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Article

IL-1R1 1s required for dendritic
cell-mediated T cell reactivation within
the CNS during West Nile virus encephalitis

Douglas M. Durrant,! Michelle L. Robinette,! and Robyn S. Klein'2*3

'Department of Internal Medicine, *Department of Pathology and Immunclogy, and *Department of Anatomy
and Neurohiology, Washington University School of Medicine in 5t Louis, 5t Louis, MO 63110

Infections of the central nervous system (CNS) with cytopathic viruses require efficient
T cell responses to promote viral clearance, limit immunopathology, and enhance survival.
We found that IL-1R1 is critical for effector T cell reactivation and limits inflammation

% within the CNS during murine West Nile virus (WNV) encephalitis. WNV-infected IL-1R1-/-
‘C mice display intact adaptive immunity in the periphery but succumb to WNV infection

3-,-3 caused by loss of virologic control in the CNS with depressed local Th1 cytokine responses,
& despite parenchymal entry of virus—specific CD8* T cells. Ex vivo analysis of CD4+ T cells
- from WNV-infected CNS of IL-1R1~/~ mice revealed impaired effector responses, whereas
— CD8* T cells revealed no cell intrinsic defects in response to WNV antigen. WNV-infected,
*E IL-1R1~/~ mice also exhibited decreased activation of CNS CD11¢*CD11b~CD103* and

2 CD11<¢*CD11b~CD8x*Dec-205* cells with reduced up-regulation of the co-stimulatory

E molecules CD80, CD86, and CD68. Adoptive transfer of wild-type CD11c-EYFP* cells

B from WNV-infected CNS into WNV-infected IL-1R1~/~ mice trafficked into the CNS

2 restored T cell functions and improved survival from otherwise lethal infection. These
;T data indicate that IL-1R1 signaling promotes virologic control during WNV infection
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specifically within the CNS via modulation of CD11c* cell-mediated T cell reactivation

at this site.

Viral infections of the central nervous system
(CINS) in‘.po.\'c a clmllcngc for host defenses
because of limited immune surveillance, lack of
resident cell MHC molecule expression. and re-
stricted lymphocyte entry (Carson et al., 2006).
Molecular mechanisms involved in viral clear-
ance, especially those that regulate the recruie-
ment and actvation of APCs and antiviral
T cells, must efficiently induce viral clearance
while also limiting immunopathologic damage
(McGavern and Kang, 2011). IL-1, which exists
as two proinflammatory cytokines, [L-Ta and
IL-1B. 15 lughly expressed within the CNS dur-
ing neuroinflammatory diseases including viral
encephalins (Basu etal.,2004; Kannegant, 2010).
IL-Ta and [L-13 signal through the type T11L-1
receptor (IL-1R1), leading to wanscription of
multple inflammation-assoclated genes, includ-
ing cytokines, chemokines, and adhesion mole-
cules (Stms and Smich, 20100, In murine models
of respiratory viruses,such as influenza A and
rhinovirus, [L- I-mediated effects on leukocytes

are critical for viologic control and survival but

Jernorglegifdoi/ 10 084/jem.20121897

also cause inflammatory mjury (Schmie eral.,
20005; Stokes etal.. 201 1}. Currently, there are no
studies addressing the role of [L-1 1n viral infec-
tons of the CNS, a site in which immunopathol-
ogy 1s an established consequence of levkocyte
entry, even for the purpose of viral clearance
{Hausmann et al., 2001 Alsharifi et al., 2006).
IL-1 15 a key conuibutor o CNS auwim-
mune diseases (Dinarello, 2009), including mul-
tiple sclerosis (MS] and neuromwvelits optica,
which are characterized by excessive autoreac-
tive leukocyte entry (Bhat and Stetnman, 2009).
Studies confirm that chronic IL-1 expression
within the CNS resules in leukocyte accumula-
tion (Shaftel eral., 2007), that IL-1 is critical for
CDAT cell activanon and IL-17 expression, and
that targeted deletion of IL-1 or IL- TR resules
in protection from experimental autoimmune

®3013 Durrant et al.  This article is distributed under the terms of an Attribution-
MNaoncommercial-3hare Alike-No Mirror Sites license for the first six maonths
after the publication date [see http:ffwww rupress.orgfterms). After six months it
is available under a Creative Commans License [Attribution-Noncommercial -Share
Alike 30 Unparted license, as described at httpyf/creativecommons.org/licenses|
by-nc-saf 3.0
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encephalitis, an amimal model of MS (Schiffenbaver et al.,
20000: Nakae et al., 2001: Mawsukt et al., 2006: Sutton et al., 2006:
McCandless et al., 2009). Overall, these results suggest that
[L-1 contributes to CD4* T cell trathcking and effector re-
sponses during CINS autoimmunity and suggest it might con-

tribute to severe disease during viral encephalids.

West Nile virus (WNV), an emerging significant human
pathogen which causes encephalits and has spread rapidly
with major economic and public health consequences over
the last decade worldwide (Petersen and Hayes, 2008; Kilpawick,
2011). 15 an enveloped, single-stranded positive sense RINA
virus member of the Flaviviridoe family, Recendy there has
been a dramatic mcrease in the number of WINV disease out-
breaks within the US (hap://www.cde.gov/nadod/dvbid/
westnile/surv&controlCaseCount12_detailed. htm), i.‘l]‘.Pl];l—
sizing the urgent necessity to understand the basic mecha-
nisms of viral clearance within the CINS. After peripheral
infection, WINV replicates within lymphoid tissues before en-
tering the CNS, where it targets neurons within the cerebel-
lum, brain steny, and cerebral cortex (Guarner et al., 2004;
Kleinschmide-DeMasters et al., 2004; Zhang et al.
Studies in mice indicate that WNV clearance within the CNS
compartment requires antviral, effector T cell entry (Shrestha

and Diamond, 2004; Sitati and Diamond, 2006; McCandless
etal., 2008), whose presence may also contribute to immuno-

pathology (Wang et al.. 2002: King et al.. 2007). Because 1n-
tact adaptive cellular immune responses are integral for WINV
clearance from the CNS, we sought to determine whether
[L-1 contributes to neuroprotection versus inumunopathology
during WNV encephalits.

