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Abstract

Background: Sensory nerves regulate cutaneous local inflammatidirectly through

induction of pruritus and directly by acting upacél immune cells. The underlying

mechanisms for how sensory nerves influence cutenaocquired immune responses remain

to be clarified.

Objective: This study aimed to explore the effect of peripheesves on cutaneous immune

cells in cutaneous acquired immune responses.

Methods: We analyzed contact hypersensitivity (CHS) respsiasea murine model of

delayed-type hypersensitivity in absence or presemncesiniferatoxin (RTX) -induced

sensory nerve denervation. We conducted ear thsskmeasurements, flow cytometric

analyses, and mRNA expression analyses in CHS.

Results:CHS responses were attenuated in mice that weesvied during the

sensitization phase of CHS. By screening neurogeptiwe found that pituitary adenylate

cyclase-activating polypeptide (PACAP) mRNA expr@ssvas decreased in the dorsal root

ganglia after denervation. Administration of PACA#3tored attenuated CHS response in

RTX-treated mice, and pharmacological inhibitiorP&CAP suppressed CHS.

Flowcytometric analysis of skin-draining lymph ned#howed that cutaneous dendritic cell
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(DC) migration and maturation were reduced in ehervated mice and PACAP

antagonist-treated mice. The expression of chenealdoeptors, CCR7 and CXCR4 of DCs

was enhanced by addition of PACA#vitro.

Conclusion: These findings indicate that a neuropeptide PACARnptes the development

of CHS responses by inducing cutaneous DC functiomsg the sensitization phase.
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Key Messages

1. Nociceptive sensory nerves are import for theetbgpment of CHS responses in the

sensitization phase.

2. PACAP promotes DC functions via upregulatiol€afR7 and CXCRA4.

Capsule summary:Nervous system is likely to modulate immune respatigectly, but its

mechanism has remained elusive. The authors deratsgitat PACAP is an important

neuropeptide that enhances contact hypersensitasfyonse in the skin.

Key words: PACAP, denervation, dendritic cells, contact hypasdtivity, resiniferatoxin,

neuropeptides, peripheral sensory nerves

Abbreviations used

BMDC: bone marrow-derived dendritic cell

CGRP: calcitonin gene-related peptide

CHS: contact hypersensitivity

DC: dendritic cell
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DNFB: 2,4-dinitrofluorobenzene

DT: diphtheria toxin

DRG: dorsal root ganglion

FITC: fluorescein isothiocyanate

IFN: interferon

IL: interleukin

KikGR: Kikume Green-Red

LN: lymph node

PACAP: pituitary adenylate cyclase-activating peypde

PGP9.5: protein gene product 9.5

PKA: protein kinase A

RTX: resiniferatoxin

SD: standard deviation

Tcl: T cytotoxic

TCR: T cell receptor

Th: T helper

TNF: tumor necrosis factor



112

113

114

115

ralrialiiviv cu al

TRPAL: transient receptor potential ankyrin 1

TRPV1: transient receptor potential vanniloid 1

YFP: yellow fluorescent protein
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INTRODUCTION
Contact hypersensitivity (CHS) has been widely usedtudy cutaneous acquired immune
responses as a mouse model of human allergic ¢odéamatitis. CHS is mediated by
antigen-specific T cells and consists of sensitimand elicitation phasés. During the
sensitization phase of CHS, a hapten is acquireduaneous dendritic cells (DCs), which
then migrate to skin-draining lymph nodes (LNsptesent the antigen to naive T céifsin
the subsequent elicitation phase, re-exposuregt@adlgnate hapten results in the recruitment
of antigen-specific T cells and other non-antigpaesfic leukocytes, resulting in local
inflammation®

The skin is interwoven with a meshwork of peripheexrves, and skin sensations such as
pain and pruritus are transmitted by nociceptivesegy nerves. Single cell RNA sequencing
analysis decomposed dorsal root ganglion (DRG)arevuinto multiple subtyp&sincluding
non-peptidergic and peptidergic nociceptor clustetsch express nociceptors such as the
transient receptor potential vanilloid 1 (TRPV1ydransient receptor potential ankyrin 1
(TRPA1)® Several recent studies have reported that nodieepensory nerves also play an
essential role in cutaneous immuriityRiol-Blanco L, et al. demonstrated that DCs regide

close proximity to peripheral nerves in the skamd that TRPV1nociceptive sensory
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nerves interact with DCs to regulate the interlaukL) -23/IL-17 pathway in a psoriasis-like
dermatitis modef.Consistently, denervation is found to reduce disesverity in patients
with psoriasis-?

