), CD4 T cells (30%),
and other immune cell types besides CD8 T cells (20%) (Dia-
mond et al., 2003), these data illustrate that an intact, coordi-
nated adaptive immune response with both humoral and
cell-mediated immunity is essential for viral clearance at late
stages p.i. Furthermore, adoptive transfer of splenocytes with
immune serum was not protective beyond day 5 p.i. (Figure S3C)
unless supplemented with i.n. siRNA, again pointing to the exis-
tence of a therapeutic time window when an intervention strat-
egy is needed to quickly reduce the viral burden in the CNS.
These data suggest that for effective immune-mediated viral
clearance, CNS viral loads need to be contained below a critical
threshold to prevent irreparable neuronal injury and lethality.
Thus, interventions such as RVGIR-siFVE” that reduce, rather
than abrogate, virus replication in the CNS improve chances
for recovery in overt WNV disease.
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Figure 4. Intranasal RVGOR-siFVE'" Treat-
ment Induces Long-Lasting Sterilizing Im-
munity to WNV

(A) Experimental timeline for rechallenge studies.
(B) Kaplan-Meier survival curves of RVG9R-
siFvE*W-treated C3H mice challenged for a second
time with 100 LDsg WNV either 1 or 6 months after
primary challenge. n = 5-8 mice per group.

(C) Serum PRNTgo of C3H mice on day 21 after the
second WNV challenge (Post 2°), immunization
with HyOs-inactivated WNV  (WNVj,act), or at
6 months after primary challenge (Pre 2°). Each
data point represents one mouse. Horizontal bars
are geometric mean values. ns, not significant.
(D) Data depicting proportion of mice positive
for the specified clinical or virologic parameter.
siFvE'W refers to mice treated with i.n. RVG-9R-
siFVEJW at days 5 and 6 p.i. & PPositive for WNV
RNA on day 4 or day 8 after challenge. > % ®Positive
for infectious WNV on day 4, 8, or 30 after chal-
lenge. nd, not determined. See also Figure S4.
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Long-Term Sterilizing Immunity in RVGOR-siFvE’Y-

Treated Mice that Survive WNV Disease

Neutralizing antibodies are recognized as the primary mecha-
nism of resistance to WNV in virus-endemic regions (Shrestha
et al., 2008). We therefore assessed whether the immune re-
sponses in RVGOR-siFVE'W-treated mice could protect
against a second challenge with WNV (Figure 4A, schematic).
Rechallenge of mice that survived primary infection a month
later with 100 LD5so of WNV resulted in 100% survival regard-
less of initial magnitude of neutralizing antibody titer (Figures
4B and 3C). Post-rechallenge PRNT titers were comparable
with those in mice immunized and boosted with H,O,-inacti-
vated WNV (Figure 4C). Notably, no viremia or viral RNA was
detected in the serum, spleen, or brain at any time after re-
challenge, signifying sterilizing immunity to WNV (Figures 4D
and S4A; data not shown). Rechallenge via the intracranial
(i.c.) route, however, resulted in mortality, indicating that virus
control was achieved primarily in peripheral tissues preventing
CNS dissemination and that siRNA effects in the brain were
limited to the first round of infection (Figure S4B). Durable im-
munity is a hallmark of natural WNV infection (Suthar et al.,
2013), and serum neutralizing antibody titers persisted at
6 months after primary challenge (Figure 4C, red symbols).
Accordingly, rechallenge at this time also protected 100% of
the mice (Figure 4B, red symbols). Thus, therapeutic and
long-lasting protective immunity to WNV can be engendered
by a brain-targeting strategy that employs siRNA to control
WNYV infection selectively in the CNS.

Most experimental WNV therapeutics

are effective prior to or soon after infec-

tion in animals (Acharya and Bai, 2016;

Diamond, 2009). Neutralizing antibodies
have exhibited some degree of potency in encephalitic WNV pa-
tients (Ben-Nathan et al., 2009; Haley et al., 2003; Shimoni et al.,
2001) and in animal studies after virus dissemination into the
CNS (Gould et al., 2005; Morrey et al., 2006; Oliphant et al.,
2005). However, cost-efficiency issues and the risk of anti-
body-dependent enhancement of infection with heterologous
flaviviruses (Acosta and Bartenschlager, 2016) raise concerns
of a therapy that solely relies on antibodies. Here we describe
a mortality-reversing post-exposure approach that utilized
RVGO9R for intranasally delivering antiviral siRNAs into the CNS
bypassing the BBB, and lowered the brain viral burden and
neuropathology at late stages of WNV infection. This allowed
the host to develop natural humoral and cell-mediated immunity
against WNV, which are critical in preventing and resolving infec-
tion in WNV-endemic populations.