Here we demonstrate a novel role for IL- 1R 1 in the CNS
activation of a subpopulation of CD11c¢* cells that are essen-
tial for T cell-mediated clearance ot WIN'V in infected neu-
rons. Thus, although WNV-nfected [L-1R17/" mice exhibit
no defects in adaptive immune responses and viral clearance
in the periphery, secondary effector T cell responses in the
CNS were deficient with reduced CNS levels of Thl cyto-
kines, loss of virologic control, and survival compared with
similarly nfected WT aninuls. T cell-mediated viral clearance
in [L- 1R 1—deficient mice was impaired despite their enmy
within the CNS parenchyma. Ex vivo analysis of CN'S virus—
specitic CDE T cells revealed no cell-intrinsic defects associ-
ated with loss of [IL-1RT activity, whereas similarly evaluated
CNS-derived CD4" T cells exhibited diminished antiviral
responses. Of nterest, recruited CD11c? cells exhibited dra-
matic reduction in expression of CD80, CD&6, and CD6S.
These infilerating CD11c* cells were identified as CD11b™
CD8a " CD103" and CD11b~CD8a*DEC-205" cells. The
adoptive transfer of CD11c™ cells derived from CID11e—
enhanced YFP (EYFP) tansgenic WT mice demonstrated
CNS infiloation of these particular CD11ct subsets and led
to increased survival of WINVZinfected, 1L-1R 1-deficient
mice as the result of a restoradon in CD4* T cell antiviral im-
mune responses. Our results delineate an IL-1R1 signaling—
dependent pathway for T cell reactuvation within the CNS

that 1s critical for virologic control in this organ.
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RESULTS

IL-1R1 sighaling promotes WNV clearance

and protects against virus-associated mortality

[L-1 promotes antviral immunity outside the CNS in con-
juncton with immunopathologic injury (Schmitz et al., 2005;
Stokes etal., 2011) and is associated with CNS injury during
autounnwine diseases (Stanley eral., 1994: Mogi eral., 1996;
MecGuinness et al., 1997; Zhao et al., 2001). However, the
precise role of IL-1 in andviral immwnity during viral en-
cephalits remains uncertain. To address this, we first examined
[L-1 expression in peripheral and CNS wussues after footpad
inoculation of 102 PFU of a virulent strain of WINV-NY
(Ebel et al., 2001) in 8-wk-old CA7BL/6 WT nuce. In the
draining LNs, [L-1a and IL-18 transcript levels peaked by
day 2 after infecnon and then steadily returned to baseline
levels IiFig. 1 A). In serum, protein levels of IL-1a and IL-13

also peaked at day 2 after infection, began to decline around
day 5. and then reversed course to rise again at day 8 after in-
fection IfFi:_v,. 1B). In splcnic tissues, however, IL- 1o and [L-13
expression peaked at day 5 after infection and then precipi-
tously returmned w background levels by day 8 (Fig. 1 C). In
the CNS, transcript levels of [L-Ta were detected by day 5
after infection, whereas levels of IL-1B were not evident
untl day 8 after infecton, at which time protein levels of
both IL-1a and IL-13 began to increase (Fig. 1 D). Overall,
[L-1 appears to be produced in response o WINV infection
both in the periphery and in the CNS.

To assess the role of [IL-1 in WINV infection and neuro-
invasive disease, we compared survival rates in mice that had
either an acquired (via ant—IL-18 mAb depletion] or a genetic
(C57BL/6 IL-1R17/7 mice) deficiency in IL-1 signaling
with untreated WT mice. 8-wk-old C57BL/6WT mice were
mnoculated via footpad with 102 PFU of WNV that had been
itravenously admuinistered an [L-1B—neutralizing anubody at
days 3 and 4 after infecnon, which resulted 11 a 30% increase
in mortality compared with control antibody (P = 0.073;
Fig. 2 Al ]')1';111‘.;1tic;1ﬂ§'. Swhk-old gcnctic;llly IL-1R1—deficient
mice succumbed uni\'crs;lll}' (0% survival) to tbotp;ld 1noculas
tion with 102 PFU of WNV, whereas 65% of WT animals
survived infection (P = 0.0001:Fig. 2 B). Thus, an absence of
[L-TRT signaling caused a more severe WNV infection, re-
sulting in increased mortality after peripheral infection. To
understand how an absence of IL-1 signaling increased the
susceptibility of mice to WINV infection. the levels of virus in
peripheral and CNS wssues were analyzed. Differences in vi-
remia were not observed between IL-1TR 177 and WT mice
at days 3.5, and 8 after WNV infectnon (Fig. 2 C) Viral titers
were higher in the kidneys and spleens of [L-1TR17/7 mice by
day 5 after infection compared with WT mice; however, these
levels reached statistical significance only in the spleen (P <
0.01;Fig. 2.1 and E). Splenic viral loads were cleared in both
genotypes by day 8 after infection, indicating that 1L-11]
signaling 15 not required for virologic control in peripheral
tissues. [n CNS tissues, infectious virus was detected at stmilar
levels on day 6 after infection in both genotypes: however,
by day 8 after infection. viral titers were significantly higher

CNST cell activation requires IL-1R1 | Durrantet al.
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Figure 1. IL-1 levels are increased in peripheral and CNS tissues during WNV encephalitis. 8-wk-old WT mice were inoculated with 102 PFU of WY
by footpad injection. [A-D] Draining LNs [A), sera (B], spleen (T, and brain (D) tissues were collected at the indicated time points. mRNA levels of L-Tavand
IL-1(3 were analyzed via qRT-PCR, and protein levels of IL-1at and IL-1(3 were measured by ELISA. Data reflect the means of sera and tissue harvested from six
to eight mice per time point from at least three independent experim ents. Dotted lines represent assay sensitivity limit. Error bars are SEM. One-way ANOVA
with Tukey-Kramer posttest was used to determine the statistical significance with respect to day 0 after infection. ™, P < 0.05; ™, P = 0.01; 7, P < 0.001.

(100-fold) in IL-TR177 mice (P = 0.038Y), and by day 10
after infecton, viral titers had dropped ~2-log—fold in the
WT nuce {Fig. 2 F). There were no differences in the ume
points at which WINV was detected in the brain between the
genotypes, indicating that [IL-1R1 signaling does not umpact
neuroinvasion vet likely does impact viral clearance. Intracra-
nial inoculation of 10" PFU of WNV 1nto IL-1R17/7 and
WT mice did not lead to differences in lethality (P = 0.203;
Fig.2 G}, suggesting IL-1 does not directly impact viral repli-
cation within the CNS.

High viral loads in the CNS have previously been associ-

ated with extensive neuronal apoptosis (Samuel et al., 2 .
In the absence of IL-1R1 signaling, TUNEL™ and WINV-
infected (WINV-Ag®) cells were in abundance at day 8 after
infection. detected across every region ot the brain. and found
in proximity © one another (Fig. 3 A, insets), whereas in WT
animals, TUNELY cells were restricted to the cerebral cortex
and brainstem (Fig. 3 A). Quantitatve analysis of TUNEL*
and WNV-Ag* cells revealed significant increases in [L- 1R 1—-
deficient mice compared with WT controls (P = 0.0

Fig. 3. B and C}, consistent with plique assay dam (Fig. 2
[n addition, all WINV antigen posiavity was detected within
neurons in both the IL-1TR177 and WT nuce, mdicaung no

apparent expanded tropism within the CNS in the setung of

JEMWal. 210, Na. 3

IL-1R1 dct’lcicnc}' (Fig. 3 D). These data suggest that [L-11R1
signaling 1s critical for controlling viral replication and con-
comitant virus-induced apoptotic cell death within neurons
and that no additonal CNS-resident cells become permissive
tor WINV mfection in the absence of IL- 111 signaling.

