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A coordinated host immune response mediated via chemokine etwork plays a crucial
role in boosting defense mechanisms against pathogenic iettions. The speed of
Ag presentation and delivery by CD11€ dendritic cells (DCs) to cognate T cells
in lymphoid tissues may decide the pathological severity othe infection. Here,
we investigated the role of C¥CR1 in the neuroin ammation induced by infection
with Japanese encephalitis virus (JEV), a neurotrophic us. Interestingly, CXCR1
de ciency strongly enhanced susceptibility to JEV only aéir peripheral inoculation via
footpad. By contrast, both CXCR1* and CXCR1 = mice showed comparable
susceptibility to JEV following inoculation via intranasaand intraperitoneal routes.
CX3CR1 = mice exhibited lethal neuroin ammation after JEV inocul&n via footpad
route, showing high mortality, morbidity, pro-in ammatoy cytokine expression, and
uncontrolled CNS-in Itration of peripheral leukocytes inluding Ly-6C" monocytes and
Ly-6GM granulocytes. Furthermore, the absence of CXCR1€CD11c® DCs appeared
to enhance susceptibility of C¥CR1 = mice to JE after peripheral JEV inoculation.
CX3CR1 ablation impaired the migration of CYCR1¢CD11c® DCs from JEV-inoculated
sites to draining lymph nodes (dLNs), resulting in decreaseNK cell activation and
JEV-speci ¢ CD4¢/CD8C T-cell responses. However, C¥CR1-competent mice showed
rapid temporal expression of viral Ags in dLNs. Subsequentl JEV was rapidly cleared,
with concomitant generation of antiviral NK cell activatinand T-cell responses mediated
by rapid migration of JEV A§ CX3CR1°CD11c€ DCs. Using biallelic functional CXCR1
expression system, the functional expression of CCR1 on CD11c" DCs appeared to
be essentially required for inducing rapid and effective sponses of NK cell activation
and Ag-speci ¢ CD4C T cells in dLNs. Strikingly, adoptive transfer of GCR1¢CD11c®
DCs was found to completely restore the resistance of C3CR1 ~ recipients to
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JEV, as corroborated by the rapid delivery of JEV Ags in dLNsra attenuation of
neuroin ammation in the CNS. Collectively, these resultsidicate that CXCR1¢CD11c®

DCs play an important role in generating rapid and effectiveesponses of antiviral NK
cell activation and Ag-speci c T cells after peripheral inculation with the virus, thereby
resulting in conferring resistance to viral infection by deicing the peripheral viral burden.

Keywords: CX 3CR chemokine receptor, Japanese encephalitis, dendritic ce lls, neuroin ammation,
antiviral immunity

INTRODUCTION Coordination between hosts innate and adaptive immune
response is crucial in regulating infectious diseases caoged
Japanese encephalitis (JE) is a leading cause of viral entisphaliarious pathogens, including JEV. In particular, the speed at
characterized by extensive neuroin ammation in the cehtrawhich the host innate and adaptive immune cells respond
nervous system (CNS) and disruption of the blood-brain benri to infection is critical to the clinical outcomel¢). CD11&
(BBB) following infection with JE virus (JEV). The zoonotic,dendritic cells (DCs) are professional antigen-presentietisc
mosquito-borne JEV is a single-stranded, positive-sense RN(PCs) and key instigators of protective immunity/7. Detailed
virus and is endemic to the Asia-Paci c region, includingi&,  information on the molecular mechanisms underlying theerol
India, and northern Australia X). Competent vectors for JEV of cD11&€ DCs to initiate protective immunity has solidi ed
have been recently identi ed in Germang)( Notably, porcine  their roles in determining the outcomes of infectious diseas
transmission of JEV in the absence of mosquitos increases t|(|f7)_ The speed that CD1$cDCs deliver and present Ags to
risk of viral spread and persistence in regions with moderat@ognate T cells in lymph nodes (LNs) through their migration
climate @). Thus, JEV is becoming a worldwide public healthfrom in ammatory sites may decide the severity of infectiou
concern. In humans, the clinical presentation of JEV infattio gisease. Therefore, understanding the sensitivity of CBTICs
ranges from mild febrile iliness to severe meningoencepbali i getecting peripheral pathogen invasion and relay of Ags to
with nearly 70,000 fatal cases reported annually. While  aqaptive immune cells in draining LNs (dLNs) is needed to
most JEV infection in the endemic regions manifests as a milgeyelop strategies for e ective induction of protective imnity.
febrile and subclinical disease that leads to protective umity, The speed of host innate immune response including
approximately 25-30% of JE cases, involving mostly infanés, atp11€ DCs to peripheral pathogen infection is controlled
lethal and 50% of cases result in permanent neuropsychiatriy iy ammatory mediators such as chemokines 8(20).
sequelael). Thus, JEV is considered more lethal than the Wesghemokine-driven  migration of host innate and adaptive
Nile virus (WNV) infection, which is associated with a fatal  jnmyne cells at the periphery and within lymphoid tissues is
rate of 3-5% (1,100 deaths/29,000 symptomatic infectidi)s) ( 5 key step in the generation of e ective protective immunity.
Vaccination programs are available in endemic regions ki fis Among the members of the chemokine super-family, sCX1

Cons?derable progress in_unt_:lerstanding the ki”etics_an‘?fractalkine) belonging to C3C subfamily is unique in that
mechanisms of JEV dissemination and JE pathogenesis rst two conserved cysteine residues in the chemokine are

been made using murine modelS—Q). Following peripheral separated by three non-conserved amino aciel§).(CXsCL1
inoculation of the virus via mosquito bites, JEV initiallypleates is known to exist in two distinct forms: a membrane-anchored
?n per_ipheral dendritic cells (DCs) and macrophages, evehtual form and a soluble form. The soluble GEL1 acts as
invading the CNS through the blood-brain barrier (BBB)(11). a chemoattractant whereas the membrane-anchoredGLX
JE is considered a neurological and immunopathological dseafunctions as an adhesion molecule. £D(1 is expressed in
characterized by uncontrolled hyperimmune response trigder o, ,inelial cellsq2), epithelial cellsZ2, 23, DCs @4, 25), and

by viral invasion of the CNSI, 13). While JEV-specic T cells neurons 6) upon stimulation by pro-in ammatory cytokines

and ‘;}'rusir}e”tr?"'z.('j”% IgM and d'%ﬁ C(';e,\?r the V'“tJS from both g oh as IL-1 and TNR (27, 28). CXCR1, a C¥CL1 receptor,
peripneral lymphoid tissues and the &1 $4, innate immune eotentially mediates both leukocyte migration and rm adfes
response appears to play a critical role in the early control of JEV. - .
. . S . with two distinct expression patterns of GRL1 (29). CX3CR1
infection due to delayed adaptive immunit§,©, 15). Therefore, . . .

y . ; " is expressed on leukocytes, including monocytes, T-cefietgb
type I IFN (IFN-I, typically IFN-a/b) innate immune response is . .
essential for control of JEV. Recent data also indicated et NK cells 60, 31), microglia (), neurons §3), astrocytes ),

' and platelets 5. CX3CR1 is also expressed on most tissue

IFN (IFN-I1, IFN-g being the only member) produced from NK macrophages and DCs. It is unlikely to be involved in their

and CD#4 Thi cells has a positive e ect on disease outcome after - L L .
. . ontogeny, homeostatic migration, or colonization of tissu
JEV infection 8, 9).

with resident macrophages3, 37) except kidney DCs 38
Abbreviations: APCs, antigen-presenting cells; BBB, blood-brain barrier; CNS?’nd Ilntgs.tm}?l maﬁrophhagel§% 4?) C)%CR]'/C)@CI;.L.aXIi‘f
central nervous system; DCs, dendritic cells; dLNs, draining lympteapdpi, nvolved inthe pat opnysiology ot in ammatory conditions

days post-infection; IFN-I, type | interferon; IFN-II, type Inferferon; JEV, as cardiovascular diseaskl,(42), glomerulonephritis $8), and
Japanese encephalitis virus; WNV, West Nile virus. rheumatoid arthritis ¢3). Neutralization of CXCL1 improves
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cardiac function after myocardial infarctiort{) and inhibition  as described previouslyt{). The recombinant vaccinia virus
of CX3CR1 reduces atherosclerosigd), Conversely, studies expressing chicken ovalbumin (OVA) was obtained from Dr.
investigating the protective role of GER1 showed an increased Jonathan W. Yewdell (National Institutes of Health, Bethesda
risk of liver brosis with the loss of C¥CR1 in a model MD, USA) and propagated in CV-1 (American Type Culture
of hepatic brosis 5. CX3CR1 is also required to develop Collection, Manassas, VA, USA, CCL70) cell lin)( Virus
resistance to pulmonary infection by vaccinia virds), These stocks were titrated using conventional plaque or focusaiog
ndings highlight the complexity of the CXCR1/CX%CL1 axisin  assays and stored in aliquots aB0 C until use.
in ammatory diseases.

However, the role of CYCR1 in the pathogenesis of virus- Mouse Model of JE
induced neuroin ammation such as JE has yet to be reportedcXsCRI°™ and CX%CR1 = mice were infected with JEV [5.0
Therefore, the objective of the present study was to elueidat 10" plague-forming units (PFU)] via footpad [1001, (50
the role of CXCR1 in neuroin ammation induced by JEV, ni/each footpad)], intranasal (2@i), and intraperitoneal routes
a neurotrophic virus. In the current study, GER1-ablated (200 ml). Infected mice were monitored daily for mortality,
mice showed increased susceptibility to JE only after periphergnorbidity (weight loss), and neurological disorders (paséy
inoculation of JEV infection via footpad, but not intranagatir ~ of front and/or rear limbs, not moving but responsive). Mice
intraperitoneally. C¥CR1 played an important role in the rapid were also scored daily for encephalitis signs and symptoms as
delivery of JEV Ags in dLNs from the peripheral site of infectiondescribed previously4¢). The encephalitis score represented
at an early stage after peripheral JEV inoculation. It also played progressive range of behaviors) tiunched, rued fur, (2)
an important role in viral clearance at the peripheral lymphoidaltered gait, slow movement3)(immobile but responsive,4j
tissues and the CNS by generating e ective NK cell and JEvnoribund and no response, and)(death.
speci ¢ T-cell responses. Furthermore, the delayed migratibn . .
C&gCRlCCDll&pDCS from peripheral site to dLNs ar?peared AntlbOdIQS and Reagents . o
to impair NK cell activation and JEV-speci ¢ T-cell response! he following mAbs were obtained from eBioscience (San
in CXsCR1-ablated mice. Ultimately, the adoptive transfer o21€90, CA, USA) or BioLegend (San Diego, CA, USA) for
CX3sCRECD11E€ DCs to C%CR1-ablated mice fully restored FACS analysis and other experiments: FITC-labeled anti-CD4
the protection against peripheral inoculation of JEV infection (RMA4-5), CD45 (30-F11), CD11b (M1/7Q)* CD3 (145-2C1)),
Our results indicate that CYCRICCD11€ DCs are essential @nd CXCR1 (SA011F11); PE-labeled anti-granzyme B (16G6),

to host protection against JE after viral inoculation at theCD40L (MR1), CD8 (53-6.7), F4/80 (BMS), 'FW(XMGl-Z)'
peripheral sites. and CD1lc (M1/70); PerCP/Cy5.5-labeled anti-mouse Ly-6C

antibody (HK1.4) and IFNg (XMG1.2); PE-Cy7-lableled anti-

NK1.1 (PK136); APC-labeled anti-Ly6-G (1A8), TMFIMP6-
MATERIALS AND METHODS XT22), and CD49b-integrin alpha 2 (DX5); and biotin-labeled
Ethics Statement anti-IL-6 (MP5-32C11) and TNR (MP6-XT22). PE-labeled