Several neuropeptides are released from TRR¥lirons and DRG neurdnhs?and
influence skin immune cell functions and vascukampeability™®> A neuropeptide calcitonin
gene-related peptide (CGRP) is known to act upstreledermal DCs to drive IL-23
expression durinGandida albicans infection in cutaneous innate immunitiut inhibit
maturation of dermal DCs and their migration to LiNsutaneous acquired immunity.
Another neuropeptide, substance P, is also implitet enhancing DC antigen presentation,
leading to the development of CHS resporidddthough these studies suggested that
TRPV1 nociceptive sensory nerves were involved in cudaseacquired immunity, the
precise roles and underlying mechanism of sensemyess in cutaneous acquired immunity
remain to be further clarified.

To this end, we used resiniferatoxin (RTX), whiglesifically ablates TRPV1nerves by
promoting continuous activation of TRPV1, in ortiegenerate chemically-denervated mice
and asked whether CHS responses were altered endgad mice. We found that CHS

responses were attenuated in mice denervatedtprs@nsitization, but not in mice
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denervated during elicitation. Comprehensive mRMpression analyses in the DRG

revealed that the mRNA expression level of pityitadenylate cyclase-activating

polypeptide (PACAP) was decreased by RTX-inducetedeation and increased after hapten

application. In addition, PACAP enhanced DC funasiom vivo and increased the expression

of chemokine receptors, essential for DC migratinwjtro. These findings indicate that a

neuropeptide, PACAP, may be important for initigttHS responses by promoting DC

functions.
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METHODS

Animals

BALB/c mice were purchased from Japan SLC (Shizud&pan). Kikume Green-Red
(KikGR)-transgenic mice on a C57BL/6 backgrothh@€D11c- diphtheria toxin (DT)
receptor mice (CD11c-DTR mice) on a C57BL/6 backgdy'’ and CD11c- yellow
fluorescent protein (YFP) mice on a C57BL/6 backad® were generated as described.
Female mice aged 4-10 weeks were used in all erpats and were bred in the specific
pathogen-free facilities at Kyoto University. Akmerimental procedures were approved by
the Institutional Animal Care and Use Committe¢haf Kyoto University Graduate School

of Medicine.

Reagents and antibodies

We purchased capsaicin and oxazolone from Wako Cleenical Industries (Osaka, Japan),
RTX from Alomone Labs (Jerusalem, Israel), 2,44afluorobenzene (DNFB), DT and
fluorescein isothiocyanate (FITC) from Sigma-AldiriSt Louis, MO), and PACAP,
PACAPG6-38, and substance P from Peptide InstitDtaka, Japan). A list of the antibodies

used is shown iffable E1 in this article’s Online Repository at wwwjacionline.org. For
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flow cytometry analysis, an anti-PACAP receptomats purified using an IgG purification

Kit-G (Dojindo, Kumamoto, Japan) and labeled withAdlophycocyanin Labeling Kit-Nkl

(Dojindo).

Pharmacological denervation

We treated mice with 30, 70, or 100 pL/kg etharsoh@ontrol for RTX treatment. For RTX

treatment, 4-week-old female mice were injecteccstdneously with 30, 70, or 100 pg/kg of

RTX on three consecutive days and allowed to msttfleast 3 weeks before experiments.

The effect of RTX treatment was confirmed by theeadte of wiping movements in response

to administration of 0.1% (wt/vol) capsaicin on tes.

Hapten-induced CHS model and adoptive transfer

Mice were sensitized by application of 0.5% (Wt)MONFB in 4:1 acetone/olive oil (vol/vol),

25 ul of 2% FITC in 1:1 acetone/dibutyl phthalatel{vol), 25 uL of 3% (wt/vol) oxazolone

in ethanol to their shaved abdomens, or by apphicatf 20 pL of 3% (wt/vol) oxazolone in

ethanol to both sides of the ear. The mice werderiged on both sides of each ear with

