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Background: Sensory nerves regulate cutaneous local
inflammation indirectly through induction of pruritus and
directly by acting on local immune cells. The underlying
mechanisms for how sensory nerves influence cutaneous
acquired immune responses remain to be clarified.

Objective: This study aimed to explore the effect of peripheral
nerves on cutaneous immune cells in cutaneous acquired
immune responses.

Methods: We analyzed contact hypersensitivity (CHS) responses
as a murine model of delayed-type hypersensitivity in absence
or presence of resiniferatoxin-induced sensory nerve
denervation. We conducted ear thickness measurements, flow
cytometric analyses, and mRNA expression analyses in CHS.
Results: CHS responses were attenuated in mice that were
denervated during the sensitization phase of CHS. By screening
neuropeptides, we found that pituitary adenylate cyclase-
activating polypeptide (PACAP) mRNA expression was
decreased in the dorsal root ganglia after denervation.
Administration of PACAP restored attenuated CHS response in
resiniferatoxin-treated mice, and pharmacological inhibition of
PACAP suppressed CHS. Flow cytometric analysis of skin-
draining lymph nodes showed that cutaneous dendritic cell
migration and maturation were reduced in both denervated
mice and PACAP antagonist-treated mice. The expression of
chemokine receptors CCR7 and CXCR4 of dendritic cell s was
enhanced by addition of PACAP in vitro.
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Conclusion: These findings indicate that a neuropeptide PACAP
promotes the development of CHS responses by inducing
cutaneous dendritic cell functions during the sensitization
phase. (J Allergy Clin Immunol 2021;148:858-66.)
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Contact hypersensitivity (CHS) has been widely used to study
cutaneous acquired immune responses as a mouse model of
human allergic contact dermatitis. CHS is mediated by antigen-
specific T cells and consists of sensitization and elicitation
phases."3 During the sensitization phase of CHS, a hapten is ac-
quired by cutaneous dendritic cells (DCs), which then migrate to
skin-draining lymph nodes (LNs) to present the antigen to naive T
cells.*” In the subsequent elicitation phase, reexposure to the
cognate hapten results in the recruitment of antigen-specific
T cells and other non-antigen-specific leukocytes, resulting in
local inflammation.”

The skin is interwoven with a meshwork of peripheral nerves,
and skin sensations such as pain and pruritus are transmitted by
nociceptive sensory nerves. Single-cell RNA sequencing analysis
decomposed dorsal root ganglion (DRG) neurons into multiple
subtypes,® including nonpeptidergic and peptidergic nociceptor
clusters, which express nociceptors such as the transient receptor
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Abbreviations used
BMDC: Bone marrow-derived dendritic cell
CGRP: Calcitonin gene-related peptide
CHS: Contact hypersensitivity
DC: Dendritic cell
DNFB: 2,4-Dinitrofluorobenzene
DT: Diphtheria toxin
DRG: Dorsal root ganglion
FITC: Fluorescein isothiocyanate
KikGR: Kikume Green-Red
LN: Lymph node
PACAP: Pituitary adenylate cyclase-activating polypeptide
RTX: Resiniferatoxin
Tcl: T cytotoxic 1 cell
TCR: T-cell receptor
TRPA1: Transient receptor potential ankyrin 1
TRPVI1: Transient receptor potential vanilloid 1

potential vanilloid 1 (TRPV1) and transient receptor potential
ankyrin 1 (TRPA1).® Several recent studies have reported that
nociceptive sensory nerves also play an essential role in cutaneous
immunity.”” Riol-Blanco et al® demonstrated that DCs reside in
close proximity to peripheral nerves in the skin, and that TRPV1™
nociceptive sensory nerves interact with DCs to regulate the
ilL-23/IL-17 pathway in a psoriasis-like dermatitis model.”
Consistently, denervation is found to reduce disease severity in
patients with psoriasis.'®

Several neuropeptides are released from TRPV1™ neurons
and DRG neurons'""'? and influence skin immune cell
functions and vascular permeability.13 A neuropeptide
calcitonin gene-related peptide (CGRP) is known to act
upstream of dermal DCs to drive IL-23 expression during
Candida albicans infection in cutaneous innate immunity,g
but inhibit maturation of dermal DCs and their migration to
LNs in cutaneous acquired immunity.'* Another neuropeptide,
substance P, is also implicated in enhancing DC antigen
presentation, leading to the development of CHS responses.'”
Although these studies suggested that TRPV1™ nociceptive
sensory nerves were involved in cutaneous acquired
immunity, the precise roles and underlying mechanism of
sensory nerves in cutaneous acquired immunity remain to be
further clarified.