All animal experiments described in the present study wer@nti-mouse Tmem119 (106-6) was obtained from Abcam
conducted at Chonbuk National University according to the(Cambridge, MA, USA). The mAbs against non-structural

guidelines set by the Institutional Animal Care and UseProtein 1 (NS1) and envelope glycoprotein protein (E) of JEV
Committee (IACUC) of Chonbuk National University, and were Wereé also obtained from Abcam. The JEV epitope peptide of

c
pre-approved by the Ethics Committee for Animal ExperimentscP4” T cells [NS8e3 574 (WCFDGPRTNAIL)] or CDg T

of Chonbuk National University (approval number: 2013-0028) CelIS [NS4B1s 223(9SAVWNSTTA)] was chemically synthesized
The animal research protocol used in this study followed thét Peptron (Daejeon, Korea). Phorbol-12-Myristate-13-Ateta
guidelines set up by the nationally recognized Korea Assioci  (PMA) and ionomycin were purchased from Sigma-Aldrich (St.
for Laboratory Animal Sciences (KALAS). All experimental-0Uis; MO, USA).

protocols requiring biosafety were approved by the Institnéb o T -
Biosafety Committee (IBC) of Chonbuk National University. Quantltatlvg Real Tlme RT-PCR for
Determination of Viral Burden and

Animals, Cells, and Viruses Cytokine Expression

Wild-type C57BL/6 (H-2) control mice (5-6 weeks old, both Viral burden and cytokine/chemokine expression in
female and male) were purchased from SAMTAKO (Osanin ammatory and lymphoid tissues were determined via
Korea), and C¥CR1-de cient (C%CR1 = , H-2P) mice were SYBR Green-based real-time gRT-PCR. Mice were infected
obtained from Taconic Biosciences (Rensselaer, NY, USA). Théth JEV (5.0 10’ PFU) via footpad inoculation and various
CX3CRE™IP (H-2P) mice originally obtained from Jackson tissues including popliteal LNs, spleen, and brain were hagdest
laboratory (Bar Harbor, ME, USA) were generously providedat di erent time points post-infection (pi). Total RNAs were
by Dr. Doo Hyun Jung (Seoul National University, Seoulextracted from the collected tissues using easy-BLUE (iNtRON,
Korea) and crossed with C57BL/6 mice to generatgCXICIP  Inc., Daejeon, Korea) and subjected to real-time qRT-PCRy.esi
heterozygous mice. The JEV Beijing-1 strain was propagated ©FX96 Real-Time PCR Detection system (Bio-Rad Laboratories
a mosquito cell line C6/36 using DMEM supplemented withHercules, CA, USA). Following reverse transcription of total
2% FBS, penicillin (100 U/ml), and streptomycin (100 U/ml)RNA with High-Capacity cDNA Reverse Transcription Kits
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(Applied Biosystems, Foster, CA, USA), the reaction mixtufe (2CX3CR1, APC-conjugated anti-mouse CD11c, and anti-JEV NS1
ml total) contained 2m of template cDNA, 10l of 2 SYBR and E. Primary antibodies were detected with secondary PE-
Premix Ex Taq, and 200 nM primer$S(pplementary Table L~ conjugated goat anti-mouse IgG (SouthernBiotech, Birrhang,
These reactions were denatured at @5for 30s and then AL, USA). Nuclei were counterstained with DAPI °§4
subjected to 45 cycles of 95 for 5s and 60C for 20s. After  diamidino-2-phenylindole; Sigma-Aldrich). Fluoresceneas
completion of the reaction cycle, the temperature was in@eas observed using a confocal laser scanning microscope (Ciad,Ze
from 65 C to 95 C at the rate of 0.Z/15s, and uorescence Zena, Germany).

was measured every 5s to construct a melting curve. A control

sample lacking template DNA was run with each assay. ACytokine ELISA

measurements were performed at least in duplicate to ensu®andwich ELISA was used to determine the levels of IL-6 and
reproducibility. The authenticity of the ampli ed product was TNF-a cytokines in sera. ELISA plates were coated with IL-
determined by melting curve analysis. All data were analyze@ (MP5-20F3) and TNR (1F3F3D4) antibodies (eBioscience),
using Bio-Rad CFX Manager, version 2.1 analysis softwace (Biand incubated at 4C overnight. After plates were washed
Rad Laboratories). The expression of cytokines and cheneskinthree times with PBS containing 0.05% Tween 20 (PBST), they
was normalized to the levels of housekeeping deaetin. Viral  were blocked with 3% non-fat-dried milk at 3Z for 2h. Sera
burden was expressed by the copy number of viral RNA peand standards for recombinant cytokine proteins (Peprotech,
microgram of total RNA after calculating the absolute copyRehovot, Israel) were added to these plates and incubated at
number of viral RNA in comparison with the standard cDNA 37 C for 2h. Plates were washed again with PBST, and then
template of viral RNA. biotinylated IL-6 (MP5-32C11) and TNB<{polyclonal antibody)
antibodies were added. The mixture was incubated overraght

. . . . 4 C followed by washing with PBST and subsequent incubation
Hlstopathploglcal Examlnatlons’ with peroxidase-conjugated streptavidin (eBioscience)7aC3
Immunohistochemistry, and Confocal for 1 h. Color was then developed by adding a substrate (ABTS)
Microscopy solution. Cytokine concentrations were determined using an
Histopathological examination was performed using brainsutomated ELISA reader and SoftMax Pro4.3 by comparison with
derived from CXCRI° and CX%CR1 = mice infected with  two concentrations of standard cytokine proteins.

JEV. Brains were embedded in paran at 5 dpi, and 10- . .

mm sections were prepared and stained with H&E. FollowingAnalysis of In Itrated Leukocytes in the

depara nization, brain sections were also used for the détec  CNS and Peripheral Lymph Nodes

of CD118 myeloid cells by staining with ant-CD11b mAb. Mice infected with JEV were perfused with 30 ml of HBSS at 2,
After antigen retrieval, endogenous peroxidases were dqueghc 3, and 4 dpi via cardiac puncture of the left ventricle. Brains
by incubating the slides in 3% 4®; for 15min. The sections were then harvested and homogenized by gently pressing them
were then washed with PBS for 10 min. Endogenous avidithrough a 100-mesh tissue sieve, followed by digestion @6th
and biotin was blocked using a SuperBI&¥kblocking bu er  mg/ml of collagenase type IV (Worthington Biochem, Freehold
according to manufacturer instructions (Thermo Fisher)Sci NJ, USA), 10 mg/ml DNase | (Amresco, Solon, OH, USA), and
The sections were then washed with PBS for 4 min. Primarjhcubation with RPMI medium for 1 h at 3T with shaking.
antibodies (1:100 biotinylated anti-mouse CD11b, eB&arss®) Cells were separated by centrifugation at 8§0for 30 min
were applied for overnight at € in a humidi ed chamber. (Axis-Shield, Oslo, Norway) using Opti-prep density gradient
After rinsing the slides in PBS, they were incubated in sdaoyn  (18/10/5%), and the cells were collected from 18 to 10% iaerf
antibody (1:500 HRP-conjugated streptavidin, eBioscief@e) and washed twice with PBS. Leukocytes derived from popliteal
30 min at room temperature. After washing with PBS for 5min,_Ns and spleen were prepared by gently pressing lymphoid
color development was achieved by applying diaminobenzidingssues through 100-mesh tissue dishes. The cells were then
tetrahydrochloride (DAB) solution (Vector Laboratorie$pr  counted and stained for CD45, CD11b, CD11c, Ly-6C3CK1,
0.5-1min. After washing in distilled water, the sectionsand Ly-6G with directly conjugated antibodies for 30 min at
were counterstained with VECTOR methyl Green (Vector4 C. Finally, cells were xed with 1% formaldehyde. Data
Laboratories), and cover-slipped using a mounting mediuntollection and analysis were performed using a FACS Calibur
(Fisher Scientic). Sections were analyzed using a Nikorow cytometer (Becton Dickson Medical Systems, Sharon, MA,
Eclipse E600 microscope (Nikon, Tokyo, Japan). For confoc@SA) with FlowJo software (Tree Star, San Carlos, CA, USA).
microscopy staining, popliteal LNs and brain were collected

at 2 and 5 dpi, respectively, and frozen in optimum cuttingAnalysis and Activation of NK Cells

temperature (OCT) compound. Sections of 6am in thickness The activity of NK cells was assessed by their capacity to pedu
were cut, air-dried, and xed with 1:1 mixture of acetone IFN-g and granzyme B (GrB) following brief stimulation with
and methanol for 15min at 20 C. After washing with PBS PMA and ionomycin (Sigma-Aldrich). Cells were obtained from
three times, non-speci ¢ binding was blocked with 10% normalpopliteal LNs of CXCRI° and C%CR1 = mice at 2 dpi
goat serum and cells were permeabilized with 0.1% Triton Xand stimulated with PMA and ionomycin in the presence of
100. Staining was performed by incubating sections ovetnighmonensin (2nM) to induce the expression of IFN-(PMA

in moist chambers at £ with FITC-conjugated anti-mouse 50 ng/ml plus ionomycin 750 ng/ml for 2 h) or granzyme B (PMA
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50 ng/ml plus ionomycin 750 ng/ml for 4 h). The stimulated sell DCs. In some challenge experiments, puri ed CD$12Cs (1.5
were washed twice with PBS containing monensin and surface- 1° cells, 250m) were injected i.v. into C¥CR1 = mice.
stained with CD3, NK1.1, and DX5 antibodies for 30 min a4  Flow cytometric analysis was performed using a FACS Calibur
After xation, cells were washed twice with 1Permeabilization  ow cytometer (Becton Dickson Medical Systems) with FlowJo
Bu er (eBioscience) and subjected to intracellular IgNand  software (Tree Star).

GrB staining in the buer for 30min at room temperature. L . .