0.3% (wt/vol) DNFB, 0.5% (wt/vol) FITC, 0.6% (wt/\)aoxazolone at 5 days after
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sensitization. PACAP (500 ng/mouse/day in PBS), RRG-38 (500 ng/mouse/day in PBS),

substance P (500 ng/mouse/day in PBS), or PBS injexted intradermally into the

abdominal skin on the same day and at 1 and 2aftgrssensitization. Ear thickness was

measured before and 24 h after the challenge asihigkness gauge (Teclok, Nagano,

Japan). For adoptive transfer experiments, singllesaspensions were prepared from

axillary LNs of mice at 5 days after 3% (wt/vol)azolone sensitization. Whole LN cells

from one mouse were injected intravenously int@ai@earecipient mouse and 1 h later, the

mice were challenged with 10 pL of 1% (wt/vol) omkmme.
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RESULTS

Denervation of TRPV1" nociceptors suppresses CHS responses

To investigate the role of nociceptors in cutanesmeeuired immune responses, mice were
treated systemically with RTX to ablate TRPWtbciceptors: ° RTX-treated mice exhibited
a lack of nocifensive responses to capsaicin adtnation, confirming the effective ablation
of their TRPVT nociceptorsKig E1). We observed that CHS responses induced by
oxazolone were attenuated after RTX treatmEigf {, A and B). Attenuated CHS responses
were also observed in RTX-treated mice using tweraative haptens, DNFB and FITC,
indicating that this phenomena is not restrictedxazolonefig E2). To evaluate whether
sensory nerves are directly involved in CHS respsynwe surgically disrupted cutaneous
nerves of the e&t ?° and the denervation was confirmed by the attéomiaif ear swelling
after capsaicin applicatioffrig E3).%° We found that the CHS response was decreased in
surgically-denervated mic&ig 1, C). Of note, denervation is also known to suppress
dermatitis via inhibition of scratching behaviordmmurine model of atopic dermatitis.
Therefore, to exclude the possibility of behavilberation, we repeated the CHS experiment
in surgically-denervated mice fitted with Elizabathcollars, which physically prevent mice

from scratching the eaféand found that the ear swelling remained attenLiatéhe absence



218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

ralrialiiviv ©u al

of scratching ig 1, D).

Next, we analyzed how TRPVhociceptive sensory nerves affect cutaneous immune
responses in this model. Flow cytometric analysealed that RTX treatment reduced the
numbers of CD45hematopoietic cells and T cell receptor (TGREells in the ears after
CHS (Fig 1,E). In addition, RTX treatment reduced interferdaN)-y, a key cytokine in
CHS, which is produced by CDZ helper 1 (Th1l) and CD8T cytotoxic 1 (Tcl) celf$ (Fig
1, F). In contrast, RTX treatment did not affect th@mssion of Th2/Th17 cytokines or
tumor necrosis factor (TNF)E{g E4). Taken together, these results suggest that TRPV1

nociceptive sensory nerves are involve in the itidnof Th1/Tcl in CHS responses.

Denervation acts in the sensitization phase of CH®sponses
To investigate whether sensory nerves affect ettiesensitization or elicitation phase of
CHS responses, we severed the nerve innervatingr aiide of the ear, sensitized the mice
with hapten on the left ear, and elicited on tightiear at 5 days after sensitization. CHS
response was suppressed when the sensitizationastdenervatedr{g 2, A).

Next, to verify whether this suppression is dualttation of TRPV1 nerves, draining

LN cells from RTX-treated mice sensitized with oskmne were adoptively transferred into
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naive mice that were subsequently challenged wi#izalone to develop CHS. CHS

responses were sufficiently induced in RTX-treaad control recipient mice that received

LN cells from sensitized mice. In contrast, conant RTX-treated mice that received LN

cells from RTX-treated sensitized mice showed reduesponses$-{g 2, B). These results

indicate that TRPV1nociceptive sensory nerves modulate CHS respahsésy the

sensitization phase. To further examine whetheedeation affects immune responses in the

elicitation phase of CHS, we applied RTX denervatib 5 days after sensitization (when

sensitization is established) and elicited CHS.fovmd that the CHS responses were not

impaired by RTX denervation after sensitizatiéig(2, C). These results indicate that

TRPV1 nociceptive sensory nerves are involved in thalbdishment of the sensitization

phase but not the elicitation phase of CHS.