To this end, we used resiniferatoxin (RTX), which
specifically ablates TRPV1® nerves by promoting
continuous activation of TRPV1, to generate chemically
denervated mice and asked whether CHS responses were
altered in denervated mice. We found that CHS responses
were attenuated in mice denervated prior to sensitization,
but not in mice denervated during elicitation. Comprehen-
sive mRNA expression analyses in the DRG revealed that
the mRNA expression level of pituitary adenylate
cyclase-activating polypeptide (PACAP) was decreased by
RTX-induced denervation and increased after hapten
application. In addition, PACAP enhanced DC functions
in vivo and increased the expression of chemokine
receptors, essential for DC migration, in vitro. These
findings indicate that the PACAP neuropeptide may be
important for initiating CHS responses by promoting DC
functions.
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METHODS

Animals

BALB/c mice were purchased from Japan SLC (Shizuoka, Japan). Kikume
Green-Red (KikGR)-transgenic mice on a C57BL/6 background,'® CD11c—
diphtheria toxin (DT) receptor mice (CD11c-DTR mice) on a C57BL/6
background,'” and CD11c—yellow fluorescent protein mice on a C57BL/6
background'® were generated as described. Female mice ages 4 to 10 weeks
were used in all experiments and were bred in the specific pathogen-free facil-
ities at Kyoto University. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of the Kyoto University Grad-
uate School of Medicine.

Reagents and antibodies

We purchased capsaicin and oxazolone from Wako Pure Chemical
Industries (Osaka, Japan); RTX from Alomone Labs (Jerusalem, Israel);
2,4-dinitrofluorobenzene (DNFB), DT, and fluorescein isothiocyanate (FITC)
from Sigma-Aldrich (St Louis, Mo); and PACAP, PACAP6-38, and substance
P from Peptide Institute (Osaka, Japan). A list of the antibodies used is shown
in Table E1 in this article’s Online Repository (available at www.jacionline.
org). For flow cytometry analysis, an anti-PACAP receptor antibody was pu-
rified using IgG Purification Kit-G (Dojindo, Kumamoto, Japan) and labeled
with Allophycocyanin Labeling Kit-NH, (Dojindo).

Pharmacological denervation

We treated mice with 30, 70, or 100 nL/kg ethanol as a control for RTX
treatment. For RTX treatment, 4-week-old female mice were injected subcu-
taneously with 30, 70, or 100 pg/kg of RTX on 3 consecutive days and allowed
to rest for at least 3 weeks before experiments. The effect of RTX treatment
was confirmed by the absence of wiping movements in response to
administration of 0.1% (wt/vol) capsaicin on the eyes.

Hapten-induced CHS model and adoptive transfer
Mice were sensitized by application of 0.5% (wt/vol) DNFB in 4:1 acetone/
olive oil (vol/vol), 25 wl of 2% FITC in 1:1 acetone/dibutyl phthalate (vol/vol),
25 wL of 3% (wt/vol) oxazolone in ethanol to their shaved abdomens, or by
application of 20 nL of 3% (wt/vol) oxazolone in ethanol to both sides of the
ear. The mice were challenged on both sides of each ear with 0.3% (wt/vol)
DNFB, 0.5% (wt/vol) FITC, 0.6% (wt/vol) oxazolone at 5 days after
sensitization. PACAP (500 ng/mouse/day in PBS), PACAP6-38 (500 ng/
mouse/day in PBS), substance P (500 ng/mouse/day in PBS), or PBS were
injected intradermally into the abdominal skin on the same day and at 1 and 2
days after sensitization. Ear thickness was measured before and 24 hours after
the challenge using a thickness gauge (Teclok, Nagano, Japan). For adoptive
transfer experiments, single-cell suspensions were prepared from axillary LNs
of mice at 5 days after 3% (wt/vol) oxazolone sensitization. Whole LN cells
from 1 mouse were injected intravenously into a naive recipient mouse and 1
hour later, the mice were challenged with 10 wL of 1% (wt/vol) oxazolone.