Stained cells were washed twice with Bermeabilization Buer CFSE Cell Division Assay in Peripheral LNs
(eBioscience) and FACS bu er. Analysis was then performedg-speci c CD4 T cell responses in popliteal LNs were assessed
using a FACSCalibur ow cytometer (Becton Dickson Medicalby CFSE cell division following footpad injection of &R

Systems) with FlowJo software (Tree Star). or CXsCR®PUP CD11€ DCs. Briey, OVAsz3 339Speci
CD4C T cells were puri ed from OT-ll mice using a MACS
JEV-Speci ¢ Humoral and T-Cell !_S colgmn (Mlltgnyl Biotec), according to the manufactufer'
R P instructions. Puried OT-Il CD£ T cells were labeled with
esponses 2.5mM CFSE and adoptively transferred into @&R1 ~

Humoral responses against JEV were evaluated by JEV-specj e (1  10° cells/mouse) injected with GCRC™P and
IgM and IgG Ieyels in sera using J_EV E glycoprotein antigel@_:stngfp:gfp CD11E€ DCs in the left and the right footpads,
(Abcam, Cambridge, UK). JEV-speci ¢ CB4nd CDE T-cell respectively. Three days following infection of §DR1 =
responses were determined by intracellular CD154 (alsectall recipients with recombinant vaccinia virus expressing OVA
CD40L), IFNg, and TNFa staining in response to stimulation (1 10°F PFU/mouse) via footpad route, leukocytes were
with JEV epitope peptides. Surviving mice infected with 880" ¢ained from left and right popliteal LNs of the recipients

PFU JEV were sacriced on day 7 pi and leukocytes wergy qupjected to surface-staining for CD4 and2/using PE-
prepared from popliteal LNs. These leukocytes were C““uregonjugated anti-mouse CD4 and PerCP-conjugated anti-raous

in 96-well-culture plates (5 10° cells/well) in the presence /55 Flow cytometric analysis was performed on a FACS Calibur
of synthetic peptide epitopes (N&} 145 arg:d NS4B1s 225) for oy cytometer (Becton Dickson Medical Systems) with FlowJo
12h and 6h to observe CD% and CD8C T cell responses, software (Tree Star).

respectively. Monensin at concentration ofm® was added to
antigen-stimulated cells 6 h before harvest. Cells were ethshStatistical Analysis
twice with FACS bu er Containing monenSin, SUrfaCG-StainedA" data were expressed as averagetandard error of the
with FITC-anti-CD4 or CD8 antibodies for 30min at €, mean (SEM). Statistically signi cant di erences betweenup®
and then washed twice with PBS containing monensin. Aftefyere analyzed using an unpaired two-tailed Studentisst for
XatiOﬂ,Ce”SWGreW&Shed twice with IPermeabilization Bu er ex Vvivo experiments and immune cell ana]ysisl For mu|t|p|e
(eBioscience) and stained with PepCP-Cy5.5 anti-tFf-APC-  comparisons, statistical signi cance was determined using-o
anti-TNF-a in the permeabilization bu er for 30 min at room way or two-way ana|ysis of variance (ANOVA) with repeated
temperature. Intracellular CD154 was detected by additibn omeasures followed by Bonferromost-hoctests. Statistical
CD154 mAb to culture media during peptide stimulation, assjgni cance of viral burden anéh vivo cytokine gene expression
described previoushy( 9). Finally, cells were washed twice with were evaluated by Mann-Whitney test or unpaired two-tailed
PBS and xed using the xation buer. Sample analysis wasstudent'st-test. Kaplan-Meier survival curves were analyzed by
performed using a FACS Calibur ow cytometer (Becton Dicksonog-rank test. A0 0.05 was considered signi cant. All data were
Medical Systems) with FlowJo software (Tree Star). analyzed using GraphPadPrism4 software (GraphPad Software,
Inc., San Diego, CA, USA).
Puri cation and Adoptive Transfer of

CX3CR1¢CD11c® DCs RESULTS
CX3CRICD11& DCs were puried from spleens of : . :

Cxxggchcz‘Jfp or CXzCR®P=giP ml?ce 60). Splenogytes were Essgntlal Role of CX 3CR_1 in Conferring

initially enriched for CD11€ cells using a MACS LS column Resistance to JEV Following Local, but Not
(Miltenyi Biotec, Bergisch Gladbach, Germany) after swfac Systemic Infection

staining with PE-conjugated anti-CD11c mAb according toTo investigate the relevance of @3R1 in JE progression, we
the manufacturer's instructions. Enriched CD¥1cells were infected C%CR1-competent and -de cient mice (ERIE
then applied to a FACS sorter to purify GERI°CD11& DCs. and CX%CR1 = , respectively) with JEV via footpad, intranasal,
Puried CX3CRI°CD11& DCs contained CD11b cells as and intraperitoneal routes. We then compared the susceptisli
well. CX%CRI°P and CX%CRPPIPCD11& DCs (5 10°  of both strains to JE progression. Our data revealed that
cells/mouse, 50n) were injected into left and right footpads the ablation of CXCR1 resulted in markedly enhanced
of CX3CR1 =~ mice, respectively. GCR1 = recipients were susceptibility to JE, with mortality of around 80% after JEV
immediately infected with JEV (5.0 10’ PFU) via footpad, and infection via footpad inoculation compared to 10% mortality
leukocytes were obtained from left and right popliteal LNs at 3n CX3CRI°C mice (Figure 1A, left graph. In contrast, both
dpi. Popliteal LN cells were surface-stained with PE-cortedja CX3CR1-competent and de cient mice all succumbed to JE
anti-mouse CD11c for CZCRICHP and CX%CREPIPCD11E  progression following intranasal inoculation of JEV infeatio
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although the survival of C3CRI™ mice was moderately of JEV, although CXCR1 is dispensable for the control of JE
prolonged Figure 1A, middle graph A mortality of 80% was progression upon systemic viral inoculation.

observed among GCRI™ and CX%CR1 = mice exposed

to intraperitoneal inoculation of JEV infectiori-{gure 1A right . .

graph. These results indicate that GER1-ablated mice were CX3CR1 Regulates Neuroin ammation

highly susceptible to JE progression only after JEV inoculatiofrollowing Local JEV Infection

via footpad route. In support of this nding, the GQCR1 ~ JE is a lethal neuroin ammation characterized by extensive
mice showed a rapid and higher proportion of neurologicalCNS in ltration of myeloid-derived cells including Ly-6%
disorders starting at 4-5 dpi, compared to §O0RI mice monocytes and Ly-6 granulocytes §1). Notably, Ly-
that displayed the delayed signs of neurological disordenad ~ 6C" monocytes migrate into the infected brain followed by
6—7 days after footpad inoculation of JEWFigure 1B left dierentiation into DCs, macrophages, and microgliaZ 53).
graph. However, the proportions of GCR1 = mice showing Although the potential contribution of Ly-6&% monocytes to
neurological disorder were similar to those of §ORI°C mice  neuroin ammation remains controversial, CNS in Itration fo
following intranasal and intraperitoneal inoculation with JE Ly-6C" monocytes and Ly-6{ granulocytes may contribute
(Figure 1B middle and right graphsFurthermore, C¥CR1 = to the pathophysiology of lethal neuroin ammatiorb4). To
mice scored higher for clinical signs of encephalitis tharfurther characterize the exacerbation of JE ingCR1-ablated
CX3CRI°™ mice after peripheral JEV inoculatioFigure 1C,  mice following peripheral JEV inoculation via footpad, we
left graph. In contrast, CXCRI° and CX%CR1 = mice analyzed CNS inltration of myeloid-derived cell subsets
showed similar kinetics for encephalitis score after ingsa and  including monocytes and granulocytes during JE progression.
intraperitoneal inoculation, although GCR1 = mice showed The CX%CR1 = mice showed increased in ltration of Ly-6€
rapid clinical signs of encephalitis compared with ORI°  monocytes and Ly-6 granulocytes into the brain compared
mice (Figure 1C middle and right graphs CXsCR1 ablation to CXsCRI“ mice (Figure3A). The CNS in ltration of
resulted in marked changes in body weight during JE prograssiaLy-6C" monocytes in C¥CR1 = mice peaked at 3 dpi
following footpad inoculation of JEV. However, @&R1 ~ and declined subsequently whereas the frequency of LV-6G
and CX%CRI“™ mice showed similar reductions in body weight granulocytes in the CNS of GXR1 = mice increased
after intranasal and intraperitoneal JEV administrationcept  eventually depending on JE progression. CO hhyeloid cells
that CXCR1 = mice showed a slightly higher reduction in ltrating into the brain comprised four subpopulations (G1:
in body weight at a later stage after intranasal exposure tby-6C°Ly-6G", G2: Ly-6¢iLy-6G°, G3: Ly-6MLy-6G°,
JEV compared with CYCRI°=C mice Figure 1D). Similarly, and G4: Ly-6¢°Ly-6G°) depending on the expression of
CX3CR®PIP mice with green uorescent protein (GFP) Ly-6C and Ly-6G Figure 3B). To delineate JE progression in
inserted into two allele of C3CR1 locus showed highly CX3CR1 =~ mice, we enumerated subpopulations of CNS-
increased susceptibility to JE progression only after peripherin ltrated CD11b® myeloid cells including Ly-6Ly-6G°
inoculation of JEV via footpad, compared to @XRICIP  monocytes and Ly-6€Ly-6G" granulocytes. C3CR1-ablated
mice (Data not shown). To better understand the severity ofnice harbored a signi cantly higher number of total CDI4b
JE progression in GGCR1 = mice following peripheral JEV myeloid cells in the brain during the examination period (0-4
inoculation, we performed histopathological analysis of tisai dpi) compared with CXCR1-competent mice Kigure 3B).
derived from CXCRI and CX%CR1 = mice after JEV Similarly, C%CR1 ablation strongly increased CNS in Itration
inoculation via footpad, intranasal, and intraperitonealites.  of all the CD1165 subpopulations including Ly-6& monocytes
As expected, C3CRI°C mice showed reduced in ammation and Ly-6@ granulocytes with saturated levels at 3 dpi.
involving blood vessels, meninges, and ventricles in trenbr Notably, Ly-6&" granulocytes were gradually accumulated
compared with C¥CR1 = mice exposed to JEV inoculation in the brains of CXCR1 = mice with a markedly higher
via footpad, based on CNS in Itration of peripheral leukocyteslevel, compared to the GCRI™ mice until 4 dpi. It has
(Figure 2A). However, CXCRI°C and CXCR1 = mice been reported that microglia contribute to the pathogenesis
showed comparable levels of neuroin ammation after intraala of encephalitis caused by neurotrophic viruses such as West
and intraperitoneal inoculation of JEV. GERI® and Nile virus (55 and CNS-inltrated Ly-6(" monocytes are
CX3CR1 = mice displayed higher peripheral leukocytedierentiated into in ammatory macrophages such as micragli
inltration of inammatory areas after JEV inoculation (55). Ly-6CMLy-6G° and Ly-6C°Ly-6G° subpopulations in
via intranasal and intraperitoneal routes, compared withCD11H myeloid cells may comprise activated microglia cells
CX3CRIC mice infected via footpad. Enhanced in ltration (56). Therefore, we further examined the changes of resting
of CD118° myeloid cells in the brain of C3CR1 = mice was and activated microglia in the brain based on the expression
further con rmed by immunohistochemistry using anti-CDb1 of Tmem119, a microglia-speci ¢ markesT). As shown in
mADb, after JEV inoculation via footpadrigure 2B). In contrast, Figure 3C CX3CR1 ablation strongly increased the frequency
CX3CRI°C and CX%CR1~ mice showed no apparent of CD11lCD48 Tmem119"t activated microglia (6.57%)
di erences in in ltration of CD116° cells after JEV inoculation 4 dpi compared with those in GCRI™ mice (0.96%). In
via intranasal and intraperitoneal routes. Taken togettoerr ~ addition, CXCR1 = mice contained accumulated number of
results clearly suggest that @3R1 ablation leads to severely CD11H°CD48" Tmem119" activated microglia in the CNS with
exacerbated JE progression following peripheral inoculatiomarkedly higher levels up to 4 dpi, compared to §DRIC<
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FIGURE 1 | CX3CR1 is indispensable for the regulation of JE following lo¢@noculation of virus.(A) Susceptibility of CxCR1-ablated mice to JE. Wild-type
(CX%CR1°7C) and CXCR1-de cient (CX3CR1 = ) mice (5-6 weeks oldn D 10-13) were inoculated with JEV (5.0 107 PFU) via footpad, intranasal, and
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FIGURE 1 | intraperitoneal routes. The proportion of surviving micanieach group was monitored daily for 15 or 20 days(B) Ratio of mice showing neurological
disorder during JE progression. Mice infected with JEV werexamined every 6 h from 4 to 15 dpi and the ratio of mice showingeurological disorder in inoculated
mice was recorded. Blue arrows denote a time point of neurolgical disorder manifestation following JEV infectio(C) Encephalitis score. Mice infected with JEV were
scored for encephalitis from 3 to 12 dpi. Encephalitis score were expressed as average score SEM of each group.(D) Changes in body weight. Changes in body
weight were expressed as the average percentage SEM of body weight relative to the time of challenge.pr< 0.05; **p < 0.01; and **p < 0.001 for levels between
CX3CR1C7C and CX3CR1 = mice at indicated dpi.
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FIGURE 2 | Histopathological analysis supports severe neuroin ammaon in the CNS of CXCR1 = mice. (A) Brain sections of C)gCRleC and CX3CR1 = mice
were prepared and stained with H&E 5 days after JEV infectiovia footpad, intranasal, and intraperitoneal inoculatiorRepresentative photomicrographs of the brain
were obtained from blood vessel areas, meninges, and ventlies. (B) Detection of in Itrated CD11h° myeloid cells in the brain. Brain sections prepared from
CX3CR1C=C and CX3CR1 = mice were used for the detection of cD11§ myeloid cells by staining with anti-CD11b mAb. CD116 cells were detected in cortical
parenchyma area of the brain. Images are representative of sgons (200 ) derived from at least four mice. Interest areas in Itrated \th leukocytes are denoted by
black arrows.