Cutaneous DC migration to skin-draining LNs is impared in RTX-treated mice

To further investigate how TRPVhociceptive sensory nerves modulate CHS responses,

first analyzed skin-draining LN cells at 3 daysafensitization. The numbers of B2R0)

cells, TCR' T cells, CD44 CD62L" central memory CD4and CD8 T cells, and CD44

CD62L effector memory CD4and CD8 T cells in the skin-draining LNs of RTX-treated
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mice were lower than those in control mi€ég(3, A). To evaluate the IFN-productivity of
antigen-specific LN cells, the skin-draining LN lsdfom sensitized RTX-treated and control
mice were re-stimulated with oxazolomevitro. The levels of IFN¢ in the culture
supernatants in the presence of oxazolone weregadigrkeduced in the LN cells with RTX
treatment Fig 3, B). These results indicate that antigen-specific/Tbl induction in the

skin draining LNs is impaired by RTX treatment ahgrisensitization.

The essential steps in the sensitization phaséH& iGclude activation of keratinocytes,
maturation and migration of hapten-bearing cutasd®d@s into skin-draining LNs, and
antigen presentation to naive T cells by the mab@s in the LNS. First, we investigated
the influence of RTX-induced denervation on théiahiocal immunological event by
measuring the whole skin mRNA expressionldé, 111b, andTnf, which were reported to be
important for the initiation of CHSContrary to our expectations, the expression e$eh
molecules was increased in RTX-treated mice; tbeeghe enhanced immunological effects
of denervation cannot explain the reduction in G8n RTX-induced denervatiokig ES).

We next evaluated the effect of RTX-induced den@gmweon DC functions. We evaluated
the number of cutaneous DCs in the skin-draining BN2 days after oxazolone application

and found that the number of cutaneous DCs migydtom the skin to the draining LNs was
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significantly decreased by RTX treatmehiy 3, C, and E. It has been reported that
migrated mature cutaneous DCs tend to die via agapat about 48 h after arriving in the
draining LNs**%® Therefore, we investigated the possibility that®Teatment may affect
the survival of migrated DCs in the draining LNse Ahalyzed the viability of migrated DCs
using viability dye and annexin V staining by flaytometry and calculated the percentage
of survival cells, early apoptotic cells, and lapoptotic/necrotic cells. We found no
differences in the survival rates between RTX-&datnd control micéig E6).

To evaluate whether denervation caused a reduictib@ migration, we applied a
photolabeling system using KikGR transgenic nligékGR is a photoconvertible
fluorescence protein that changes from green (Kidgeéen) to red (KikGR-red) upon
exposure to 436 nm-violet light for 10 min. Follagithis non-invasive labeling, oxazolone
was applied to the photoconverted abdomens andréii@ing LNs were harvested to
guantify photoconverted cells that had migratednftbe skin. We found that the number of
migrated cutaneous KikGR-re®Cs in the draining LNs was decreased by RTX tneat.

In addition, the expression levels of the co-staboty molecules CD80 and CD86 on
migrated DCs in RTX-treated mice were lower thawsthin control mic€Fig 3, D).

Moreover, we analyzed the migration of hapten-lmgabCs using a FITC-induced
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cutaneous DC migration mod€l?®The number of FITECD11¢ migrated DCs from the

skin to the draining LNs was similarly decrease®iX-treated mice compared with control
mice Fig 3, E). These results suggest that TRP¥ibciceptive sensory nerves promote the
migration and maturation of cutaneous DCs, ancetheenhance T cell stimulating capacity

and T cell responses in the draining LNs.

PACAP modulates DC migration
Because cutaneous DC migration upon hapten saigitizwas affected by RTX-induced
denervation, we sought to characterize the spatiaiionship between DCs and TRPV1
nociceptive sensory nerves in the skin. As repaotegtiously? two-photon microscopy for
whole-mount skin imaging revealed that CD1IXCs were in either direct contact or close
proximity to protein gene product 9.5 (PGPY a¢ripheral nerves at the steady st&ig 4,
A, and MovieEl).