Peripheral B and T cell responses are intact

in the absence of IL-1R1 signaling

To understand the delay in viral clearance within the spleen
in the IL- 1177 mice compared with similarly infected WT
mice (Fig. 2 E). we measured wanscript levels of type T [FNs
because IFN-a/B has an established role in restricing viral rep-
lication 1n peripheral tissues during WINV infection (Samuel
and Diamond, 2005). Peripheral levels of type 1 [FNs were
significantly lower within 1L-1R 1—deficient mice compared
with WT on day 5 after infection, whereas they were restored
to WT levels by day 8 (P = 0.05; Fig. 4 A}. Conversely, by
day 8 after infecton, IFN-a/B levels within the CNS were in-
creased in the IL- 1R 1—deficient mice (P = 0,000 :Fig. 4 B).
suggesting a disparate role for [L-1 in orchestraing immune-

mediated viral clearance within the CNS compared with
the periphery.

Intactadapuve B and T cell immune responses are required
to limit WINV replication in peripheral ussues (Samuel and
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Figure 2. WNV-infected IL-1R1~/ mice exhibit increased mortality and impaired CNS virologic control compared with WT mice. (4] WT mice
were administered 0.2 mg anti-IL- 1B (open squares) or an isotype contral (closed squares) antibady via intravenous injection an days 3 and 4 after infec-
tion with 102 PFU of WINV via footpad and then monitored for mortality. Survival differences between isotype (N = 6]- and IL-1( antibocy-treated (n = 6
mice were not statistically significant (P = 0.073). [B] WT and IL-1R1~/~ mice were inoculated with 102 PFU of WNV by footpad injection and followed for
mortality. Survival differences were statistically significant (14 mice per genotype; P < 0.0001]. (C=F) Viral burden in serum (C), kidney (D], spleen (E), and
brain (F) after WNV infection of WT and IL-1R1~/~ mice at the indicated tim e points was determined using either qRT-PCR or standard viral plaque assay
from at least two independent experiments. Dotted lines represent sensitivity limit. Error bars are SEM. Two-way ANOVA with Bonferroni posttest was used
to determine the statistical significance. *, P < 0.05; ™, P = 0.01 compared with WT.(G) WT and IL-1R1~/~ mice were infected intracranially with 10 PFU

of virulent WNV-NY and monitored for 28 d. The survival curves were constructed with data from two independent experiments {five mice per group).

The survival differences between WT and IL-1R1~~ mice were not statistically significant.

Diamond, 2006), To determine whether [L-1R 1 deficiency
tmpacts anoviral anobody responses, we 1solated sera from
mice on days 6 and % after infecton. For WINV-specific [gM,
no appreciable differences in levels were observed between
[L-1RI77 and WT nuce (Fig. 4 C). Higher levels of WNV-
specttic IgG were detected in IL-1TR1™/7 muce after infection
at both dJ}'.\' 6 and 8 after infection (P < 0.0001: Fi:_;. 4 D).
Thus, IL-1 appears to have a limited role for [gM and [gG
antibody responses durnng WINV infection. and inecreased
susceptibility of [IL-1R177 mice was not caused by a B cell
function defect.

Previous studies have shown that CD4F and CD8*T cells
idependently clear WINV from infected neurons in the CNS
(Wang et al., 2003; Shrestha and Diamond, 2004; Shrestha

et al.. 2006; Sitan and Diamond, 2006; Brien et al., 2007,

20

i8). To determine whether a deficiency in [IL-1R 1 signal-
ing altered WN\VZspecific CD4" or CDS"T cell responses, cells
were harvested from the spleens of WNV-infecred [L-TR 1777
and WT mice at days 6 and 8 after mnfecton and restumulated
ex vivo with A" restricted immunodominant NS32066 and
NS31616 peptides for CD4* T cells ora D'-restricted immune-
dominant NS4B peptide for CD8*T cells (Brien eral., 2007,
2008; Purtha et al., 2007). Notably, by day 8 after infection, no
significant differences were observed in the number or percen-
tages of CD4*IFN-* or CD8*FN-v* and CD8*Granzyme
BT cells after snmulation with NS32066 and NS31616 pep-
tides or NS4B pc‘ptidc.\'. respec tl\'f:l}' {'Fig. 4. E—G) . Both CD4*

506

and CD8* T cells showed litde ex vive restmulanon with
immunodominant pepudes on day 6 after infection (not de-
picted]. Additionally. there was no significant change in the
levels of Thl (IFN-~, TNE [L-13), Th2 (IL-4 and IL-5), IL-10,
or [L-17 mfammatory cytokines measured 1n the spleen on days
3,5, and 8 after infecueon between WNVIintected [L-11.17/7
and WT mice (ot dcpicrcd).-c.-mﬂrming mtact ;1:1\1pti\-"c cellu-
lar timmuinity within the peripherv. Thus.a deficiency i [L-1R]
signaling did not impair primuing of WNV-specaific CD4F or
CD8"T cells in the spleen. nor was the higher viral burden in
the brains of IL-TR 177 mice a consequence of inadequate
priming of adaptve immune responses in the periphery.

CD4 T cell effector responses fail to be reactivated

in the IL-1R1-/~ WNV-infected CNS

We and others have shown that clearance o WINV within the
CNS compartment requires the presence of effector CD&?
T cells (Shrestha et al.. 2006; McCandless et al., 2008). There-
fore. we evaluated levkocyee infiltration and whether IL-1R 1
signaling tmpaces T cell effector functions at this site. Flow
cyvtometric analysis of leukocytes solated from the brams of
[L-TRI77 and WT mice at day 8 after infection revealed o
threefold increase in wral numbers of leukocytes in the CNS
tissues of [IL- TR versus WT muce (P = 0.0022; Fig. 5 A},
with significant increases in the twtal numbers of CDY?
and CD4* T cells as well as CD11b* leukocytes detected
in the IL-TR 177 brain compared with the WT (Fig. 5 B).

CNST cell activation requires IL-1R1 | Durrantet al.
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Figure 3. IL-1R1 signaling protects against neuronal death during
WNV infection. [4) Representative confocal microscopic images of WNY
antigen, TUNEL*, and nuclei (blue] of different brain regions in WV-
infected (102 PFUJ WT and IL-1R1~/~ mice on day & after infection. Insets
are high-power images of the boxed regions. The data are representative
of results from four independent mice. {B) Quantification of confocal
microscopic images for TUNEL* cells in the cerebral cortex (CX), cerebel-
lum (CB), and brainstem (BS) of WT and IL-1R1~'~ mice. The number of
TUMEL* cells was quantified from 10 high-power fields per brain region
per mouse for four independent mice. (C) Quantitation of WNY antigen
inboth IL-1TR1='= and WTmicein separate regions of the brain. Student's
t test was used to determine statistical significance. ™ P < 005, P <
0.01 compared with WT. (D] Confocal microscopic images of NeuN*, WY
antigen, and nuclei (bluel from brainstem regions in IL-1R1~/— and WT
WNV-infected mice on day 8 after infection. Images are representative of
results fram five independent mice. Data are from at least two experiments
inwhich 10images were analyzed in each of the mice and presented as
mean + SEM. Bars, 25 pm.