The olfactory and trigeminal nerves penetrate the nasal
mucosal lining, permitting direct access to the CNS by bypass-
ing the BBB (Dhuria et al., 2010; Lochhead and Thorne, 2012;
Miyake and Bleier, 2015). While multiple mechanisms are postu-
lated for nose-to-brain transport (Quintana et al., 2016), traf-
ficking of RVGOR to sites distal from the olfactory area was
perhaps through long-range retrograde trans-/polysynaptic
transport, which is also a feature of viral vectors pseudotyped
with RVG or RVG fusion proteins (Beier et al., 2013; Mazarakis
etal., 2001; Schoderboeck et al., 2015). Live imaging of neuronal
cells in vitro indicates that cellular entry might occur at the site
of receptor aggregation by temporary delocalization of the
cell membrane or from within endosomes (Zeller et al., 2015).
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Nevertheless, the extremely favorable dynamics of siRNA deliv-
ery to the CNS resulted in significant target knockdown as
early as 12 hr after treatment at a 5-fold lower dose at half the
dosing frequency used in i.v. and i.c. protocols (Kumar et al.,
2006, 2007).

Despite widespread brain distribution of RVGOR-siFvEY,
complete elimination of viral RNA did not occur, likely because
of excessive brain viral burden and, perhaps, vesicular seques-
tration of virus replication complexes from the cytoplasmic
RNAi machinery (Geiss et al., 2005). Nevertheless, the decrease
in brain virus titers was sufficient to vastly reduce neuronal dam-
age, the basis for morbidity and mortality. Limb paralysis and
tremors in hamsters are directly associated with injury and
apoptosis of anterior horn motor neurons of the spinal cord (Mor-
rey et al., 2008). Caspase-3 deficiency also decreases neuronal
injury and increases resistance to lethal WNV infection despite
high brain viral burden (Samuel et al., 2007). As RVG9R can
transduce microglia and astrocytes (Kim et al., 2010) that are
dominant sources of proinflammatory and neurotoxic mediators
in WNV encephalomyelitis (van Marle et al., 2007), reducing virus
infection in these cells would also reduce neuropathology.

As i.n. treatment excluded systemic circulation, it facilitated
immune responses to peripheral WNV spread that were critical
for recovery from primary infection as well as protecting against
reinfection. CD8 T cells, via mechanisms of direct cytotoxicity
and antiviral cytokine secretion, mediate clearance of WNV-in-
fected cells while CD4 T cells sustain antibody production and
effector CD8 T cells inthe CNS (Netland and Bevan, 2013; Shres-
tha et al., 2008; Sitati and Diamond, 2006). Humoral immunity is
more linked to control and clearance of peripheral WNV. Our
studies, however, established an indispensable role for both hu-
moral and cell-mediated immune responses in recovery from
neuroinvasive WNV infection. Adoptive transfer of WNV-immune
splenocytes depleted of CD8* T cells but with immune serum for
immediate antiviral activity was insufficient to reverse mortality.
Adoptive transfer of splenocytes (with CD8" T cells) significantly
delayed time to death; however, immune serum was necessary
for survival. As prophylactic adoptive transfer splenocytes
without immune serum protected mice, a critical role for anti-
bodies in the timely control of virus dissemination within the
CNS and, perhaps, clearance through Fc-effector mechanisms
is apparent. Interestingly, these immune responses did not pro-
tect against i.c. WNV challenge as in another study (Shrestha
et al., 2008), probably because C3H mice display a high viral
burden (Brown et al., 2007). This nonetheless highlights the po-
tency of the approach from a preclinical standpoint given the
therapeutic success in an animal model with accelerated CNS
infection and high mortality.