2
H
H

mice (Figure 3D). CD111¥ CD45"Tmem119 resting microglia of CXsCR1 = mice strongly increased the expression of TNF-
were also detected in CNS tissues ofsCR1 =~ mice with a and IL-6 with peak levels detected at 4 dpi compared with
increased levels at 3 dpi compared to LRI mice (10.8 CX3CRI°™ mice (Figure 36). CC chemokines CCL2 and CCL3
vs. 4.24%). This indicates that @XR1 ablation increased both were expressed at higher levels (peaks at 2 dpi) in the CNS
activated and resting microglia during JE progression. of CXsCR1 = mice compared with those of GERIC™

In terms of severe neuroin ammation involving GER1 = mice whereas CXC chemokines CXCL1 and CXCL2 showed
mice following peripheral JEV inoculation via footpad, theprolonged and higher expression in the CNS of TR1 ~
expression of cytokines and chemokines within the CNSnice until 4 dpi. These results indicate that sequential and
may further explain encephalitis because neuroin ammationuncontrolled expression of cytokines and CC/CXC chemokines
triggered by neurotrophic viruses is indirectly attributdd  might result in severe neuroin ammation in GCR1 = mice
CNS degeneration by robust immunological responses such & in Itration of Ly-6C" monocytes and Ly-60 granulocytes
uncontrolled secretion of cytokines and chemokines and thand microglial activation. To further characterize the ety
activation of microglia and astrocyted({ 11, 58). Therefore, of neuroin ammation in CX3CR1 = mice, we measured the
we examined the expression of cytokines and chemokines ievels of systemic IL-6 and TN&- A trend toward rapid
the CNS. Our results revealed that peripheral JEV inoculatiomduction and increased levels of serum IL-6 and TBIF-
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FIGURE 3 | CX3CR1 ablation induces higher in Itration of in ammatory leukaytes in the CNS.(A) Early and enhanced in Itration of Ly-6(‘,“i monocytes and Ly-6(3hi
granulocytes in the CNS of C¥CR1 = mice. (B) In Itration kinetics of CcD11° myeloid cell subsets. Values in the dot-plots represent thaverage percentage of
each population after gating on CD4% and subsequent CD11HF cells. (C,D) The frequency and number of microglia in the CNS. In Itrated lekocytes were prepared
from the brains of C%CR1°C and CX3CR1 = mice via vigorous cardiac perfusion and collagenase digeisin at indicated dpi. The frequency and absolute number
of CD11bC CD45MTmem119" resting microglia and CD116° CD45N Tmem119Mt activated microglia were determined by ow cytometric analgis. Values in the
dot-plots show the average percentage of each population aér gating on CD116 cells. (E) Expression of in ammatory cytokines and chemokines in the CIS.
Expression of cytokines and chemokines was determined by @ad-time gRT-PCR using total RNAs extracted from brain tisss at indicated dpi. (F) Serum levels of
IL-6 and TNF-a. Levels of IL-6 and TNFa in sera were determined by cytokine ELISA at the indicated dpData show the average SEM of levels derived from at
least three independent experimentsr(D 4-5). < 0.05; **p < 0.01; and **p < 0.001 for CX3CR1C=C vs. CX3CR1 = mice at indicated dpi.

in CX3CR1 = mice compared with CY¥CRI°™ mice was virus within these dLNs9-61). Replication within dLNs leads
observed Figure 3F). Taken together, these results demonstratéo primary viremia and subsequent dissemination of infeatio
that robust in ammatory cytokine and chemokine responsesto permissive organs (such as the spleen) and non-permissive
drive the severity of neuroin ammation in C3CR1 = mice. organs (such as kidney and live)d). In general, viral replication
peaks in the spleen and the serum by 3—-4 dpi. Subsequently,
. . . viruses are cleared by host defense responses between 6 and 8 dpi
Delayed_ Vlr_al Clearance in Perlpheral (61). However, delayed clearance of infectious virus at periphera
Lymphoid Tissues Is Closely Associated sites by inappropriate host defense may generate large vigsd loa
With JE Exacerbation in CX 3CR1 =~ Mice for CNS invasion. Therefore, we examined the viral burden in
Neurotrophic viruses such as WNV and JEV are thought tadLNs (popliteal LNs), susceptible organs (spleen), sera, and the
replicate in keratinocytes and cutaneous DCs and Langerha®NS kinetically during JE progression, in order to elucidate
cells following inoculation at peripheral sites such as fodtpathe process of severe neuroin ammation in @R1 = mice
(59-61). Infected DCs migrate to regional dLNs and seed thdollowing peripheral JEV inoculation via footpad. Somewhat
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surprisingly, wild-type C¥CRIC mice carried a higher viral LNs based on the production of IF§-and granzyme B from
burden in the popliteal LNs and spleen at an early stage untCD3 NK1.1°DX5% NK cells in response to brief stimulation
3—4 dpi compared to C3CR1-ablated mice. Then, these viruseswith PMA and ionomycin Figure 5B). Similarly, CXCR1 ~
were rapidly cleared at peripheral sitédsigure 4A). However, mice carried signicantly reduced numbers of IF)-or
CX3CR1-ablated mice showed a 10- to 100-fold lower viragranzyme B-producing NK cells in popliteal LNBigure 5C).
burden in popliteal LNs and spleen at early stage compared tdhese results indicate that GER1 plays an important role in
wild-type mice. Subsequently, viral burden gradually insegh activating NK cells in dLNs following footpad challenge with
depending on JE progression. Ultimately, the{CR1-ablated JEV. Furthermore, we examined JEV-speci ¢ ¢Ddnd CD&
mice carried higher viral burdens in popliteal LNs and spleerT-cell responses in popliteal LNs of surviving §ORI=<

at late stages compared to §3R1° mice. Due to high viral and CXCR1 = mice at 5 dpi. C¥CR1 ablation resulted in
burden in peripheral lymphoid tissues of GXR1 = mice, signicant reduction of JEV-specic CD% T-cell responses
CX3CR1 = mice showed higher levels of infectious JEV in seravhen CD4 T-cell responses were evaluated by intracellular
and viral burden in the brain than C3CRI°= mice Figure 4B.  CD154 and IFNg staining in response to stimulation with C[54
Notably, CCR1 =~ mice were observed to contain viral T-cell epitope peptide (NS33 s574) (Figure 5D). Consistent
burden in brain with around 1,000-fold increased level agri with this nding, total number of CD15% and IFN-g¢ CD4®

JE progression, compared to @3RI mice. In addition, T cells was found to be signicantly decreased in popliteal
CX3CR1-ablated mice showed a sharp increase in viral burdelbbNs of C)XCR1-ablated mice Rigure 55. CX3CR1-ablated
in the CNS at around 3 dpi, the time point that high viral burden mice also showed reduced numbers of €D¥ cells, based
in peripheral lymphoid tissues of GECRI™ mice was rapidly on IFN-g and TNFa responses after stimulation with C58
decreased. It is thought that JEV inoculated via footpad may bé-cell epitope peptide (NS4Bs 229 (Figures 5F,G. In order to
translocated along with infected DCs into dLNs (popliteal LNs)further understand that C¥CR1 ablation results in impaired NK
(61). Therefore, we performed confocal microscopy to detecand T-cell responses, we used a selective, high-a nity iftbib
JEV Ags along with DCs in popliteal LNs at the early stageof CX3CR1 (AZD8797) §3). CXsCRI°™ wild-type mice were
Viral Ags were detected in the popliteal LNs of §0RI°9P intravenously treated with AZD8797 prior to JEV infection.
mice with an apparently higher frequency in popliteal LNs at theCX3CR1 inhibitor were daily injected to GCRL mice till
early stage (2 dpi) compared to GXRIPIP mice Figure 4C,  analysis date. GGCR1 inhibitor-treated mice displayed highly
upper and lower picturesviral Ags were mostly detected within decreased activation of NK cells in popliteal LNs following
interfollicular and sinus adjacent area near germinal eent JEV inoculation via footpad Supplementary Figure 1A
(Figure 4G, upper pictures Notably, many JEV Ags were co- Similarly, C%CRI mice showed impaired JEV-specic
localized with CXCRI® DCs in interfollicular and T-cell zone CDA4C and CD§ T-cell responses after treatment with AZD8797
in popliteal LNs of CXCRI™ mice. In contrast, JEV Ags (Supplementary Figures 1B,§; which indicates that functional
were detected in the brains of GERRB™IP mice with a high inhibition of CX3CR1 results in impaired generation of NK
frequency at the late stage (5 dpi) compared to the brainand JEV-specic T-cell responses in peripheral lymphoid
of CX3CRI°T™ mice (Figure 4D). Collectively, these results tissues following peripheral JEV inoculation. In addition,
suggest that C3CR1 plays an important role in the rapid in ux we monitored the activation of NK cells in blood during JE
of JEV in dLNs (popliteal LNs) at early stage following viralprogression. As expected, @3R1 = mice showed decreased
inoculation via footpad. It also plays an important role in \ira activation of blood NK cells compared to GERI mice
clearance in the peripheral lymphoid tissues and the CNS gSupplementary Figure 2A. Also, CXCR1 = mice appeared

later stage. to accumulate lower frequency and number of JEV-specic
CD4° and CD& T cells in the brain, compared to GERIC™
. . mice (Supplementary Figure 2B However, our data revealed
CX_3CR]' Is Essential fO!’ Antiviral NK Cell that CX3CR1 ablation induced no signi cant changes in serum
Activation "fmd Ag-Speci c T-Cell IlgM or 1gG speci ¢ for JEV antigenRigure 5H). This nding
Response in dLNs indicates that C¥CR1 plays no signi cant role in regulating