Peripheral nerves can affect surrounding cellsetgasing neuropeptides and/or growth
factors?® We hypothesized that these factors from periphegales may modulate DC
functions. To address this hypothesis, we sougbbtopare the mRNA expression levels of

growth factors and neuropeptides in DRGs extratted both denervated and control mice.
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Initially, we validated the mRNA expression leviglshe DRGs by evaluating the expression
of the neuronal receptors targeted by RTX. We cordd that the mRNA expression of
Trpvl, Trpal, andTrpm8 was decreased in the DRG upon denervation with BFIKE7) as
reported previousl§We also screened for 16 neuropeptidég 4, B) and 5 nerve-related
growth factors Fig 4, C) which were reported to be expressed by DR®and found that

the mMRNA levels offacl (substance P) articyapl (PACAP) were significantly decreased
in the DRG after denervatiofi@) 4, B). On the other hand, mRNA expression levels of
growth factors and other neuropeptides, includhigf Bdnf, Gdnf, Ntf3, Ntf5, Calca, Vip,

Sst1, Npy, Cck, Nmb, Nmu, Nms, Tac2, Tac4, Nts, Grp, Gal, andGalp, were unchanged after
RTX treatmentfig 4,B and C). In addition, thelacl andAdcyapl mRNA expression

levels in the DRG were increased by hapten apphicdFig 4, D), suggesting that substance
P and/or PACAP may play a role in CHS responses.

To determine the effect of substance P and PACAB®ICHS responses, substance P
and PACAP were intradermally administered to thesgation site of RTX-treated mice.
PACAP rescued the attenuated CHS responses aftenggion, while substance P did not
(Fig 4, E). Consistently, administration of Adcyapl1rl angi2i PACAP receptor antagonist,

PACAP6-38>! reduced the CHS responses to a similar extehiotetin mice denervated
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320 with RTX (Fig 4, F). In addition, using KikGR-transgenic mice, we aarstrated that the

321 PACAP antagonist reduced the DC migration fromskia to draining LNs, and that the

322 PACAP administration restored DC migration from #ké to the draining LNs after

323 denervation during CHS-(g 4, G). Finally, we evaluated the presence or absenteof

324 PACAP receptors, Adcyaplrl, and Vipr2, on CD4cells (TCR', CD4), CDS8 T cells

325 (TCRB', CD8), B cells (B220) in the LNs, and skin-derived DCs. We found tihese

326 receptors were expressed on DEig (ES8). Taken together, these results suggest that PACAP

327 modulates DC functions in CHS.

328

329 PACAP directly upregulates chemokine receptors regmsible for DC migration

330 Next, we evaluated the effect of the DRG on theunadiion of DCdn vitro. We found that

331 co-culture of Flt3L-induced bone marrow-derived OBMDCs) with the DRG from control

332 mice, but not with the DRG from RTX-treated micaused significant increases in the

333 expression levels of costimulatory molecules, CB80 CD86, on BMDCsHig 5,A). The

334 enhancement of costimulatory molecule expressiddMDCs by DRG was inhibited by the

335 PACAP antagonist PACAP6-38if 5, A).
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It is known that the expressions of IL-1 receptad &NF receptor on DCs are essential
for their maturation in CHS, and CCR7 and CXCR4ewsential for their migration to the
draining LNs? 3**Thus, we evaluated the expression levels of theses and found that
PACAP treatment increased the mRNA expressiondeslcr7, Cxcr4, 111r1, Il11rap, and
Tnfrsfla (Fig 5, B). Furthermore, we performed transwell migratiosags to evaluate the
effect of PACAP on BMDC migration toward the CCRJahd CCL21 or CXCR4 ligand
CXCL12. PACAP treatment induced significant ince=ag1 DC migration toward to these
chemokinesKig 5, C). In addition, we evaluated the chemokinetic anencotactic effects of
PACAP on BMDCs. BMDCs did not show increased chemedis upon PACAP
administration, and were not attracted toward PAQAR, chemotaxis)Hig E9), suggesting
that PACAP does not have chemokinetic or chematactivities.

PACAP signaling pathway is known to be medidatedugh G protein-coupled
receptors> * Since all PACAP receptors have Gs signaling doveastr, we investigated
whether Gs signaling was essential in the promaifddC migration induced by PACAP.
Cyclic adenosine monophosphate-protein kinase AA)Rihibitor H-89 did not affect the
chemotaxis of DCs toward CCL21 and CXCLE2(E10); however, the enhanced DC

migration by PACAP toward CCL21 and CXCL12 was figantly suppressed by H-89
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(Fig 5, D).3" H-89 also inhibited the PACAP-induced increas€®B80 and CD86 expression
andgene expression changes of CCR7 and CXGH31g, E and E1). These results
suggest that PACAP promotes the migration of DCaprggulating chemokine receptors via

Gs signaling pathway.