Despite several successful preclinical animal studies and
some promising human trials, the i.n. route is yet to be clinically
exploited. i.n. delivery to the CNS is heavily influenced by the
anatomy of the human nose, which, unlike in rodents, has a
highly reduced mucosal surface area within the nasal vestibule.
However, with newer approaches such as mucosal flap recon-
struction and pressurized olfactory devices for drug deposition
at sites beyond the nasal valve where the absorptive mucosal
epithelium is located, nose-to-brain delivery of therapeutics
such as RVG9R-siFVEY" is achievable in the near future (Djupes-
land et al., 2006; Miyake and Bleier, 2015). RVGOR-siFvE*W was
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not immunogenic or inflammatory in mice (Kumar et al., 2007).
However, given potential concerns of off-target toxicity (Garber,
2017), siRNA therapeutics appear best suited for short-term
application. Unlike in hepatocytes, where siRNA persists for
months (Garber, 2017), siRNA activity in neurons appears to
have a shorter duration (~3 weeks) (Omi et al., 2004) and
RVGOR-siFVE""-treated animals succumbed to intracerebrally
injected WNV a month after treatment. Thus, an effective siRNA
delivery system for neuronal cells coupled with the minimally
invasive i.n. regimen with reduced systemic exposure can be
transformative for treating acute flaviviral neuroencephalitis,
particularly in the elderly. The approach also offers better scope
for strategic clinical testing in a targeted human population with
confirmed WNYV disease, in contrast to vaccine studies that re-
cruit more loosely defined “at-risk” populations. The fusion
loop-encoding sequence in domain Il of the viral Env gene tar-
geted by siFVE?™ is well conserved (Kumar et al., 2006) and
may cross-target multiple flaviviruses. Nevertheless, a cocktail
of siRNAs targeting multiple conserved sequences in the flavivi-
ral genome can better tackle quasispecies diversity, adding to
the potency of adaptive immune responses. Thus, i.n. RVGOR-
siRNA formulations can represent a versatile broad-spectrum
antiflaviviral that blocks viral replication and minimizes neuropa-
thology while allowing development of natural immune re-
sponses for therapy and durable immunity against encephalitic
flaviviruses.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-flavivirus 4G2 monoclonal antibody L2 Diagnostics N/A

Mouse anti-WNV hyperimmune ascitic fluid Dr. Erol Fikrig, Yale University N/A

Goat polyclonal TRITC labeled anti-mouse antibody
Rabbit polyclonal anti-GFAP antibody

FITC goat polyclonal anti-rabbit antibody
PerCp/cy5.5 rat anti-mouse B220 antibody

FITC rat anti-mouse GL7 antibody

PE anti-mouse FAS antibody

AlexaFlour647 anti-mouse CD4 antibody

PE anti-mouse PD-1 antibody

PerCP/cy5.5 anti-mouse CXCR5 antibody

abcam
Dako
abcam
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Cat# ab6786; RRID: AB_955514
Cat# Z0334; RRID: AB_10013382
Cat# ab6717; RRID: AB_955238
Cat# 103236; RRID: AB_893354
Cat# 144604; RRID: AB_2561697
Cat# 152608; RRID: AB_2632902
Cat# 100530; RRID: AB_389325
Cat# 135206; RRID: AB_1877231
Cat# 145508; RRID: AB_2561972

Chemicals, Peptides, and Recombinant Proteins

TrueBlue Peroxidase Substrate
Target retrieval solution

Fc receptor blocker

Hydrogen peroxide solution (30%)

RVG9OR YTIWMPENPRPGTPCDIFTNSRGKRASNGGG
GRRRRRRRRR

VWR International
Dako

Innovex biosciences
Sigma-Aldrich

Synthesized from Tufts University
Peptide Synthesis Core Facility

Cat# 95059-168
Cat# S1699
Cat# NB309
Cat# H1009
N/A

Critical Commercial Assays

CD8+ T cell purification kit

Miltenyi biotech

Cat# 130-104-075

In Situ Cell Death Detection Kit Roche Cat# 11684795910
RNAiso plus TaKaRa Bio Cat# 9108

iScript cDNA synthesis kit BioRad Cat# 1708891
SYBR Premix ExTaq TaKaRa Bio Cat# RR420A
Experimental Models: Cell Lines

Vero ATCC ATCC: CCL81
Experimental Models: Organisms/Strains

West Nile virus, strain CT2741 Connecticut Agricultural N/A

C3H/HeNcrl (C3H)