Antiviral immunity including NK cell activation and JEV- humoral immune responses specic for JEV Ags. Collectively,
speci ¢ T-cell responses is believed to play an important roléhese results suggest that §2R1 plays an important role in NK
in regulating JE progression via JEV control and clearanceell activation and generation of JEV-speci ¢ Cb4nd CD&
from extraneural tissues3( 9, 15. The C)XCR1-ablated mice T-cell response in dLNs following peripheral JEV inoculation.
showed an impaired clearance of footpad-inoculated JEV in

dLNs. Therefore, we compared NK-cell and JEV-specic T'Ce'CX3CR1-AbIated Mice Show Impaired

responses in popliteal LNs of both wild-type @3RI and . c hi
CX3CR1 = mice following footpad JEV inoculation. Both Accumulation of CX 3CR1~CD11c™ DCs

CX3sCRI° and CXCR1 = mice contained comparable and CXSCR]-CCDllth Myeloid Cells in

numbers of CD3NK1.1I°DX5° NK cells in popliteal LNs with dLNS

increased levels at 24 and 48h after JEV infection comparedX3CR1 and its ligand C3CL1 contribute to immune cell
to mock-infected mice Kigure 5A4). However, CX¥CR1 ~ recruitment during in ammation via either chemotaxis or
mice exhibited markedly reduced NK cell activation in popliteaadhesion because the @ZR1-CXCL1 axis is known to play a
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FIGURE 4 | CX3CR1 ablation results in delayed viral clearance from perighal lymphoid tissues.(A) Viral burden in peripheral lymphoid during JE progressiorB)
Infectious JEV in sera and viral burden in CNS tissues during=Jprogression. Viral burden in popliteal LNs, spleen, and bmn of C)@CRlczc and CX3CR1 = mice
was assessed by real-time qRT-PCR at the indicated days aftenfection with JEV via footpad inoculation. Viral RNA loadlas expressed by viral RNA copy number
per microgram of total RNA. The levels of infectious JEV in s& were determined by focus-forming assay(C) Confocal imaging for detection of JEV
AgCCX3CR1CCD11cC DCs in popliteal LNs. Sections of popliteal LNs derived frorEXs CR1CP and Cx3 CR19P9P mice infected with JEV via footpad inoculation
were co-stained for JEV Ags [E and NS1 (PE red)] and DC markeDd1c (APC purple) at 2 dpi. The Cg(CngfPCDllcC DCs co-localizing with JEV Ags in lower
magni cation images (upper pictures) and higher magni catia images (lower pictures) are denoted by white arrowqD) Visualization of JEV in the CNS. Brain
sections obtained from JEV-infected C¥CR1C=P and CX3CR19P=IP mice were co-stained with JEV Ags [E and NS1 (PE red)] and nwlr stain DAPI (blue) at 5
dpi. Images are representative of sections derived from at&st ve mice per group. Data show the average SEM of levels derived from at least three independent
experiments @ D 4-5). *p < 0.01 and ***p < 0.001 for (:X3(3Rlc:C vs. CX3CR1 = mice at the indicated dpi.

role in the migration of NK cells, T cells, monocytes, and thasTo delineate the leukocyte subpopulation whose migration
cells 9. CX3CR1 ablation failed to alter the total number of is a ected by CXCR1 during JE progression, we examined
CD45° leukocytes in popliteal LNs following JEV infection viathe expression of C3CR1 in various subsets of immune cells
footpad inoculation Figure 6A). Notably, both CXCRI°*  recruited in popliteal LNs and footpad following footpad
and CX%CR1 = mice showed rapid and comparable increasenoculation of JEV. As a result, we found that CD¥1land

in leukocyte levels in dLNs from 2 dpi. Also, CDfland CD11& myeloid cell populations showed constitutive expression
CD118° myeloid cells were detected in popliteal LNs ofof CXsCR1 at higher levels compared to other immune cells,
CX3CRI°C and CX%CR1 = mice with comparable levels including NK cells, CD%, and CD§ T cells Figure 6C). The

5 dpi (Figure 6B). These data indicate that GER1 ablation CX3CR1 expression in CD1$band CD11€ cells derived from
did not a ect the migration of CD45 leukocytes as well as footpad and popliteal LNs was strongly increased following
CD11& and CD115 myeloid cells. C¥CR1 is expressed on JEV infection. In support, C3CRI® cells in CD11€ and
several types of leukocytes, including monocytes, T-cblets, CD118 myeloid cell populations were more accumulated in
NK cells, microglia, neurons, astrocytes, and plateléts35). popliteal LNs compared to other immune cel&dure 6D). The
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FIGURE 5 | CX3CR1 ablation reduced the activation of antiviral NK and JESpeci ¢ CD4C/CD8C T cells in peripheral lymphoid tissues(A) NK cell number in
popliteal LNs. Leukocytes were obtained from popliteal LN&f CX3CRlc=C and CX3CR1 = mice and used to analyze NK cells with ow cytometry at the indiated
dpi. Values in dot-plots represent average SEM of NK1.1°DX5C NK cells after gating on CD3-negative cellsn(D 4-5). (B) NK cell activation. NK cell activation was
evaluated by enumerating IFNg or granzyme B-producing NK cells with intracellular staing after brief stimulation of leukocytes obtained from pojteal LNs with PMA
and ionomycin at 24 and 48 h pi. Values in dot-plots representhe average SEM of IFNg or granzyme B-producing cells in CD3 NK1.1°DX5C NK cells 6 D 4-5).
(C) Absolute number of IFNg or granzyme B-producing NK cells in popliteal LNs. The totatumber of IFN.g or granzyme B-producing CD3 NK1.1€DX5¢ NK cells
was determined by ow cytometric analysis using intracellar and surface staining at 24 and 48 h pi(D,E) JEV-speci ¢ CcD4C T-cell responses.(F,G) JEV-speci ¢
CD8C T-cell responses. Leukocytes were obtained from poplitealNs from surviving CXCR1S=C and CX3CR1 = mice 5 dpi and used for stimulation with JEV
epitope peptide of CDA T cells (NS3g3 574) OF CDE& T cells (NS4B15 223) for 12 or 8 h, respectively. The frequency and absolute nundy of JEV-speci ¢ cb4C
and CD&C T cells were determined by intracellular CD154 and cytokinFN-g and TNF-a) staining combined with surface CD4 and CD8 staining(H) Serum levels of
JEV E protein-speci ¢ IgM and 1gG. Levels of JEV E protein-sped IgM and IgG in sera ff D 7-8) were determined by conventional ELISA using sera collesl from
surviving mice at 7 dpi. Values in representative dot-plotdenote average SEM percentage of indicated cell population. Bar charts she the average SEM of
values derived from at least three independent experiment& D 4-5). *p < 0.05; **p < 0.01; and ***p < 0.001 compared between CX%CR1°C and CX3CR1 =
mice at indicated dpi.

CD11Kf and CD11€ myeloid cells mainly include antigen- footpad challenge Rigure 6B. Similarly, CXCRB™IP
presenting cells such as CDFIBD11&E myeloid DCs 64, 65). mice accumulated a lower number of @XR®PCD11¢!
CX3CR1 = mice showed impaired NK cell activation and and CXCRZPCD11é&" DCs in popliteal LNs during JE
JEV-specic T-cell responses. Indeed, {CR1-positive cells progression compared to GERICIP mice (Figure 6P.
in CD116°CD11& DC population were likely to be recruited Notably, C%CR¥PCD11¢" DCs were detected with very
into popliteal LNs at 2 days following footpad inoculation low levels in popliteal LNs of GCRE™9 mice. Consistent

of JEV Figure 6Q). Therefore, we examined the kinetics ofwith impaired recruitment of CXCR¥®PCD11¢ DCs in

migration of CXCR®PCD11€ DCs and CD116 myeloid
cells into popliteal LNs of C3CRICIP and CXCR2PP
mice following footpad inoculation. CICRE™IP mice
displayed markedly impaired recruitment of GRR®PCD11¢&!
and CXCR®PCD11¢" DCs in popliteal LNs following

CX3CREPIP mice, the recruitment of CYCREPCD114"
and CD11B" myeloid cells into the popliteal LNs of
CX3CRE™IP mice was delayedF{gures 6G,H. However,
the total numbers of CYCR®PCD11® and CD11¥ cells
were comparable between @XRICIP and CXCRWPIP
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mice, suggesting that the recruitment of gXRB¥PCD11&
and CD11l¥ cells was unlikely to depend on the g@3R1-
CX3CL1 axis. In support, treatment with GKR1 inhibitor
resulted in delayed accumulation of @ZRICCD11& and
CD11 DCs in popliteal LNs following JEV inoculation via
footpad, while migration of CYCRI°CD11& cells was not
aected by CXCRL1 inhibitor (Supplementary Figure 3A
Accumulation of CX%CRI°CD118" and CD11B® myeloid
cells was also reduced by treatment of 3CR1 inhibitor

and CD§ T-cell responses in popliteal LNs of @8R1 = mice
injected with C%CRIC9P and CX%CR®EPIPCD11€ DCs at

7 days after footpad inoculation of JEV. gXR1 ~ recipients
of CXsCRE™IPCD11E€ DCs showed lower responses of
CD4C T cells specic for JEV Ag compared to GER1 =
recipients of C¥CRI°9PCD11&€ DCs, based on frequencies
of CD154, IFN-g¢, and TNFa® cells in CD¥ T cells
stimulated with CD# T-cell epitope (NS&3 574) (Figure 70).
Similarly, C%CR1 ~ recipients of CYCREPIPCD11& DCs

(Supplementary Figure 3% Collectively, these results indicate harbored signi cantly decreased numbers of JEV-speci ¢ €D4

that functional inhibition of CX}CR1 results in the impaired
recruitment of C%CRXCD11& DCs and C¥CRICD118°

T cells in popliteal LNs compared to GRER1 ~ recipients of
CX3CRI°¥PCD11& DCs (Figure 7D). Consistent with the

myeloid cells into the dLNs following footpad inoculation of weak response of JEV-speci ¢ CBZ cells in popliteal LNs of

JEV. In particular, impaired recruitment of GERI°CD11¢&!