There were no significant differences between the percentages
of these cells within the IL-1R.177 and WT brain. Although
total numbers of CD11c™ leukocytes derved from WNV-
infected WT and IL- 1R 177 brains did not differ significandy,
the percentages of CD11c* leukocves were significantly
lower (23.5% compared with 48,300 P = 0.0005) in IL-1TR 1—
deficient mice. Evaluation of CD3% T cells within the CNS
parenchyma revealed their juxtaposioon with WNV-infected
neurons 11 both [L-1R I—deticient and WT aninuals (Fig. 5 D).

JEMWal. 210, Nao. 3

Despite this, protein levels of Thl inflammatory cytokines.
[FN—y, TNE and [L-13, were significantly reduced by day 8
after infecton within the brains of WNVZinfected IL- 11777
mice compared with those from WT animals (P = 0.0450,
0.0453 and 0.044 1, respecavely: Fig. 5 C). These results sug-
gest that [IL- 1R I—deficient mice do not efhicienty reactvate
local antgen-specific responses to WINV within the CNS.
Ex vivo restumulation of CD47 T cells 1solated from the brains
of WINVLinfected [L-TR 177 nuce with immunodominant
I A—restricted NS32066 and NS31616 pepudes revealed de-
creased percentages as well as toral numbers of CD4* T cells
that express [FN-vy compared with similarly evaluated CD4*
T cells derived from WINV-intecred WT animals (P = 0.0164
and 0.0569, respecuvely; Fig. 5 E). In contrast, ex vivo re-
stimulation of CD8Y T cells with an immunodominant
D" restricted NS4B peprde revealed no cell-intrinsic defect
i expression of [IFN-y or Granzyme B, with significant in-
creases 1n the percentages and numbers of cells expressing
these proteins compared with similarly evaluated WT CD#*
T cells (P = 0.046 and 0.011, respectively: Fig. 5. F and GJ.
[L-TR1 expression was not detected by flow cytometry on
either the CD4" or CD&" T cells nfilorating the WINV-
infected brain (not depicred). suggesting that IL-1 does not
directly impact T lymphocyee activation. These results suggest
that the effector responses of CINS-infiltratng, antiviral CD4F,
but not CDY™.T cells are diminished in WINVoinfected IL-111—
deficient mice.

IL-1R1 signaling is required for CD11¢* cell activation
within the CNS during WNV infection

Our data identfying loss of secondary effector T cell funcrion
in the absence of [IL-1R1 signaling indicate this recepror may
be required for their proper reacuvanon locally by APCs
within the virally mfected CNS (Trifilo and Lane, 2004;
Greter etal., 2005; Steel et al., 2000: Clarkson e al., 20121, To
denufy candidate APCs within the WNVoinfected brain, we
pl]cnntypcd CD45* l-;‘ukn-;'}'rcx m cell \Ll\pcl].\'icm.\. compar-
ing [L- 1R I—deficient mice with WT on day 8 after infection
with 102 PFU of WINV via footpad inoculanon. In uninfected
mice brains. there were nunimal numbers of imnmune cells
present in the brain, with CI )45int calls (microgla) the domi-
nant wunune populaton (not depicted). Flow cytometry
analysis for MHC class II (MHC 1I) and CD45 expression
showed MHC 1" cells predominately in the CD45" popula-
tions with a significant decrease in the percentage of these
ls within the [L- 1R I=deficient nuce (Fig. 6 A}. Analysis of
CD11b and CD11c expression within this CD45" popula-

ce

tion revealed that the largest subser of the CD11c* fracuon
(m60%) was CD11b* (Fig. 6 B). The CD11b™ fracuon was
within [L-1TR17/7
mice. Two separate subsets within the CD11b™ fracdon were

increased (~~25% compared with 17

delineated by CD8a expression with an increase in the per-
centage of the CD8a™ subsetr (~50% compared with 30%)
and a decrease in the CDRa™ subset (~~50% compared with
7004 within the IL- TR nuce compared with WT (Fig. 6 C).

Comparison of the total CD11c*MHC 1% cell subset numbers
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A Spleen p- 1 oL B Brain Figure 4. Peripheral adaptive immune
0.00 ez 0 L oo o T 0001 wws  Fesponses in WNV-infected IL-1R1-/-
% 0 § ol i % 0.001 % 0.000 mice are intact. WT and IL-1R1~~ mice
0.00 0.000 were inoculated with 102 PFU of WNY by
g 0. 2 0.001 § footpad injection. (A and B) Spleen (A) and
¢ s g o brain (B] tissues were evaluated for expression
F o.00 =% g 0 Z 0.000 e 1IN 3 i
ic i - i of type 1 IFN [IFN-ct and [FN-3) mRNA via
0.00 0. " oo 0.000 gRT-PCR at the indicated time points. All data
0 3 5 8 0 3 5 8 ¢ 3 5 4 0 3 5 8 i :
Days Post Infecti Days Post Infecti ar.epresenter_l as t.hemea.n + SEM forn=6
c D ey mice/group. Asterisks indicate statistically
1 1 ) significant values compared with WT controls.
z 5 | o o g1 P :I;E Two-way ANOVA with Bonferroni posttest
wiE o8 R fref '_ﬂ'b was used to determine the statistical signifi-
%E § e Eg‘ i = cance.*, P < 005;,P < 0.01;**, P < 0.001.
gE EE B (Cand D) Serum safi |:u|e§ were collected on
1 1 n days 6 and 8 after infection and assayed by
108 ELISA for WNV E-specific Igh [C] and Ig3 (D)
Da?rPost]nfa;hn antibody. The data are means of five mice per
E ILAR* group. [E-G) Spleens were harvested from WT
& . 5 154 and IL-1R1~= mice inoculated with 102 PFU
i % ® :_;:% of WNY by footpad injection on day 8 after
s '& 1.0 £ g 10 infection. lsolated leukocytes were stimulated
g-& é g' ex vivo with -2 -restricted NS32066 and
B E- 0.5+ L E- & NS31616 or CP-restricted NS4B peptide,
g -2 stained for CO4 or CD8 and intracellular IFN-~
0.0+ o and Granzyme B (GZMB), and then analyzed
WT IL1R1E WT LRt by flow cytometry. The data are shown as
6 LY contour plots of gated CD4+ or CD8* cells,

IFNy T

Total COD8* IFN+*
Lymphocytas x10°
L .