Experiment Station
Charles river laboratories

Strain code 025

NOD.Cg-PrkdcSCP l12rg'™"™/SzJ (NSG) The Jackson laboratory Stock 005557

Balb/c Orient Bio N/A

Oligonucleotides

Primers for gPCR, see Table S1 This paper N/A

siRNA sequences, see Table S1 This paper N/A

Software and Algorithms

FlowdJo software 4.3 FlowJO, LLC http://docs.flowjo.com/vx/

Prism software Graphpad https://www.graphpad.com/
scientificsoftware/prism/

Kodak Digital Science Image Analysis Software Kodak N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Priti Kumar (priti. kumar@

yale.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were performed according to protocols approved by the Institutional Review Board and the Institutional
Animal Care and Use Committee (IACUC) of Yale University. 6-8 week old female C3H/HeNcrl (C3H) (Charles river laboratories, Wil-
mington, MA) and immunodeficient NOD.Cg-PrkdcSC'P J12rg"™""™/SzJ (NSG) (Jackson Laboratory, Farmington, CT) mice were pur-
chased. Female Balb/c (6-8 weeks old) mice were obtained from Orient Bio, Seoul, South Korea.

Cells, Virus and Reagents

The African Green Monkey kidney epithelial cell line, Vero (female) from American Type Culture Collection were cultured in complete
DMEM (Life technologies, Grand Island, NY) at 37°C in a 5% CO, atmosphere. WNV strain CT 2741 was obtained from Dr. Erol Fikrig,
Yale University. WNV stocks were propagated in Vero cells and titrated by plaque assay in Vero cells.

The RVG9R peptide was synthesized at the Tufts University Peptide Synthesis Core Facility. Sequences for siLuc, siCD4, siSOD-1
and siFve’" are in Table S1. FITC-labeled siLuc and siRNA targeting human CD4 (siCD4) were used as non-targeting (NT) control
siRNA in biodistribution and functional target gene knockdown studies. siLuc was the NT control in WNV-challenge experiments.
All siRNAs were purchased from Dharmacon (Thermo Fisher Scientific, Lafayette, CO). RVG-siRNA complexes were formulated in
a 25:1 peptide:sirna molar ratio in 5% dextrose.

METHOD DETAILS

Intranasal siRNA Delivery

RVG9R-siRNA complexes (formulated at a 25:1 peptide:siRNA molar ratio in 25 ul of PBS containing 5% glucose) were administered
i.n. to mice (anesthetized i.p. with ketamine/xylazine hydrochloride) placed in a head down-and-forward position using a mouse posi-
tioning device (Signet Biotech). Solutions were applied drop-wise (1-2 ul per drop) using a micropipette over 30 min per animal alter-
nating between each nare. Mouth and the alternate nare were closed during application to ensure uptake. siRNA biodistribution and
analysis of gene silencing was performed in Balb/c mice after i.n. treatment with RVGOR-siRNA.

siRNA Biodistribution and Knockdown Analysis

Balb/c mice were i.n. treated with RVGOR-siRNA. Mouse organs were imaged 24 h later using a Kodak imaging station (Kodak
IS440CF, Rochester, NY) and fluorescence analyzed by the Kodak Digital Science Image Analysis Software. To assess gene
silencing, RNA from brain tissue collected in RNAiso (TaKaRa Bio, Shiga, Japan) was reverse-transcribed into cDNA using
iScript TM cDNA synthesis kit (Bio-rad, Hercules, CA). gPCR was performed with primer pairs for murine SOD-1 (forward 5’CCAGTG
CAGGACCTCATTTT3’; reverse 5’CACCTTTGCCCAAGTCATCTS3’) and murine GAPDH (forward 5’AACTTTGGCATTGTGGAAGG3’;
reverse 5’ GGAGACAACCTGGTCCTCAGS’) using the SYBR premix Ex Taq perfect real-time (TaKaRa Bio, Shiga, Japan) on a 7500
Real Time PCR System.

Animal Studies

C3H mice were i.p. infected with 100 pfu (100 times the 50% lethal dose [LDsg]) of WNV, strain CT 2741. Infection at LDsq resulted in
100% mortality. Mice were randomly divided into groups and treated twice with RVGOR-siRNA at 24 h intervals i.v. through the tail
veinori.n.ondays 3&4,4&5,5 &6, or 6 &7 p.i. Mock-infected and mock-treated (RVG9OR-siLuc or PBS on days 5 & 6) mice were
controls. n > 5 in each group. Mice were monitored daily for signs of morbidity (defined by clinical signs including ruffled fur and
ataxia for at least 1 day and/or > 5% weight loss or hind limb paralysis), mortalility and survival upto 30 days. Experiments were con-
ducted in parallel for tissue analyses. Mice that survived primary challenge were re-infected either 1 or 6 months later with 100LDsq of
WNYV i.p. or 50LDs; i.c. Here, 3-9 month old age-matched wild-type C3H mice were used in control groups. Mice immunized and
boosted with 6.5 log1o pfu equivalents of H,O,-inactivated WNV were positive control. In other experiments, 6-8 week old immuno-
deficient NOD/SCIDIL2Ry™" mice were i.p. challenged with 100LDsg WNV.