CX3CR1 = recipients of CXCR®PIPCD11E& DCs, footpad

DCs into dLNs of CXCR1 = mice appears to decrease NK injection of CXCR®PIPCD11& DCs induced a lower level of
cell activation and JEV-specic T-cell response, compared tdEV-specic CD§ T cell response in popliteal LNs compared

CX3CRI=C mice.

CX3CR1-Ablated DCs Exhibit Delayed and
Reduced NK-Cell Activation and

CD4C/CD8C T Cell Response in dLNs

It has been reported that GCRPPIP mice with GFP inserted
into two alleles of the CXCR1 locus show no functional
expression of CXCL1 receptor. However, all surface §oR1-
positive cells in heterozygous @ZRIIP mice show GFP
expression as well as biallelic functional expression ofGIA
receptor 60). It is believed that CD1fcDCs play a crucial role
in activating NK cells via NK-DC crosstalk and in initiating
Ag-speci c CD4 and CD§ T-cell responses6f). However,
our results provided no direct evidence that delayed recraitin
of CX3CRI°CD11& DCs resulted in the impaired NK cell

to CXsCR1 = mice injected with CY¥CRI°9PCD11& DCs
(Figures 7E,F. Ultimately, these results indicate that functional
de ciency of CX%CR1 expression in CD1¥cDCs leads to
impaired NK cell activation and reduced the generation of
JEV-speci c CD#¥ and CD§ T-cell response in dLNs following
footpad injection.

CX3CR1-Ablated DCs Show Delayed

Initiation of Ag-Specic CD4 © T-Cell
Responses in dLNs

Because impaired NK cell activation and JEV-specic T-cell
responses were observed in popliteal LNs of3CR1 ~
recipients injected with C3CR®PIPCD11€ DCs, we
determined whether functional deciency of GER1
expression aected their migration from injection site

activation and JEV-specic T-cell responses in popliteal LNgfootpad) to popliteal LNs following JEV infection, resulting in

of CXgCR1 ~
delayed CXCRI°CD11& DC recruitment in impaired NK
cell activation and T-cell responses, the {LRPPCD11&
DCs were puried from the spleens of GERBPIP or

CX3CRIC mice and subsequently injected into footpads ofCX3CR1 ~

CX3CR1 = mice. We then examined NK cell activation in
popliteal LNs of C¥CR1 = recipient mice at 2 days following
immediate JEV infection via footpad inoculation. @3R1 ~
mice injected with CXCRICDP or CXzCRM®PIPCD11&E
DCs showed comparable frequencies of CD&1.1°DX5¢
NK cells in popliteal LNs following footpad inoculation
of JEV Figure 7A). However, CXCR1 =~ mice injected

mice. To directly demonstrate the role of impaired NK cell activation and JEV-speci c T-cell responses.

CXgCRI*HP and Cx%CR¥PIPCD11& DCs were sorted
from spleens of heterozygous @XRI9P and homozygous
CX3CRMPYP mice, and injected into left and right footpads of
mice, respectively. Recruitment of @ZRICTP
and CXCR®PIPCD11E€ DCs in popliteal LNs of CYCR1 =
recipients was then observed at 3 days after footpad inooulati
of JEV. Our results revealed that functional de ciency of
CX3CR1 expression delayed the migration of CDi1BCs
from the footpad to popliteal LNs, as the lower frequency of
CXsCRE™IPCD11€ DCs was observed in popliteal LNs of
the right footpad injected with C}CR®PIPCD11& DCs

with CX3CRPIPCD11& DCs showed markedly reduced compared to popliteal LNs of the left footpad injected with

activation of NK cells compared to GER1 = mice injected
with CXsCRICIPCD11E DCs, when NK cell activation was

evaluated by IFNy and granzyme B production in response of CX3CR1 ~

to brief stimulation by PMA and ionomycin. GCR1 ~
recipients of CXCRI°9P and CxCRMPIPCD11€ DCs

CX3CRIF¥PCD11E€ DCs (Figure 8A). However, C¥CRICP
and CXCRZ™IPCD11€ DCs recruited in popliteal LNs
recipients showed similar expression of
phenotype markers including CD80, CD86, MHC I, and
MHC 1l (Figure 8B). Also, JEV Ags showed similar levels

also carried comparable numbers of NK cells in poplitealn CX3CRIFP and CXCRB™IPCD11€ DCs derived

LNs. However, footpad injection of GERM®PIPCD1I1E
DCs into CxCR1 = mice resulted in a signi cant reduction

from the popliteal LNs of left and right footpads, respectively
(Figure 8Q). These data indicate that functional de ciency of

of IFN-g and granzyme B-producing NK cells comparedCX3CR1 expression a ected their migration from infection site

to CXsCR1 = recipients of CXCRI9PCD11& DCs
(Figure 7B). Furthermore, we examined the JEV-speci c CD4

to dLNs, but not phenotypic changes and JEV infectivity at the
peripheral site. Therefore, the delayed delivery of JEV Ags by
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FIGURE 6 | Impaired accumulation of CXCR1C DCs and CD11h° myeloid cells in peripheral lymphoid tissues of G3CR1-ablated mice. (A) Total leukocyte number
in popliteal LNs. Leukocytes were obtained from popliteal Ns of CX;;CRlCzC and CX3CR1 = mice, and used in the analysis of total cD4§ leukocyte levels at the
(Continued)
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FIGURE 6 | indicated dpi. (B) Analysis of CD11& and CD11bC€ myeloid cell population. The proportion of CD11€ and CD11bC myeloid cells was determined by
ow cytometric analysis using leukocytes obtained from popteal LNs of C)g(:RlCzC and CX3CR1 = mice 5 dpi. (C) CX3CR1 expression in leukocyte
subpopulations. (D) Changes of C¥%CR1C cell number in leukocyte subpopulations. Leukocytes were gpared from footpad and popliteal LNs with collagenase
digestion and surface-stained by C¥CR1 mAb combined with CD3, CD45, CD11c, CD11b, CD4, CD8, DX5and NK1.1 mAbs at 0 and 2 dpi. Values in histograms
denote the average percentage SEM of CX CR1-positive cells in indicated leukocyte subpopulationsincluding CD3 CD4C, cD3CCD8C, CD3 NK1.1CDX5C,
CD45CCD11bC, CD45°CD11cC, and CD45°CD11bCCD11cC cells. (E,F) Delayed accumulation of C%CR19™ DCs in popliteal LNs of C%CR19P9P mice.
Leukocytes were obtained from popliteal LNs via collagenasdigestion at the indicated dpi and used to determine CXCR19" DC subsets (C%CR19PcD11cM,
CX3CR19PCD11c¢M) and CXCR19PCD11c® cells through ow cytometric analysis, after infecting C¥CR1S79P and Cxg CR19P=9P mice with JEV via footpad
inoculation. (G,H) Impaired accumulation of C%CR19P myeloid cells in popliteal LNs of CXCR19P mice. Cx;CR19P myeloid cells including
C><3CR1§”F’CD11bhi and (3><3CR19fPCD11bi"l cells in popliteal LNs were counted by ow cytometric analysi from 1 to 7 dpi. Values in representative dot-plots
denote the average SEM percentage of the indicated cell population after gatmon CD45C cells, while bar charts show the average SEM of values derived from
at least three independent experimentsr( D 4-5). b < 0.05; **p < 0.01; and **p < 0.001 for CX3CR1C2C vs. CX3CR1 = mice at indicated dpi.

functional CX%CR1 de ciency in CD11¢ DCs could induce not injected with CXCRI°CD11&€ DCs showed a higher
delayed and weak JEV-specic T-cell responses in dLNs. Tencephalitis scoreF{gure 9B). CX3CR1 = mice injected with
quantitatively determine this possibility, we used tramige CX3CRI°CD11& DCs also showed lower changes in body
OT-11 CD4C T cells that recognize OViAs 33gepitopes derived weight compared to C3CR1 = mice (Figure 90). Wild-
from chicken ovalbumin (OVA). The CFSE-labeled OT-Il CB4 type C%CRI™ mice showed rapid dissemination of JEV to
T cells puried from OT-Il mice were adoptively transferred popliteal LNs and spleens at the early stage following footpad
into CX3CR1 = mice, followed by footpad inoculation with inoculation of JEV. Subsequently, the virus was rapidly cleared
vaccinia virus expressing OVA after injection of §0RI°9P  However, CXCR1 = mice showed a gradual increase in
and CXCRIPIPCD11& DCs into the left and right footpads, viral burden in the dLNs and CNS. Therefore, we kinetically
respectively. It was found that OT-1l C%4T cells in popliteal examined the viral burden in dLNs, spleen, and CNS of
LNs of the left footpad injected with GCRICIPCD11& DCs  CX3CR1 = mice, depending on JE progression. Interestingly,
proliferated rapidly compared to OT-1l CDAT cells in popliteal CX3CR1 = recipients of C¥CRI°*CD11& DCs showed
LNs of the right footpad injected with GGCR®PIPCD11&  elevated viral burdens in popliteal LNs and spleen with
DCs (Figure 8D). In addition, total mitotic events of OT-ll levels comparable to wild-type GERI° mice at the early
CD4C T cells occurring in popliteal LNs6() showed a 4-fold stage, and subsequently the rapid clearance of virus occurred
increase in the OT-11 CD% T cells of popliteal LNs in the left in the peripheral lymphoid tissues eventuallFigqure 9D).
footpad injected with CYCRICFPCD11€ DCs compared CXsCR1 = mice injected with CYCRI°CD11& DCs

to OT-Il CD4C T cells of popliteal LNs in the right footpad also showed lower viral burdens in the CNS during JE
injected with CX%CR2™IPCD11€ DCs Figure 8B. These progression compared to GER1 = mice. In conclusion, these
results suggest that the rapid Ag-specic T cell response inesults indicate that reconstitution of GER1 = mice with

dLNs is mediated via functional expression of {OR1 in
CD11¢ DCs.

Adoptive Transfer of CX 3CR1¢ DCs

CX3CRI°CD11& DCs restore protection against peripheral
JEV infection.