Parcant CD&'IFM-r+
Lymphocytes
b u b

0=
WT IL-1R1*

and a summary is shown of the percentages
and total numbers of CD4* T cells positive for
intracellular IFN-~ (El or CD&* T cells positive
forintracellular IFN-~ (F) or Granzyme B (G].
Statistically significant differencesin L-1R17~
mice were measured by comparing with WT.
Datain all panels represent the means of at
least three independent experiments each
with four to six mice.

WT L-{Ri*
G sy 25 E
@ 24 bhe
E 5% 2.04 z X
gﬁ 1.5 g g 1.04
% E 1.09 O£
E = 7 5 0.54
§ 05 2
e 0.0- o
2 CDA WT IL-1RT* WT (L-1R1*

revealed no differences between the two genotypes except for
an increase in the CD11b~CD8a* subset compared with
WT mice (P= 0.035:Fig.6 D).

Further phenotvpic analysis of the CD11¢" subsets re-
vealed they were all Lyoc™. Increased CD 103 expression was
observed on CD11c*CD 116~ CD8a™ cells, and increased
DEC-205 expression was detected on CD11c " CD11b~CDBa*
cells (Fig. 6 E}. IL-1R 1 expression was detected by flow cy-
tometry only within the CD11b™ fractions of the CD11¢*
subsets (e, CD11b~CD8%a™ and CD11b~CD8a*; Fig. 6 EJ.
suggesting that these two populations are the nuain trgers
of [L-1. The evaluation of the expression levels of the co-
stunulatory molecules CD8O (B-7.1), CD86 (B-7.2), and
CD68 within the CD 1B~ CD8a™ and CD 115~ CDRat sub-
sets revealed depressed levels of CDRO and CDR6 and CDRO
and CD6R, respecavely, in the absence of IL-1R1 signaling
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compared with WT mice (Fig. 6 F). Levels of expression of
these molecules i the CD1ILYCDR8a™ did nor differ be-
tween the two genorypes. To determine whether these APCs
function principally by locally reactivating T cells or by cap-
turing antgen and tansporung them to draming LNs for
priming, we also assessed percentages of CD11c™ cells within
the cervical draining LINs. We were unable to detectany signit-
tcant ditference in the percentages of CD11c¢* cells. including
CD11c"CD11bY or CD11cCD8a™ cells, within the cervical
LNs by day 8 after infection within IL-TR 177 and WT mice,
suggesting that [IL- 1R signaling had lictle effect on mafhick-
ing of APCs to secondary LN organs (not depicted). Overall,
these dam suggest that IL-1R1 deficiency impacts the expres-
sion of co-stmulatory molecules on CD11c* cells, leading
to direct and indirect imparrment of CD4* and CDE*T cell re-
actvanon, respectvely, and anoviral function within the CINS.

CNST cell activation requires IL-1R1 | Durrantet al.
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Adoptively transferred CD11c* cells

infiltrate the WNV-infected CNS

To determune whether the presence and the activation state of
filrating CD11c* APCs within the CNS is key 0 an opuanal
reactivation of infiltrating WNVospecific T lymphocyrtes. we
used CD11-EYFP reporter mice (Lindquist et al., 2004; Chot
et al., 2000) to phenotype and detect EYFP cells m adopave
transter experiments. Brains were collected from 8-wk-old

CD11EYFP donor nuce mfected with 102 WNV via footpad

JEMWal. 210, Nao. 3

IFNy

Total CD8*IFN-*

Total CDB*"GZMB*

Total CD4*IFN-y*

Figure 5. T cell effector responses are
impaired in the WNV-infected, IL-1R1—-F
CNS. WT and IL-1R1~/— mice underwent foot-
* pad infection with 102 PRJ of WNV, brains
* were harvested on day 8, and leukooytes were
pe isolated after Percoll gradient centrifugation.
(&) Total numbers of leukocytes isolated per
brain from WT and IL-1R1~/= mice on day 8
after infection. (B] Cells derived from CNS tis-
sues of WhV-infected WT and IL-1R17~ mice
at day 8 after infection were stained with mAbs
against CO8, CD4, CO11b, and CO11¢ and ana-
lyzed after gating on leukocyte population. Data
are presented as mean total numbers of leuko-
oyte subsets + SEM for = 4-6 mice/group. The
data for A and B are means of at least three
independent experiments. (C) Brain tissue was
also evaluated for protein levels of Th1 cytokine
{IFN-y, TNF, and IL- 18] at day & after infection
in the brain. Data are presented as the mean
paimag+ SEM forn=6WTand n=6IL-1R1~/~
mice from atleast two independent experi-
ments. Student'st test was used to determine
statistical significance for A-C. % P < 005;
* P < 001 compared with WT. (D) Representative
confocal microscopic images from brain sec-
tions (brainstem region) from WT and IL-1R1-/-
0= WNV-infected mice stained for WNV antigen,
WT IRt €03, and nuclei (blue). Images are representa-
” tive of results from five independent mice. Bars,
4 50 pm. (E-G] lsolated leukocytes from har-
vested brain tissue from WT and IL-1R1~'~ mice
inoculated with 102 PFU of WNV by footpad
21 injection on day 8 after infection were stimu-
14 lated exvivo with -2-restricted NS32066 and
NS31616 peptides or CP-restricted MNS4B pep-
tide and then stained for CO4 and intracellular
[FM-~y or CD8 and intracellular IFN-~ and Gran-
zyme B (GZMB), respectively. The data were
&4 obtainedvia flow cytom etry analysis and are
shown as contour plots of gated CD4+ or CDB*
cells, and a summary isshown of the percent-
age and total number of CD4+ T cells positive
for intracellular IFN -y (E] and CD8* T cells posi-
o- tive for intracellular IFN-y [F] or Granzyme B (G).
WT IL-1R17 Statistically significant differences in IL-1R17/~
mice were determined by Student's t test by
comparing with WT. Data for E-G represent
the means + SEM of at least three indepen-
dent experiments each with four to six mice/
genotype. *, P < 0.06.

TNF -1

e e
=] 43}
i ]