RESULTS
Denervation of TRPV1* nociceptors suppresses
CHS responses

To investigate the role of nociceptors in cutaneous acquired
immune responses, mice were treated systemically with RTX to
ablate TRPV1™ nociceptors.*” RTX-treated mice exhibited a
lack of nocifensive responses to capsaicin administration, con-
firming the effective ablation of their TRPV1™ nociceptors (see
Fig El in this article’s Online Repository at www.jacionline.
org). We observed that CHS responses induced by oxazolone
were attenuated after RTX treatment (Fig 1, A and B). Attenuated
CHS responses were also observed in RTX-treated mice using 2
alternative haptens, DNFB and FITC, indicating that this
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FIG 1. RTX-induced denervation impaired CHS responses. A, Ear swelling in RTX-treated and control mice
(n = 5-10 per group) at 24 hours after elicitation with or without sensitization. B, Histological analysis of the
skin at 24 hours after elicitation with or without sensitization. Bars = 200 um. C, Ear swelling at 24 hours
after challenge with oxazolone in mice that underwent surgical denervation (DNV) or sham operation on
the ears (n = 8 per group). D, Ear swelling in RTX-treated or control mice fitted with Elizabethan collars
(n = 5 per group) after elicitation with oxazolone at 48 hours. E, Cell densities of CD45" cells and TCRB™" cells
in skin tissue at 24 hours with or without oxazolone sensitization or elicitation (n = 4-8 per group). F, Ifng
mRNA expression in whole skin tissue (n = 8 per group) at 24 hours after challenge with oxazolone. All
data are presented as mean = SD. *P < .05 (Student t-test or Welch test) versus corresponding mice. ns,

Not significant.

phenomena is not restricted to oxazolone (see Fig E2 in this arti-
cle’s Online Repository at www.jacionline.org). To evaluate
whether sensory nerves are directly involved in CHS responses,
we surgically disrupted cutaneous nerves of the ear,'”*” and the
denervation was confirmed by the attenuation of ear swelling after
capsaicin application (see Fig E3 in this article’s Online Reposi-
tory at www.jacionline.org).”” We found that the CHS response
was decreased in surgically denervated mice (Fig 1, C). Of
note, denervation is also known to suppress dermatitis via inhibi-
tion of scratching behavior in a murine model of atopic derma-
titis.”! Therefore, to exclude the possibility of behavior
alteration, we repeated the CHS experiment in surgically dener-
vated mice fitted with Elizabethan collars, which physically
prevent mice from scratching the ears,”” and found that the ear
swelling remained attenuated in the absence of scratching
(Fig 1, D).

Next, we analyzed how TRPV1™ nociceptive sensory nerves
affect cutaneous immune responses in this model. Flow cytomet-
ric analysis revealed that RTX treatment reduced the numbers of
CD45™ hematopoietic cells and T-cell receptor (TCR) B cells in
the ears after CHS (Fig 1, E). In addition, RTX treatment reduced
IFN-v, a key cytokine in CHS, which is produced by CD4™" Tyl
and CD8" T cytotoxic 1 (Tcl) cells* (Fig 1, F). In contrast,
RTX treatment did not affect the expression of T,2/T17-cell cy-
tokines or TNF (see Fig E4 in this article’s Online Repository at
www.jacionline.org). Taken together, these results suggest that

TRPV 1™ nociceptive sensory nerves are involved in the induction
of Tu1/Tc1 in CHS responses.

Denervation acts in the sensitization phase of CHS
responses

To investigate whether sensory nerves affect either the
sensitization or elicitation phase of CHS responses, we severed
the nerve innervating either side of the ear, sensitized the mice
with hapten on the left ear, and elicited on the right ear at 5 days
after sensitization. CHS response was suppressed when the
sensitization site was denervated (Fig 2, A).