Attenuation of JE Progression by Adoptive

Ameliorates JE Transfer of CX 3CR1C DCs

A functional de ciency of CXCR1 expression in CD1%c In order to further characterize the neuroin ammation of
DCs abrogated the rapid induction of NK cell activation CXsCR1 = recipients injected with CXCRI°CD11& DCs, we
and JEV-speci ¢ T-cell responses, thereby providing enhanceekamined CNS in ltration of Ly-6¢ monocytes and Ly-6
susceptibility to JEV peripheral inoculation. Therefore, wegranulocytes in C¥CR1 = recipients during JE progression.
investigated whether adoptive transfer of $DRICD11&  Our results revealed that GER1 = mice injected with
DCs to C%CR1 = mice could restore protection against CXsCRI°*°CD11& DCs showed a lower CNS in ltration
JEV infection inoculated via footpad. GERI°CD11& DCs  of Ly-6C" monocytes and Ly-6 granulocytes following
were puried from spleens of wild-type GCRI™ mice footpad inoculation of JEV compared with GER1 = mice
and adoptively transferred into GCR1 = mice before JEV (Figure 10A). Notably, CNS in ltration of Ly-6(% monocytes
infection via footpad. Strikingly, C3CR1 =~ recipients of was markedly reduced in GCR1 = recipients injected with
CX3CRI°CD11& DCs showed fully recovered resistance to JEEX3CRIC™CD11&€ DCs, compared to C3CR1 = mice not
caused by peripheral JEV inoculation. Their resistance leveiisiected with CXCRI°*CCD11& DCs. Similarly, CXCR1 =
were comparable to GGCRI°C mice (Figure 9A). Adoptive  recipients injected with CYCRI°CD11¢& DCs showed lower
transfer of CXCRI°CD11&€ DCs to CX%CR1 = recipients Ly-6C" monocytes and Ly-6 granulocytes in the CNS
strongly enhanced the resistance to JE with a mortality ofompared to C¥CR1 ~ mice (Figure 10B. Furthermore,
around 20%, compared to GKR1~ mice that showed we examined the expression of in ammatory cytokines and
90% mortality. C¥CR1 = recipients of CXCRI°CD11&  chemokines in the CNS of GQXR1 = recipients injected
DCs also showed clinical scores for encephalitis comparabieith CX3CRI°CD11& DCs. C%CR1 = mice reconstituted
to CXsCRI™ wild-type mice whereas GCR1 = mice with CX3CRI°CD11& DCs showed a diminished expression
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FIGURE 7 | Delayed and reduced NK cell activation and JEV-speci c CD%/CD8C T-cell responses by C%CR1-ablated DCs.(A) Frequency and activation of NK
cells in popliteal LNs of C¥CR1 = recipients of C¥CR1-ablated DCs. C%CR19PCD11cC DCs from spleens of C%CR1CP or Cxg CR19P=IP mice were
(Continued)

Frontiers in Immunology | www.frontiersin.org 16 June 2019 | Volume 10 | Article 1467



Choi et al. Indispensable Role of CXCR1 in Regulating JE

FIGURE 7 | sorted and injected into CCR1 = recipient mice via footpad (5 10° cells/mouse). C%CR1 = recipients were subsequently infected with JEV via
footpad inoculation. Two days following infection, the frguency and activation of NK cells in popliteal LNs were detenined by intracellular staining for IFNyand
granzyme B (GrB) along with surface staining for CD3, NK1.nd DXS5 following brief stimulation with PMA and ionomycirValues in the plots represent the average

SEM of IFNg or GrB-producing cells in NK1.€ cells after gating on CD3 NK1.1DX5C NK cells 6 D 4-5). Vaginal leukocytes unstimulated with PMA and
ionomycin were used for negative control(B) Absolute number of IFNg or granzyme B-producing CD3 NK1.1SDX5® NK cells in popliteal LNs of CXCR1 =
recipients. (C,D) JEV-speci ¢ CD4C T-cell responses in popliteal LNs of CXCR1 ~ recipients. (E,F) JEV-specic CcD8C T-cell responses in popliteal LNs of
CX3CR1 = recipients. At 7 days after JEV infection, leukocytes werelained from popliteal LNs of C¥CR1 = recipient mice injected with C&CRlCZgfp or
CX3CR19P=0 DCs and used for stimulation with JEV epitope peptide of CD% T cells (NS3g3 574) or CDE® T cells (NS4B5 223) for 12 or 8h, respectively. The
frequency and absolute number of JEV-speci ¢ CD# and CD&C T cells were determined by intracellular CD154 and cytokinFN-g and TNF-a) staining combined
with surface staining for CD4 and CD8. Values in representize dot-plots represent the average SEM percentage of the indicated cell population. Bar chartshow
the average SEM of values derived from at least three independent expenents (0 D 4-5). *p < 0.01 and **p < 0.001 comparing the indicated groups.

FIGURE 8 | Functional expression of CXCR1 on CD11€ DCs is required for their recruitment from infection sitesotdraining LNs. (A) Recruitment of C)g;CRlC=gfp
and Cx3CR19P=fP DCs in popliteal LNs of C¥CR1 = recipients. Sorted C%CR1C™P and CX;CR19PIP DCs were injected into CXCR1 = mice via left and
right footpads, respectively. Leukocytes were obtained ém popliteal LNs of CCR1 = recipients via collagenase digestion at 3 dpi and used for owcytometric
analysis to detect C%CR1C=P or Cx3CR19PIPCD11cC DCs. (B) Phenotypes of C¥CR1CIP and Cx3CR19PYP DCs recruited in popliteal LNs of CXCR1 =
recipients. The phenotypic levels of CYCR1CTP and Cx3CR19= DCs were determined by ow cytometric analysis using leukoctes obtained from popliteal LNs
of CX3CR1 = recipients at 3 dpi.(C) JEV Ags expression in CYCR1CIP and Cx;CR19P=U DCs recruited in popliteal LNs of C{CR1 = recipients. The
expression of JEV Ags E and NS1 in CYCR1C7P and Cx3CR19P=8'P DCs recruited in popliteal LNs of CXCR1 = recipients was determined by intracellular
staining for JEV E and NS1 protein combined with surface staing for Cx3CR1-gfp and CD11c. (D) In vivoproliferation of Ag-speci ¢ CD4C T cells in popliteal LNs of
CX3CR1 = recipients. CX3CR1 = recipient mice injected with puri ed and CFSE-labeled OT-II D4C T cells were infected with vaccinia virus expressing OVA (1
10% PFU) via footpad inoculation after injection with GGCR1C=P and Cx3CR19P=0"P DCs into left and right footpads (5 10° cells/footpad), respectively. The
proliferation of OT-1I CD¥ T cellsin popliteal LNs of each corresponding leg was evalted by CFSE division 3 dpi.(E) Total mitotic events of CFSE-labeled OT-II
CDA4C T cells. Total mitotic events were determined by subtractimthe number of precursors from the number of daughters geneted by each precursor population
based on CFSE division. Values in representative dot-plotsr histograms represent the average SEM percentage of the indicated cell population. Bar chartshow
the average SEM of values derived from at least three independent expenients (0 D 4-5). **p < 0.001 comparing the indicated groups.

of cytokines (TNFa, IL-6) and chemokines (CCL2, CCL3, correlated with increased susceptibility of §2R1-ablated mice
CXCL1, and CXCL2) in the CNS during JE progressiorto JE after peripheral JEV inoculation. Several lines of evielenc
(Figure 10Q. These results indicate that reconstitution of supportthe essential role of GERI°CD11¢' DCs in providing
CX3CR1 = mice with CX%CRICD11€ DCs ameliorated resistance to JE. First, the rapid appearance of JEV Ag in dLNs

JE progression. of CXsCRIC< mice was closely associated with recruitment
of CXsCRI°CD11¢" DCs, which e ectively induced NK cell
DISCUSSION activation and JEV-speci c CD4 T-cell responses. In contrast,

impaired recruitment of C¥CRI°CD11¢&" DCs delayed and
Our results demonstrate that GER1 is essential for the weakened NK cell activation and JEV-speci ¢ CDZ cells in
regulation of neuroin ammation in the CNS following periphdra dLNs of CXCR1 = mice. Second, using biallelic functional
inoculation of JEV infection via footpad, but not intranasal o expression system of GER1, our results revealed that the
intraperitoneal inoculation of JEV. Interesting nding in & functional expression of G3CR1 on CD11% DCs was required
present study was that GERRI°CD11¢" DCs were strongly to induce rapid and e ective NK cell activation and CBA-cell
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FIGURE 9 | Restoration of resistance to JE by adoptive transfer of CgCRlC DCs. C)g;,(:RlCCDllcC DCs from spleens of wild-type mice were sorted and
adoptively transferred into C¥CR1 = mice via tail vein and foot pad inoculation (5 10° cells/mouse). C%CR1 ~ recipients i D 10-11) were subsequently
infected with JEV (5.0 107 PFU) via footpad inoculation. Cg(CRlC=c wild-type mice and CXCR1 = mice that received no cells were used as positive and
negative controls, respectively(A) Susceptibility of CCR1 = recipients for CYCR1°CD11cC DCs to JE. The proportion of surviving mice in each group was
monitored daily for 20 days.(B) Encephalitis score. Mice infected with JEV were scored forreephalitis from 3 to 12 dpi and the encephalitis score was epressed as
the average score SEM of each group.(C) Changes in body weight. Changes in body weight were expresstas average percentage SEM of body weight relative
to the time of challenge.(D) Viral burden in peripheral lymphoid and CNS tissues of CR1 ~ recipients for C)@CRlCCDllcC DCs during JE progression. The
viral burdens in spleen, brain, and spinal cord of CCR1 = recipients infected with JEV were assessed by real-time gqRPCR at indicated dpi. Viral RNA load was
expressed as viral RNA copy number per microgram of total RNAData show the average SEM of levels derived from at least three independent expenents ( D
4-5).p < 0.05; **p < 0.01; and **p < 0.001 comparing CXx3CR1 = mice and CX3CR1 ~ recipients of CcD11&€ DC at indicated dpi.
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FIGURE 10 | Adoptive transfer of C)gCRlC DCs attenuates JE progression(A) Attenuated in Itration of Ly-6(:hi monocytes and Ly-iid1i granulocytes in the CNS of
CX3CR1 = mice injected with C&CRlCCDllcC DCs. (B) Accumulated number of in Itrated Ly—6(',hi monocytes and Ly—6Ghi granulocytes in the CNS of

CX3CR1 = mice injected with CXCR1CCD11cC DCs. CNS-in ltrated leukocytes were obtained from the braia of CX3CR1 = recipients of C}CR1¢CD11cC
DCs with vigorous cardiac perfusion and collagenase digein at 3 dpi. CXgCR1CC wild-type mice and CX;CR1 = mice that received no cells were used as
positive and negative controls, respectively. Values in ¢hdot-plots represent the average percentage of each populdon after gating on CD4%° and subsequent
CD11bC cells. (C) Expression of in ammatory cytokines and chemokines in the CB of CXCR1 = mice injected with CX%CR1€CD11cC DCs. Expression of
cytokines and chemokines was determined by real-time qRT-EBR using total RNA extracted from brain tissue at indicated jpi. Data show the average SEM of
levels derived from at least three independent experiment® D 4-5). o < 0.05; **p < 0.01; and **p < 0.001 comparing CXx3CR1 = mice and CXCR1 ~
recipients of CxCR1€CD11cC DC at indicated dpi.