Lymphocytes x10%
i

Lymphocytes x10*

WT  IL-1R1™

Lymphocytes x10*
o

injection on day 9 after nfection. After preparation of single cell
suspensions from WINV-infected CD11e-EYFP doner nuce
brains, CD11c¢* cells were solated by positve selecuon (MACS)
and yielded ~7004 CD45* leukocytes (Fig. 7 A). The pheno-
typic characrerization of these cells revealed the same three
CD11ct subsets previously identfied, listed in decreasing total
numbers: CD11ctCD11LTCD3a™, CD11cFCD1L CD8x—,
and CD11c*CD 11~ CD8a* (Fig. 7B). Approxantely 5 x 104
of the 1solated donor CD11c* cells were adopavely wansferred
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Figure &. Infiltrating CD11c* APCs fail to be fully activated in the IL-1R1~F WNV-infected CNS. [A-C) Flow cytometric plots of MHC Il expression
on CD45+ cells [A), CD11bfe expression on MHC 1+ cells [B], and CDBe expression on CO11e* cells [C]in brain leukoeytes derived from WNY-infected WT versus
IL-1R1~~ at day 8 after infection. Numbers indicate percentages of gated cells. Data are representative of at least three independent experiments. (D) Quan tifi-
cation of CNS-derived CD11b* versus CD11b~ CDT1e*MAC I+ cells in WNY-infected IL-1R1~~ and WT mice at day 8 after infection. Data are presented as total
cells + SEM from two independent experiments with = & micefgroup. ® P < 0.05.(E] CNS cells were gated on CD11¢*MHC II* cells and subsetted based on
expression of CO11b and COBa. Histogram s show expression levels of Ly-6C, CD103, Dec-208, and IL-1R1 from WNV-infected WT animals com pared with simi-
larly infected IL-1R1 == animals within the indicated populations. Percentage of gated cells is indicated. (F] Levels of expression of CDB0, CDBE, and CDES
within each individual CO11e*MHC I1* population of isolated CNS tissues of WNV-infected IL-1R1-'~ and WT at day & after infection. Data are presented as
mean fluorescence intensities (MFI + SEM for five mice/group. Data represent means from two independent experiments. ™, P < 0.01;*% P < 0.001.
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into congenic [L-TR177 mice 4 d after WINV infecnon, when
virus is being cleared in the periphery but replicanng in the
CNS (Fig. 2: Klem and Diamond, 2008). The percentage of
EYFP* cells isolated on day 8 after infecnion tfrom WINV-
mfected recipient IL-1TR 177 nuce. whose gating was based
on data obuined from nontansterred animals, was ~6%
(Fig. 7 C). s
However., the phenotvpic analysis showed an enrichment of
CD11cCD1bCD8a ™ and CD11cFCD 1L CDS3a™ sub-
sers (Fig. 7 D). Flow analysis also confirmed that the CD11¢?
CD11b~CD8a™ expressed CD103 and that the CDI11c?
CD11b™CDBa’ expressed DEC-205 ( ,Eand F). To de-

termine the localization of the cells, we examined the brains

resting few cells trafficked o the CNS.

of the IL- 117/ recipient nuce on day ¥ after infection for
EYFD expression. We detected EYFP' cells predomunately

JEMWal. 210, Nao. 3

20 30 40
Total Cells (10%)
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- T T 1
0 10 20 30 40
Total Cells (102)

Figure 7.  Adoptively transferred CD11¢* cells infil-
trate the WNV-infected CNS. CD11c* cells were ob-
tained via positive selection (MACS) from brain leukocytes
isolated from the CNS of WNV-infected CD11c-EYFP
transgenic mice at day 9 after infection. (A) Flow cyto-
metric analysis of CD45 expression in brain leukocytes
before (total) and after CD11c* cell isolation. Numbers
indicate percentage of gated cells. [B) Bar graph shows
total numbers of the indicated subsets among CD11c*
cells. [C-F] Isolated CO11¢*EYFP* cells were transferred
intravenously into WNV-infected IL-1R1 =~ mice on day 4
after infection. (C] Flow eytometric analysis of EYFP ex-
pression of brain leukocytes obtained from IL-1R17/-
mice on day 8 after infection. Percentage of gated cells is
shown. (D] Absclute numbers of the indicated subsets
among EYFP+ cells. [E) CD103 and DEC-205 expression for
CD11b*CDBa~, CD11h~CDBa~, and CD11b~CDEa* popu-
lations. [F] Percentages of cells expressing C0103 or DEC-
205 within the indicated populations. (D and FJ Error bars
are SEM. (G) Representative confocal images of sagittal
brain sections from various regions and the cervical
draining LN at day & after infection from four indepen-
dent IL-1TR1 =~ mice that received EYFP+ cells on day 4
i after infection. EYFP+ cell locations were evaluated after
amplification with anti-GFP antibodies and in relation
with the microvasculature with detection of CO31. All
nuclei were counterstained with ToPro3. Bars, 25 pum.

CcD1b™
CDBa*

along the meninges and in the choroid plexus with few cells
in the pervascular locations or parenchyma of the brain
(Fig. 7 G).We were unable to detect EYFP* cells within the
cervical LN of the [L-1R 17/
adoptively transferred IL-1TR17* CD11c
the CD103" and CD8a*DEC-205% subsets, are found within

the WNV-infected CNS of [IL-1TR 177

cells, \'pL‘leJt‘;lH“\'
mice.

Adoptively transferred CD11c* cells restore T cell
reactivation within the WNV-infected CNS

To evaluate whether CD 11c* cells contributed to protection
against WINV infection, additional adopavely mansferred mice
were followed for survival. Transfer of CNS-derived, WT
CD11ct cells rescued TL-1R 17/~

.\'Lll".'l‘.'\ll rate -;'Hl]‘.PJl'L‘L'l ‘-.\'l['l] L'l)L‘ 8 \'L'Il".'.l‘.'\ll i)l‘-_\'L‘l'\'L‘('i ‘.\'l]L‘l'J

511

mice (Fig. 7 (3). Theretfore,
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Figure 8. CD11c* cell adoptive transfer rescues T cell responses in the brains of WNV-infected mice. [A) WT and IL-1R1 =~ mice or IL-1R1-/-
recipients adoptively transferred with WT or IL-1R17'= CD11c* cells (5 x 10% isolated from the CNS of WNV-infected mice at day 8 after infection were
infected with 100 PFU of WNV, and survival was monitored. (B-D] Leukocytes were isolated from harvested brain tissue from the indicated mice, stimu-
lated ex vivo with CD4 or CD8 WNV-specific peptides, stained for intracellular IFN-~ and CD4 and CD8 or Granzyme B (GZMB) and CD8, and analyzed via
flow cytometry. Contour plots of gated CD4+ or CD8* cells are shown, and bar graphs show percentages and total numbers + SEW of CD4+ T cells positive
far intracellular IFN-~ (B) and CD&* T cells positive for intracellular IFN-vy [C) or Granzyme B (D). Data represent the means of twa independent experi-

ments each with four to six mice. ™ P« 005 ™ P =001, P «0.001.

[L-1R1777 CD11c™ or no CD11ct cells were transterred
(Fig. 8 A). These data suggest that CNS-infilmaring CD11¢*
cells are critical for survival from lethal WNV encephalins.
To determine whether the transfer of CD11¢* cells im-
pacted the antugen-specific T cell response to WNV within
the CNS, ex vivo restumulation of CD4* and CD8* T cells
solated from the brains of WNV-infecred [L-1R 177 mice
was performed as previously detatled (Figs. 4 and 3) after
CD11c* cell adopuve ansters. The percentges and total cell
numbers of CD4* T cells chat express IFN-y were restored
mn [L-1R 177 mice thatrecetved WT CD11c* cells. whereas
[L-1TR 177 CD1 et or no CD1c* failed o fully acdvate
antigen-specific CD4+ T cell responses (Fig. 8 B). Ex vivo
restimulation of CD8T T cells isolated from WT CD 11¢* cell
reciptent [L-1117/7 nuce revealed significant icreases in
the percenmges and numbers of cells expressing IFN-y or

512

Granzyme B compared with similarly evaluared 1L-1TR177/7
CD11ct orno CD11c* recipient [L-TRU] T mice 'fFi:_(. 5,
C and D). These results continue to lughlight thar there 15
no cell-intrinsic detect in CD8T T cells wichin the WNV-
infecred CNS and that the anaviral CD4* T cell responses may
awd 1 the proper reactivation of CD8™ T cell responses.