Next, to verify whether this suppression is due to ablation of
TRPV1™" nerves, draining LN cells from RTX-treated mice sensi-
tized with oxazolone were adoptively transferred into naive mice
that were subsequently challenged with oxazolone to develop
CHS. CHS responses were sufficiently induced in RTX-treated
and control recipient mice that received LN cells from sensitized
mice. In contrast, control and RTX-treated mice that received LN
cells from RTX-treated sensitized mice showed reduced re-
sponses (Fig 2, B). These results indicate that TRPV1™ nocicep-
tive sensory nerves modulate CHS responses during the
sensitization phase. To further examine whether denervation af-
fects immune responses in the elicitation phase of CHS, we
applied RTX denervation at 5 days after sensitization (when
sensitization is established) and elicited CHS. We found that
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FIG 2. RTX treatment attenuated the sensitization phase in CHS. A, Effect of
surgical denervation (D) on the sensitization and elicitation sites. Ear
swelling in surgically denervated or sham-operated (S) ear (n = 8 per
group) at 24 hours after challenge with oxazolone at surgically denervated
or sham-operated ear. B, Ear swelling in RTX-treated mice (R) or control
mice (C) (n = 8 per group) inoculated with LN cells from donor mice treated
with or without RTX, assessed at 24 hours after application of oxazolone to
the recipients. C, Effect of RTX treatment on elicitation. Ear swelling at 6
hours after elicitation with oxazolone in mice (n = 8-9 per group) treated
with (RTX) or without (control) RTX during the elicitation phase. Data are
presented as mean = SD. *P< .05 (Student t-test or Dunnett test) versus cor-
responding mice.

the CHS responses were not impaired by RTX denervation after
sensitization (Fig 2, C). These results indicate that TRPV1 ™ noci-
ceptive sensory nerves are involved in the establishment of the
sensitization phase but not the elicitation phase of CHS.

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

To further investigate how TRPV1™' nociceptive sensory
nerves modulate CHS responses, we first analyzed
skin-draining LN cells at 3 days after sensitization. The numbers
of B220" B cells, TCRB' T cells, CD44" CD62L" central
memory CD4" and CD8™ T cells, and CD44™ CD62L~ effector
memory CD4" and CD8" T cells in the skin-draining LNs of
RTX-treated mice were lower than those in control mice (Fig 3,
A). To evaluate the IFN-y productivity of antigen-specific LN
cells, the skin-draining LN cells from sensitized RTX-treated
and control mice were restimulated with oxazolone in vitro. The
levels of IFN-y in the culture supernatants in the presence of
oxazolone were markedly reduced in the LN cells with RTX
treatment (Fig 3, B). These results indicate that antigen-specific
Tul/Tc1 induction in the skin draining LNs is impaired by RTX
treatment during sensitization.

The essential steps in the sensitization phase of CHS include
activation of keratinocytes, maturation and migration of hapten-
bearing cutaneous DCs into skin-draining LNs, and antigen
presentation to naive T cells by the mature DCs in the LNs.” First,
we investigated the influence of RTX-induced denervation on the
initial local immunological event by measuring the whole skin
mRNA expression of Illa, Il1b, and Tnf, which were reported
to be important for the initiation of CHS.” Contrary to our expec-
tations, the expression of these molecules was increased in RTX-
treated mice; therefore the enhanced immunological effects of
denervation cannot explain the reduction in CHS on RTX-
induced denervation (Fig E5).

We next evaluated the effect of RTX-induced denervation on
DC functions. We evaluated the number of cutaneous DCs in the
skin-draining LN at 2 days after oxazolone application and found
that the number of cutaneous DCs migrating from the skin to the
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draining LNs was significantly decreased by RTX treatment (Fig
3, C, and see Fig EO6 in this article’s Online Repository at www.
jacionline.org). It has been reported that migrated mature cuta-
neous DCs tend to die via apoptosis at about 48 hours after
arriving in the draining LNs.>*® Therefore, we investigated the
possibility that RTX treatment may affect the survival of migrated
DCs in the draining LNs. We analyzed the viability of migrated
DCs using viability dye and annexin V staining by flow cytometry
and calculated the percentage of survival cells, early apoptotic
cells, and late apoptotic/necrotic cells. We found no differences
in the survival rates between RTX-treated and control mice
(Fig EO).