responses in dLNs. Injection of GERI°IUPCD11€ DCsinto T cells and induce immune responses whereas macrophages
footpads of CXCR1 = mice resulted in complete activation of largely remain in tissue$0). We analyzed the antiviral immune
NK cells and CD% T-cell responses in dLNs whereas injectionresponses of NK cell activation and JEV-speci ¢ €p@D8® T
of CXsCRIMIPCD11€ DCs resulted in impaired and weak cells in dLNs following peripheral inoculation of JEV. €0R1
NK cell activation and CD% T cells. Finally, the adoptive ablation reduced NK cell activation and T-cell responsesispec
transfer of CXCRICD11& DCs was found to fully restore for JEV Agin the dLNs, which was closely associated with detlaye
the resistance of GCR1 = mice to JE. Adoptive transfer viral clearance in lymphoid tissues (LNs and spleen). Althoug
of CXsCRICD11& DCs attenuated JE progression followingCXsCRI°™ mice showed higher viral burdens temporally in
peripheral JEV inoculation. Collectively, our results indéctnat  lymphoid tissues at the early stage (1-3 dpi), JEV was rapidly
CXsCRI°CD11& DCs play an important role in generating cleared in the peripheral tissues. This viral clearance in the
rapid and e ective NK cell activation and Ag-specic CB4T-  peripheral lymphoid tissues of GERI® mice appeared to
cell responses after viral inoculation at peripheral sitesyeghy be mediated by rapid and e ective NK cell activation and JEV-
inducing resistance to viral diseases. speci ¢ CD4 and CD§ T cell response. The rapid delivery of
DCs are key players in the initiation and generation of Ag-viral Ag to cognate T cells might induce the prompt proliferatio
speci c CD4 and CD§ T-cell responses. They also mediateof viral Ag-speci ¢ CD& and CD§ T cells in dLNs (7, 66, 69).
the activation of NK cells via DC-NK crosstald§ 17, 66).  IFN-g produced from CD# and CD& T cells is considered to
CX3CRL1 is expressed on various leukocyte subsets, includimgay a role in recovery from primary infection with JEV ().
monocytes, DCs, macrophages, microglia, and speci c memonyK cells might involve in regulating JE progression through
T cells B0-35, 69). Indeed, our results revealed that §3R1 reducing viral burden via IFNy production and their cytolytic
was strongly expressed on CDflland CD11€ leukocytes, action, because early activation of NK cells has been asstciat
especially CD119CD11€ DC population, compared to C34,  with mild clinical diseases following viral infectior7). Also,
CD& T, and NK cells. CD11%F4/86° macrophages and CX3CR1-dependent recruitment of mature NK cells into the
CD11&€ DCs exhibit di erent migratory properties. CD1%c CNS may play a certain role in controlling neuroin ammation
DCs migrate from peripheral tissues to dLNs to interact with(72, 73), even though the contribution of NK cells in the CNS
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was not addressed in the present study. Because JEV is alre@iys) and transgenic OT-Il CD4 T cells, we analyzed the role
replicating at a high level by 3 dpiin GER1 = mice, NK cell of CXsCRI°CD11& DCs in generating rapid and e ective NK
activation is more plausible in the early control of viral regliion  cell activation and Ag-speci ¢ CD34 Th1l responses. GCR1-
at the peripheral sites than T-cell responses, which take tone {CX3CL1 axis not only mediates the migration of leukocytes to
develop. The early appearance of antiviral €#hd CD& T-  promote cell-to-cell interaction with an in amed endothefiy
cell responses in GCRIC™ mice is likely to e ectively prevent but also regulates the development of monocytes and their
virus from invading in the CNS at the later stage (4—7 dpi) dgri  survival (9. We did not investigate whether the survival
JE progression. of CD11& DCs was dependent on GER1 following JEV
To assess the cell type involved in rapid NK cell activatiorinfection. CD11€ DCs are permissible for replication of JEV
and JEV-speci ¢ T-cell response in dLNs of §2R1-competent RNA but not productive for their progeny virus8(Q). While
mice, the expression of GKR1 on various leukocytes in the migration of JEV Ag-bearing GCRI® DCs could drive
both dLNs and inoculation site was analyzed. The resultsicreased viral titers in dLNs, the dierences of eXR1-
showed that 90% of CD116CD11& DC populations at  competent and incompetent DCs in the capture of viral Ag
the inoculation site (footpad) were GKR1-positive. The might be potential reason for inducing reduced JEV-specic
CX3CRICD11°CD11& DC population was rapidly recruited T-cell responses in dLNs, thereby resulting in exacerbated
to dLNs following peripheral JEV inoculation, because theoutcomes of diseases881 82). However, the present study
proportion of CXsCR1° cellsin CD116CD11& DC population  suggest that C3CR1 is unlikely to mediate JEV replication
was increased from 40% to around 70-80%3CR1 ablation and viral Ag capture in CD1fc DCs because GCRICP
also interfered with the migration of CD1¥dDCs and CD116  and CXCRZ™9PCD11€ DCs carry comparable levels of
myeloid cells into dLNs (popliteal LNs). The impaired migratio JEV Ag (NS1 and E protein) in dLNs. Also, @&RI1C=P,
of CXsCRI°CD11& DCs from the inoculation site to dLNs in and CXCR®™IPCD11€ DCs show comparable expression
CX3CR1 = mice was likely to induce delayed and diminishedof phenotype markers related to Ag-presentation CD80, CD86,
responses of JEV-specic CB4and CD& T cells. The MHC I, and MHC II), indicating that both C%CR1-competent
CX3CR1 = mice also showed a weak activation of NK cellsand incompetent DCs have the same ability to present Ags.
without changes in the absolute number of CO8K1.1°DX5¢  Therefore, CXCR1 expression on CD1%cDCs appeared to
NK cells in dLNs. This nding was corroborated by IF}l- involve in their migration from inoculation site to dLNSs,
and granzyme B-producing NK cells. It is plausible that thewhich subsequently generated e ective NK cell activation and
impaired migration of CD11€ DCs aected the activation Ag-specic T-cell responses. GERICHUPCD11€ DCs were
of NK cells in dLNs because DCs play a crucial role irdetected at a higher frequency in the corresponding dLNs,
activating NK cells via DC-NK crosstalks§). DCs located compared to CXCR®PIPCD11&€ DCs. Enhanced migration
in various tissues manifest diverse phenotypes and fundtionaf CXsCRI°CD11& DCs carrying JEV Ags might increase
expression depending on the context of tissues. Conventiongtie binding frequency to cognate CB4and CD& T cells in
CD11& DCs (cDC) originating in common DC precursors dLNs, thereby inducing rapid and robust T-cell responses as
(CDPs) via cDC-restricted progenitors (pre-cDCs) have beewmell as NK cell activation. The striking evidence supportihg t
detected in lymphoid and non-lymphoid tissues. They argegulatory role of CXCRI°CD11& DCs in JE progression was
strategically located in areas to actively detect signstbbgans based on the adoptive transfer of puried GERI°CD11&
and damage in the cellular and physiological environmenDCsinto CXCR1 ~ recipients. C¥CR1 = mice injected with
(74). Until now, the two main subtypes of developmentallyCX3CRI°CD11& DCs displayed resistance to JE with a survival
distinct ¢DCs include ¢cDC1 and cDC2, with distinct tissue-rate comparable to C3CRIC wild-type mice after peripheral
speci ¢ expression of CRCR1 (74). For example, the cDC1 JEV inoculation. Our data revealed that €CR1 =~ mice
and cDC2 subtypes in the spleen expressCX1 with subtle injected with C%CRI°CD11¢& DCs showed rapid expression
di erences, depending on cDC subtypes and their developmentaf JEV RNA in dLNs and the spleen at the early stage
transcription factors {4). CXsCRI°CD116* DCs stimulate after JEV inoculation. Subsequently, these viruses werelyapid
the protective e ector T-cell response in the intestine whereacleared from the peripheral lymphoid tissues as shown in
CD10¥F CX3CR1 DCs mediate Treg responses to ingestedCX3CRI°™ wild-type mice. This nding strongly suggests that
Ags and commensal organismg5. Similarly, in the present CXsCRICD11& DCs provides resistance to JE via rapid and
study, migratory C¥CRI°CD11& DCs appear to mediate e ective NK cell activation and Ag-specic C34CD8C T-
the generation of e ector CD% and CD& T-cell responses, cell responses with rapid delivery of viral Ag in peripheral
to prevent CNS dissemination of JEV by reducing the viralymphoid tissues.
burden at the peripheral sites. Furthermore, IL-12 production Because all JEV in dLNs appears not to be delivered by
mediated by C¥CRI cDC1 in the spleen is necessary to inducetra cking CX sCRI DCs, our data may discount the role
IFN-g synthesis by NK cells and CB4Th1 dierentiation of other Ag-capturing cells in delivery of viral Ags from
(76-78). These studies reinforce our ndings suggesting thainoculation sites to blood and the spleen, such as sinus lining
CX3CRI°CD11& DCs enhanced NK cell activation and Ag- CD16$ macrophages. Sinus lining CDX69nacrophages are
speci ¢ CD4° Th1 and CD$ T cells in dLNSs after injection into  known to be responsible for the capture of pathogens and are
footpad. Using biallelic functional expression system o§CR1 frequently the rst cell type infected in the spleen and dLNs
(footpad injection of CXCRCIP and CxCRMPIPCD11&  (83). Furthermore, because viral Ags were detected in the spleen
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within 1 dpi, it is assumed that there is abundant lymph-borneroles of CXCR1 in regulating in ammatory diseases are
virus passing through dLN. Lymph-borne JEV is likely to belikely to depend on disease type®3(. Bonduelle et al.
captured by subcapsular sinus macrophages that also exprelsmonstrated that C3CR1 played an important role in
CX3CR1, thereby providing viral Ags to CD19cDCs with  providing protective immunity against pulmonary infection
cross-presentation to activate T cells. Indeed, JEV Ags wevdth vaccinia virus, but NK cell activation and Ag-specic T-
mostly detected within interfollicular and sinus adjacearea cell responses through rapid GER1-dependent delivery of
near germinal center, where DCs and sinus lining macrophagesral Ags in dLNs were not addressed in their study6)
are co-located. The interaction between CD%6@acrophages Our results strongly support the protective role of §OR1
and CD11€ DCs is believed to play an important role in through rapid migration of CD11¢ DCs to present viral Ag
generating e ective Ag-specic T-cell responses in dLMNS)( in dLNs. Therefore, the role of GCR1 in JE progression
The role of CD168 sinus lining macrophages in delivery of viral after intranasal and intraperitoneal inoculation of JEV ittfen
Ags and subsequent generation of Ag-speci ¢ T-cell responsesight be discounted due to the lack of dLNs or CNS
via cross-presentation was not addressed in this study.sSinin proximity to the injection site. In conclusion, because
lining macrophages are reported to play a role in limitingCX3CR1 de ciency promotes neuroin ammation induced by
the dissemination of neutrophic viruses including WNV at neurotrophic viruses such as JEV and WNV infection following
the early stage but are not required for the generation operipheral inoculation, C¥CRL1 inhibition should be carefully
WNV-speci ¢ CD&" T-cell responses in dLNs3{). Therefore, considered when treating sterile in ammation in diseases
the role of sinus lining macrophages in generating T-celbuch as multiple sclerosissd), atopic dermatitis 9, and
responses against neurotrophic viruses such as WNV and JE)lomerulonephritis 88).
remains de ned.

CX3CR1-CX%CL1 axis plays an important role in facilitating
adhesion and transmigration of Ly-8Cmonocytes as C3CR1 ETHICS STATEMENT
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