Detection of Infectious Virus

Viral titers were determined by an Immunoperoxidase Monolayer assay (IPMA) (Durbin et al., 2001). WNV-infected Vero cells were
overlaid with 1% methylcellulose (EMD Chemicals, Gibbstown, NJ) and infectious foci detected with the anti-flavivirus 4G2 mono-
clonal antibody and peroxidase staining.

For PRNT assays, heat-inactivated immune mouse sera (56°C, 30 minutes) serially diluted in DMEM were incubated for 1 hour at
37°C after mixing with 100 PFU WNV. No loss in neutralizing activity occurred after heat inactivation. The mixtures were used in IPMA
and PRNTgq was calculated by linear regression by plotting the log dilutions of test sera against the percent reduction in viral foci. The
reciprocal of the highest dilution of the test sera required to neutralize 90% of the virus was defined as PRNTg.

Viral RNA was isolated from mouse tissue homogenates using the RNAIl Spin Kit (Clontech, Mountain View, CA) and detected by
SYBR Green gRT-PCR with WNV env-specific (5'-TCA CGCATCTCTCCACCAAAG-3' and 5-GGGTCAGCACGTTTGTCATTG-3')
(Papin et al., 2004).
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Fluorescent Immunostaining

Mouse brain tissue fixed in 10% neutral-buffered formalin (Sigma, St. Louis, MO) for 72 h was paraffin embedded, and sectioned.
TUNEL staining was performed using the In Situ Cell Death Detection kit-fluorescein (Roche, Indianapolis, IN) followed by immediate
overnight staining at 4°C for WNV antigen with anti-WNV hyperimmune ascitic fluid and a TRITC-labeled anti-mouse secondary anti-
body. For GFAP staining, antigens were unmasked with Target Retrieval Solution (Dako North America, Carpenteria, CA) followed by
overnight incubation at 4°C with anti-GFAP (Dako North America, Carpenteria, CA) followed by an anti-rabbit secondary FITC-
labeled antibody. All sections were counterstained with DAPI. Cells were visualized at 400X magnification with a Nikon Eclipse fluo-
rescent microscope.

Adoptive and Passive Transfer Experiments

RVGOR-siFVE'Y treated C3H mice that survived primary infection were euthanized on D14 p.i. and CD8* T cells purified by MACS
(Miltenyi Biotech, Auburn, CA) (>96% purity) from splenocytes pooled from multiple donors. Recipient and control mice were sub-
lethally irradiated with 300 rad 4 h prior to WNV infection, which does not affect time to death (Webb and Jagelman, 1979).

For pre-challenge adoptive transfer, splenocytes depleted of CD8+ T cells (10 x 10° cells/mouse) or reconstituted with purified
CD8+ T cells (additional 4.6 x10° CD8*T cells/mouse) were i.v. injected followed by i.p challenge with 100LDs, WNV in an hour.
For post-challenge adoptive transfer, recipient mice were i.v. injected 5 days p.i. as above with splenocytes depleted of or reconsti-
tuted with purified CD8 T-cells along with 0.2 ml of heat inactivated immune serum pooled from donor mice.

Germinal Center Analysis

Splenocytes isolated at day 8 p.i. were treated with Fc receptor blocker (Innovex Biosciences, Richmond, CA) and stained with anti-
mouse B220-PerCP, GL7-FITC and FAS-PE or anti-mouse CD4-A647, PD-1-PE and CXCR5-PerCP (BioLegend, San Diego, CA)
prior to flow cytometry on a FACS Calibur (BD). The data were analyzed by FlowJo software (Tristar, San Carlos, CA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with the Prism software (GraphPad Prism). Grouped data were analyzed by one- or two-way
ANOVA followed by multiple comparisons (Tukey or Sidak post-hoc tests). Non-grouped analyses was performed using the
Mann-Whitney test. Kaplan-Meier survival curves were analyzed by Log-Rank (Mantel-Cox) test. Statistical significance was
computed at P < 0.5. *P < 0.05; *P < 0.01; **P < 0.001; and ***P < 0.0001. Number of animals and replicates for each exper-
iment are indicated in the figure legends.
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