DISCUSSION

The mtegrity of adapove cellular immune responses is essen-
tial tor WINV clearance. especially within the CNS where ef-
ficient T cell-mediated mmmunity has been shown to both
clear virus and dampen immunopathelogy (MeCandless eral.,
20081, However, the cellular and molecular mechanisms
directing T cell reacavaton in the CNS during viral infec-
tions are incompletely understood. In this study, we show that

IL-1R1 =

gnaling 1s crinical for the full acovanon of nfiltraong

CNST cell activation requires IL-1R1 | Durrantet al.
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CD1le* APCs specifically within the CNS.WNV-infected.,
[L- 1R 1—deficient mice exhibit fulminant and fawl encepha-
litis. characterized by loss of virologic conmol caused by lack
of effective CD4" T cell effector responses. Thus, although
[L- 1R 15 dispensable tor normal peripheral adaptive immune
responses during WINV infection, it is essential for proper re-
activation of WINV=specific effector T cells within the CNS.

The identty of APCs within the CNS in the context of
neuroinflammartory diseases has been controversial. Although
eatlier studies focused on the role of resident microglia and
recruited macrophages (Olson and Miller, 2004; Rock et al.,
2004; Murray and Wynn, 2011}, more recent analyses indicate
that DCs are more likely to provide the signals required for
T cell reactivation and retention in the CNS, especially in the
context of viral infections. DCs have been shown to accumu-
late in the CINS 1 various mouse models of viral encephalins
(Trifilo and Lane, 2004; McMahon et al., 2006; Steel et al.,
2004 ]')"Agosrino et al., 2012): however. their antiviral func-
tion within the CNS was not defined. Our study 1s the first to
clearly indicate that IL-1R1 signaling dictates the actvation
of CD11c¢t APCs within the CNS, which locally optimizes
the effector funcuon of antigen-specific T cells. DCs have
been shown to be permissive to WINV infection (Suthar etal.,
2010), and a previous study has detected plasmacytoid DCs
in the CNS during WNV infection as early as day 4 after in-
fection (Bréhin et al., 2008), suggesting a potential anti-
gen-presenting role for these cells within the CNS. As all
infiltrating leukocytes enter the CNS via lepromeningeal
vessels (Bartholomius et al., 2009), DCs and WNV-primed
T cells may encounter each other before entering the CNS
parenchyma proper. Our study indicates that IL-1R 1 signal-
ing is a critical part of these encounters through promoting
recruttment and acovaton of at least two populations of
DC-like APCs: the CD11c*CD11b~CD8a Dec-2057 cells,
similar phenotypically to lymphoid-derived DCs, and the
CD11crCD11b~CD103Y, simular to migratory DCs (Liu

and Nussenzweig, 2010; Belz and Nut, 2012). Our srudy

15 in agreement with those using intranasally introduced
vesicular stomatitis virus, which similarly demonstrated that
CD103* DCs play a functional a role in T cell proliteration
and cytokine production (D’Agostino et al.. 2012). In addi-
tion, we observed the CD11c* cells predominately within
the meninges and choroid plexus. The existence of CD11¢*
MHC [T DC-like cells within these same areas of the
steady-state mouse brain has recenty been demonswated
(Anandasabapathy et al., 2011). In addition, studies using the
MS model experimental avtolmmune encephalits have
demonstrated that these areas act as avenues of effector T cell
entry (Kivisikk et al., 2003; Ransohoft et al., 2003). There-
fore, 1 our model, adoptively transterred DC-like APCs may
be positioned as sentinels to meet the infiltmting effector
T cells. Interestingly, one of these populations contains a sub-
set of CDRa™DEC-205% cells that may be analogous to con-
ventional DC subsets associated with cross-presentation and

and Nurtr, 2012).
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Article

Our resules illustrate that severe WINV infection and the
lack of CNS viral clearance in the absence of IL- 1.1 signaling
is not related to peripheral adaptive immune responses or neu-
roinvasiveness. After peripheral inoculation, WNV 1nitially rep-
licates in LNs and then disseminates via hematogenous spread
into peripheral organs such as the spleen and kidney. where it
is largely cleared via humoral and T cell immune responses
(Klein and Diamond, 2008). Indeed, in IL-1R I-deficient
mice, increased peripheral viral loads are met with an elevated
total IgG response. In response to viral infection, IL-1 is pro-
duced both within the peripheral organs as well as in the
CNS, suggesting fundamenml contibutions during antiviral
mmmune responses. During WINV infection, type I IFNs and
6 T cells have previously been reported to impact peripheral
DC acavanon, which impacts the subsequent peripheral adap-
tive immune response in the periphery (Asselin-Patrel etal.,
2005:Wang et al., 20063, Sin‘.il;lrl}'. our results indicate that b}'
day 5 after infection, type I [FIN levels are dimnished in the
[L-TR 177 animal compared with W suggesting that DC
activation may be impacted. However, by day 8 after intec-
tion, peripheral CTL and anubody responses were unattected,
resulting in etfective WNV clearance from the sera and pe-
ripheral organs ot both the 8-wk-old IL-1TR17™" and WT nuce,
suggesting that [L- TR 1 signaling is ultmately dispensable for
peripheral viral conmol. Although diminished within the pe-
riphery, type I IFN responses mcreased within the CNS by
day 8 after infection in the absence of IL-TR 1 signaling. This
disparity may be in response © ncreased viral oiter within the
[L-1R I—deficient CNS (Daths et al., 2009). In addition. re-
centwork suggests that type I IFN signaling shapes the maru-
ration of effector T cells, and therefore, itmay have a synergistic
role with IL-1 in the CNS (Pinto et al., 2011). Our results
suggest that [L- 111 signaling impacted two specific CD11c¢*
APCs withm the CNS. Porenually, IL- TR 1 signaling may not
have an mmpact on specific DC subsets, which are necessary
for an effecave actvation of an adapuve immune response
within the peripherv. A study with an mfluenza virus model
also showed that [L-1 has little role in peripheral CD8* T cell
responses {Sclm‘.il:z et al., 2005). Our results also demonstrate
that WINV was no more neuroinvasive in the absence of [L-1R1
signaling than with WT. In rodent models. intectious WNV
can be recovered tfrom CINS tissues ~4—5 d after infection
(Diamond et al., 2003; Shrestha and Diamond, 2004). Although
viral titer peaked within the peripheral tissues by day 5 after
infection, we saw no statistical difference in viral titer within
the CNS between IL-TR 177 and WT mice at this time
point, suggesting that IL-1 does not have a role in limitng
WNV neuromnvasion. However, because IL-1R 1 signaling in
astrocytes nay impact restoration of blood—brain barrier
(BBB) permeability after injury, the observed increase in leu-
koeyte trafficking in WINV-infected, IL- TR 1—deficient mice
mightalso be caused by persistent changes at the BBB {Argaw
et ;11.. 20 ZI())_FL] rther studies are needed to evaluate the role of
IL-1R.1 at the BBB in CNS viral infections.