PACAP exerts its effects via Adcyaplrl
To determine whether Adcyaplrl or Vipr2 receptdect DCs, we used BMDCs that lack
Adcyaplrl or Vipr2 receptor using siRNA. Firstlyewconfirmed that the expression of
Adcyaplrl and Vipr2 receptors were downregulatedBMDCs (Fig 6, A). Next, we
demonstrated that the increased mRNA expressiogisieaf Ccr7 and Cxcr4d by PACAP
treatment was reproduced in Vipr2-knockdown BMDQsg bot Adcyaplrl-knockdown
BMDCs (Fig 6, B). These results suggest that Adcyaplrl is a nedaptor of PACAP to
modulate DC functions.

To address whether Adcyaplrl on DCs play annésseole in the CHS response, we
transferred Adcyaplrl-knockdown BMDCs into CD11cRDmice, which can be depleted of
DCs upon DT treatmenf. Intradermal administration of DT reduced the numioé

CD11c-positive cells in the skin by about 50% gsoreed previousif (Fig E12). BMDCs
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were transferred into DT-treated CD11c-DTR mices#ezed with oxazolone, and elicited

with oxazolone 5 days later. In CD11c-DTR miceradermal administration of DT reduced

the CHS response. Control negative siRNA-treated DBM transfer to DT-treated

CD11c-DTR mice recovered CHS response, but thisvesy was not fully achieved by

transfer of Adcyaplrl-knockdown BMDC&-ig 6, C). Finally, we compared the expression

levels of PACAP receptors in migrating DCs in th&lsL of RTX-treated mice and

control-treated mice. The results showed that tkpression level of Adcyaplrl was

significantly decreased in RTX-treated mice white £xpression of Viprl and Vipr2 did not

change. These results suggest that PACAP-DC initenas mediated via Adcyaplif vivo.

DISCUSSION

In this study, we demonstrated that mice whosemsgmerves had been ablated by

RTX-treatment displayed significantly reduced CléSponses. By dissecting how sensory

nerves modulate CHS responses, we revealed thatw@ion-mediated reductions in DC

maturation and migration during the sensitizatibage seemed to be the key events that led

to reduced T-cell activation and skin inflammati¥ve further determined that one of

neuropeptides, PACAP, played an essential rolerbypting upregulation of chemokine
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receptors and co-stimulatory molecules on cutan@disvia Adcyaplrl and Gs signaling
pathway. These findings suggest that PACAP can gptertne chemotactic and antigen
presenting ability of dermal DCs in CHS via neurgione communicatior~g E13).

A recent study revealed interactions of CGREBrves and DCs in a murine psoriasis
model involving Th 17 cell-mediated immune resparniséiated by the innate immunity
ligand imiquimod? It was also reported that sensory neurons det@zedida albicans and
released CGRP to drive IL-23 production from der®@k to protect againgd T
cell-mediated fungal infectiohln this study, we addressed the role of sensamyesan
cutaneous acquired immune responses and obtairhee that PACAP was induced by
peripheral nerves and promoted DC functions irsitie to establish the sensitization phase
of CHS, a prototype of delayed-type hypersensitivit

Oxazolone has been reported to be a ligand for TRRAich activates sensory nerves.
It has also been shown that sensory nerves araterdiby a variety of stimuli, such as heat,
mechanical stimuli, and infection (such@aphylococcus aureus andCandida albicans) in
addition to haptens&taphylococcus aureus induces calcium flux and action potentials in
nociceptor neurons, in part via bacterial N-forngthpeptides and the pore-forming toxin

a-haemolysirf® Candida albicans-derivedp-glucan stimulated nociceptors via the
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Dectin-1-mediated PLC-TRPV1/TRPAL axis in primaepsory neuron$: Various
neuropeptides are released from peripheral neovesgulate DC functions, which may be
related to not only contact dermatitis but alseeottkin immune responses such as tumor
immunity 2

PACAP is a neuropeptide that mediates diverse plogical processes from
neuroprotection to thermoregulation and thouglte¢@ master regulator of the stress
responsé> **The roles of PACAP have been revealed in termhefentral nervous system,
however, the functions of PACAP in the periphemivous system remained limited.
Kemeény A et al. reported that oxazolone-induced C¢tponse was exacerbated using
PACAP-deficient mice. Because the infiltration mflammatory cells in the skin was not
significantly enhanced, the authors consideredttieexacerbation might be due to
enhanced edematous reaction in the dermis. Reggtftreffect of PACAP on antigen
presenting cells, the other study by Dr. Granssejmbougl® demonstrated that intradermal
administration of PACAP prior to application of lep at the injected site inhibited the
induction of CHSvia inducing IL-10 production by activation of epihal Langerhans cells
that are consider to have immune-suppressive noleiso; however, current understanding

is that CHS is induced predominantly by dermal DGsnot by Langerhans ceflIn line
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with this, our study demonstrated that PACAP induaetivation of dermal DCs to establish
the sensitization of CHS.