Although we cannotrule out that [L-1 may insagate some

pathology. our results confirm 1t salient role i viral clearance
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and survival. After adoptive wansfer, neuronal ijury i the brain
of IL-1R17~ mice appears t© be caused by increased viral ter.
Previous studies report that WINV replication directy induces
neuronal injury. followed by apoptosis of neurons (Samwel et al.,
2007: Kobayasht er al., 2012). The proxiumity of WNV-Ag*
and TUNEL™ cells suggest that viral spread and cell death are
a contiguous process. Another potental path to neuronal in-
jury s the increase in CD8* T cell actviey within the CNS
atter adopuve wanster. However, our findings clearly support
previous results showing that increased CD8* T cell presence
improves survival and reduces immunopathology during
WNV encephalitis (McCandless et al., 2008). Similarly, a pre-
vious study demonstrates that [L-1P—deficient mice were
more susceptible to HSV1-mediated encephalitis caused by
ncreased viral load {Scrgcric et al.. 20071, These resules also
suggest that [L-1—targeted therapeutics. such as in theumatoid
arthrits (Lane and Lachmann, 2011), may increase the sus—
ceptibility to and morbidity from viral encephalitis.

[n summary, the resuls of our experiments suggest that
[L-1 is critical in modulating the host immune response to
WNV infection.IL-1 in the CNS appears to positively regu-
late CD11c* APC activation, which in turn reactivates the
effector function of infilrating virus-specific T cells. These
experiments illuminate the host complexity of IL-1R 1 sig-
naling and enhance our understanding of the balance between
an effective immune response and immunopathology with
mjury to neurons.

MATERIALS AND METHODS

Ethics statement. All experiments were performed in strict compliance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and according to the nterma-
tional Guiding Principles for Biom edical Research Involving Animals. The
protocol was approved by the Washington University School of Medicne in
St. Louis Animal Satery Committee (£20100278).

Wiruses The WNWV strain 3000.02589 was solated i1 New York in 2000 {Ebel
et al.. 2001) and passaged once i Co/36 Avdes albopiaus cells to generate an
msect cell-derived stock. The stock titer was determined by using BHK21

cells for viral plaque assay as previously described (Diamond et al., 2003).

Mouse experim ents. CA7BL/AAWT and IL-1R 1~ inbred mice were ob-
taned commercially (The Jackson Laboratory). All mice were housed and
bred i the pathogen-free animal facilities of the Washington University
School of Medicine i St. Louis. Matched 8-whk-old mice were moculated
subcutaneously via footpad injection (50 pl) or mtracranially (10 ul) with
either 107 or 10" PFU of WNWV respectively as previously desaribed (Engle and
Diamond, 2003),

Wiral tissue burden and viremia quanti cation. For in vivo virus repli-
cation experim ents, mice were nifected with WINV via footpad and euthanized
at specific time points. Crgans were harvested. weighed. and homogenized after
complete cardiac perfusion with PBS. Virus was titrated by standard plaque
assay as described previously (Diamond et al., 2003), and WNV infection lev-
els i serum were measured by analvzing positive-strand viral RINA levels using
quantitative RT-PCR (qRT-PCR) as described previousy (Samuel et al., 2006).

WV -speci ¢ antibody and T cell responses. Thelevels of WNV-specific
IzM and [gG were determined using an ELISA against puritied WINV E pro-
tein (gift of M.5. Diamond. Washington University i1 St. Louis) as previously
described (Mehlhop and Diamond, 2006). Intracellular IFN=y and Granzyme
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B staining was performed on splenocvtes as well as solated leukocvtes from
braing of day & and 8 postinfection animals i an - 1*—restricted NS32066 and
NS31616 peptide and Di-restricted NS4B peptide (gift of M.S. Diamond) re-
stinulation assav as previously described (Purtha et al.. 2007 Brien et al..
2008). Samples were processed by multicolor How cyvtom etry on an LSR. fow
cytometer (BD) using Flow[o software (Tree Star).

CIE leukocyte 1zolation. Cells were isolated from the CNS of WT and
IL-1R 1" mice ar day 8 after infection ad stamed with Huorescently con-
jugated antibodies to CD4. CDSR. CD11b. CD1 e, CD45, CDBa, CDis,
CDg6, CDSO, C103, DEC-205, Lv-6C, MHC L and MHC II as previ-
ously described (McCandless et al., 2006). Drata collection and analysis were
performed with an LSR How cvtometer using Flow]o software.

Eeal-time gRT-PCE. Total RNA was prepared from the spleens and brains
of WNV-infected WT and [L-1R 17" mice nsing the R-Neasv kit (QIAGEN)
according to the manufacturer’s mstructions. qRT-PCR was performed as
previousy described (Klein et al., 2005). Calculated copies were normalized
against coplies of the housekeeping gene ©.APDH. All oligonucleotide primers
used have been previoudy reported (Klein et al., 2005).

Immunohistochemistry and confocal microscopy Mice were nfected
with 107 PFU of WINV and sacrificed at dav 8 after mfection. CNS tissues
were then isolated, and frozen sections were permeabilized, blocked. and
stained as previously described (McCandless et al.. 2006). Immunohisto-
chemistry detection of CD3, CD3 1 NeuMN, md WNV with muclear ToPro3
counterstaining was performed as previously described (McCandless et al.,
2008). Sections were analvzed by using an LSM 510 laser-scanning confocal
micrescope and accompanyving software (Carl Zelss). Quantitative analyses
of TUNEL staining were performed m a blinded fashion by counting the
numbers of TUNEL* cells per high-power field. Image] image analysis
software (National [nstitutes of Health) was used to analvze total pixels
per high-power held. Detection of EYFP was performed using a monoclonal
rat ati-mouse GFP (Iivitrogen) as previously described (Cruz-Orengo
etal., 2011).

Statistical analysis. Graphs were made and statistical analysis was per-
formed via computerized software (Prism: GraphPad Software). Depending
on the data, an unpaired, two-tailed Stadent’s ¢ test, one-way ANOVA with
Tukey-Kramer posttest. or two-way ANOVA with Bonferroni posttest was
performed, with P < 0.05 considered to be signiticant. Kaplan-Meiler survival
curves were analyzed by the log-rank test.
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