Of note, there are technical differences betweerGtanstein’s study and our study: the
mouse strains, application doses of PACAP, and eumbdays of administration. We
performed intradermal administration of PACAP ptimapplication of hapten at the injected
site, but we did not find the attenuation of CH®ur model (Figd, E). On the other hand,
we demonstrated that attenuated CHS induced bynekran was rescued by PACAP
application. Although it still remains unclear psaty, the discrepancy may be derived from
the different mouse strain, PACAP doses, and/orummtogical contexts.

Several reports have suggested that other neurdpspinost notably CGRP and
substance P, can regulate CHS responses. For exantphdermal injection of a substance P
agonist promoted CHS induced by conventional bubptimal doses of haptéABut we
demonstrated that the attenuated CHS responseslaftervation were rescued by PACAP,
but not by substance P. It remains unclear hovdib@epancy occurred. Although we cannot
exclude the possibility that other neuropeptidey regulate the properties of DCs in CEFS,
we provided evidence that PACAP played a physiaclag relevant role in the modulation

of DC functions in the sensitization phase of Cld§ponses.
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In conclusion, we have clarified a novel mechanmmereby sensory nerves affect

cutaneous acquired immune responses. A neuropdpi@AP promotes cutaneous DC

functions to establish the sensitization phasetd$ Cesponses. Taken together, the present

study suggests an emerging new paradigm whereby}TRRociceptive fibers integrate

environmental signals to modulate cutaneous immesjgonses.
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Figure legends

Figure 1. RTX-induced denervation impaired CHS respnses(A) Ear swelling in

RTX-treated and control mica € 5-10 per group) at 24 h after elicitation withwothout

sensitization. (B) Histological analysis of therskt 24 h after elicitation with or without

sensitization. Scale bars, 200 um. (C) Ear sweling4 h after challenge with oxazolone in

mice that underwent surgical denervation (DNV)lwara operation (Sham) on the ears=(8

per group). (D) Ear swelling in RTX-treated or amhimice fitted with Elizabethan collara (

= 5 per group) after elicitation with oxazolone48th. (E) Cell densities of CD4gells and

TCRB" cells in skin tissue at 24 h with or without oxlre sensitization or elicitatiom &

4-8 per group). (Afng mMRNA expression in whole skin tissue=x 8 per group) at 24 h after

challenge with oxazolone. All data are presentesh@an + standard deviation (SDR ¥ .05

(Student’'s-test or Welch’s test) versus corresponding mice.

Figure 2. RTX treatment attenuated the sensitizatino phase in CHS(A) Effect of

surgical denervation on the sensitization andtalicin sites. Ear swelling in surgically

denervated or sham-operated ear (n = 8 per grad?) la after challenge with oxazolone at

surgically denervated or sham-operated ear. S: sipmrated ear. D: surgically denervated
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605 ear. (B) Ear swelling in RTX-treated or control mip = 8 per group) inoculated with LN

606 cells from donor mice treated with or without RTa§sessed at 24 h after application of

607 oxazolone to the recipients. C: Control mice; RXRieated mice. (C) Effect of RTX

608 treatment on elicitation. Ear swelling at 6 h a#tbcitation with oxazolone in micen & 8-9

609 per group) treated with (RTX) or without (Contr&®) X during the elicitation phase. Data are

610 presented as mean + SIP ¥ .05 (Student’s-test or Dunnett’s test) versus corresponding

611 mice.

612

613 Figure 3. RTX treatment suppressed DC migration andnaturation. (A) Numbers of

614 cells in axillary LNs § = 6 per group) on day 3 with or without sensiii@atwith oxazolone.

615 CM: CD44'CD62L" central memory cells; EM: CDA@D62L" effector memory cells. (B)

616 IFN-y production in culture supernatants of LN cefis=(6 per group) after 72 h of culture.

617 Re-stim: re-stimulation. (C) Migrated DC numbersdaty 2 with or without sensitization

618 with oxazoloner = 8 per group). (D) Representative flow cytomefiigtograms of

619 KikGR-red expression on migrated DCs. The numbekkGR-red” DCs and the

620 expression of CD80 and CD86 on day 2 after seasibz with oxazolonen= 3 per group).

621 MFI: mean fluorescence intensity. (E) Represengaflivw cytometric histograms of FITC
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cells in migrated DCs and numbers of FITe&@lls from control or RTX-treated mice (n =5

per group) at 48 h after sensitization with FITGt®are presented as mean = SP<*05

(Student's-test or Welch’s test) versus corresponding mice.

Figure 4. Neuropeptide PACAP rescued hapten-induceB@C migration and CHS

responses impaired by RTX-induced denervation(A) Representative confocal

micrographs of skin samples stained for PGP9.5 (re@D11c-YFP (green) mice. Scale

bars, 50 um (Low-power filed) and 10 um (high-potiled). (B) Relative neuropeptide

MRNA expression levels in DRGs from RTX-treatedenft= 8 per group). (C) Relative

nerve-related growth factor mRNA expression leuglIBRGs from RTX-treated micer & 8

per group). (D)lacl andAdcyapl expression in DRGs after oxazolone application gan@ad

with control mice = 8 per group). (E) Effect of substance P and PR@&atment on

reduced ear swelling by RTX treatment at 24 h afi@zolone elicitationn(= 5-10 per

group). (F) Effect of PACAP antagonist PACAP6-38@HS responses at 24 h after

oxazolone elicitationn(= 8 per group). (G) Migration of DCs derived franice after single

or combined treatment with RTX, PACAP, or PACAP6a8224 h before oxazolone

application f = 3 per group). All data are presented as meaD.Z0®tted horizontal lines
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639 indicate control treatment set at 1009%.< .05 (Student's-test, Welch’s test, or Dunnett’s

640 test) versus corresponding sample.

641

642 Figure 5. PACAP enhances BMDC maturation and drive88MDC migration. (A)

643 Expression of CD80 and CD86 on BMDCs co-culturethlRGs from RTX-treated or

644  control mice in the presence or absence of PACA&janist PACAP6-38 at 10 uMh E 6

645 per group). MFI: mean fluorescence intensity. (B)dRve mMRNA expression in 1 uM

646 PACAP-treated BMDCsn(= 4 per group). Dotted horizontal lines indicaBSRtreatment set

647 at 100%. (C) Transwell migration assay for BMDCBeThumbers of PACAP- or PBS-treated

648 DCs that migrated into the lower chamber contairdingO, or 100 ng/mL CCL21, CXCL12,

649 or PBS were measured after 3nhh=(3 per group). (D) Effect of PKA inhibitor, H-86n the

650 transwell migration assay for BMDC. The number®ACAP or PBS-treated DCs with or

651 without H-89 that migrated into the lower chambentaining 10 ng/mL CCL21, CXCL12,

652 or PBS were measured after 3 h (n = 3 per gro&))Ekpression of CD80 and CD86 on

653 PACAP-treated BMDCs in the presence or absence &9 Ht 10 uM 1§ = 3 per group). MFI:

654 mean fluorescence intensity. Data are presentettas = SD. P < .05 (Student’$-test,

655 Welch’s test, or Dunnett’s test) versus correspogdamples.
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Figure 6. Effect of Adcyaplrl knockdown on BMDC activationda@HS response.

(A) Expression of Adcyapl1rl and Vipr2 on BMDCs éteporated with 300 nM Adcyaplrl-,

Vipr2-, or control negative-SiRNA(= 3 per group). (Bcr7 andCxcr4 mRNA expression

in 1 uM PACAP-treated BMDCs electroporated with 300 Adcyaplrl-, Vipr2-, or

negative-SiRNAIl = 3 per group). (C) Ear swelling in Adcyaplrl-kkdown BMDC- or

control BMDC-treated CD11c-DTR mice with or withddT pre-treatment. (n = 3 per

group). (D) The expression of Adcyaplrl, ViprlMgr2 in migrated DCs from control or

RTX-treated mice (n = 8 per group). MFI: mean feswence intensity. Data are presented as

mean + SD. P < .05 (Student's-test, or Welch'’s test) versus corresponding sasaple
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