To evaluate whether denervation caused a reduction in DC
migration, we applied a photolabeling system using KikGR
transgenic mice.' KikGR is a photoconvertible fluorescence pro-
tein that changes from green (KikGR-green) to red (KikGR-red)
on exposure to 436 nm violet light for 10 minutes. Following this
noninvasive labeling, oxazolone was applied to the photocon-
verted abdomens and the draining LNs were harvested to quantify
photoconverted cells that had migrated from the skin. We found
that the number of migrated cutaneous KikGR-red™ DCs in the
draining LNs was decreased by RTX treatment. In addition, the
expression levels of the costimulatory molecules CD80 and
CD86 on migrated DCs in RTX-treated mice were lower than
those in control mice (Fig 3, D). Moreover, we analyzed the
migration of hapten-bearing DCs using a FITC-induced cuta-
neous DC migration model.”””® The number of FITC*
CD11c™ migrated DCs from the skin to the draining LNs was
similarly decreased in RTX-treated mice compared with control
mice (Fig 3, E). These results suggest that TRPV1™" nociceptive
sensory nerves promote the migration and maturation of cuta-
neous DCs, and thereby enhance T-cell stimulating capacity
and T-cell responses in the draining LNs.

PACAP modulates DC migration

Because cutaneous DC migration on hapten sensitization was
affected by RTX-induced denervation, we sought to characterize
the spatial relationship between DCs and TRPV1* nociceptive
sensory nerves in the skin. As reported previously,® 2-photon mi-
croscopy for whole-mount skin imaging revealed that CD11c™
DCs were in either direct contact or close proximity to protein
gene product 9.5 (PGP9.5") peripheral nerves at the steady state
(Fig 4, A, and see Video EI in this article’s Online Repository at
www.jacionline.org).

Peripheral nerves can affect surrounding cells by releasing
neuropeptides and/or growth factors.”” We hypothesized that
these factors from peripheral nerves may modulate DC functions.
To address this hypothesis, we sought to compare the mRNA
expression levels of growth factors and neuropeptides in DRGs
extracted from both denervated and control mice. Initially, we
validated the mRNA expression levels in the DRGs by evaluating
the expression of the neuronal receptors targeted by RTX. We
confirmed that the mRNA expression of Trpvl, Trpal, and
Trpm8 was decreased in the DRG on denervation with RTX
(see Fig E7 in this article’s Online Repository at www.
jacionline.org) as reported previously.® We also screened for 16
neuropeptides (Fig 4, B) and 5 nerve-related growth factors (Fig
4, C), which were reported to be expressed by DRGs,O’3 9 and
found that the mRNA levels of Tac! (substance P) and Adcyapl
(PACAP) were significantly decreased in the DRG after
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FIG 3. RTX treatment suppressed DC migration and maturation. A, Numbers of cells in axillary LNs (n = 6
per group) on day 3 with or without sensitization with oxazolone. B, IFN-y production in culture superna-
tants of LN cells (n = 6 per group) after 72 hours of culture. C, Migrated DC numbers on day 2 with or without
sensitization with oxazolone (n = 8 per group). D, Representative flow cytometric histograms of KikGR-red
expression on migrated DCs. The numbers of KikGR-red " DCs and the expression of CD80 and CD86 on day
2 after sensitization with oxazolone (n = 3 per group). E, Representative flow cytometric histograms of
FITC™ cells in migrated DCs and numbers of FITC" cells from control or RTX-treated mice (n = 5 per group)
at 48 hours after sensitization with FITC. Data are presented as mean = SD. *P < .05 (Student t-test or Welch
test) versus corresponding mice. CM, CD44"CD62L" central memory cells; EM, CD44"CD62L" effector
memory cells; ND, not detected; Restim, re-stimulation.

denervation (Fig 4, B). On the other hand, mRNA expression
levels of growth factors and other neuropeptides, including Ngf,
Bdnf, Gdnf, Ntf3, Ntf5, Calca, Vip, Sstl, Npy, Cck, Nmb, Nmu,
Nms, Tac2, Tac4, Nts, Grp, Gal, and Galp, were unchanged after
RTX treatment (Fig 4, B and C). In addition, the Tacl and Ad-
cyapl mRNA expression levels in the DRG were increased by
hapten application (Fig 4, D), suggesting that substance P and/
or PACAP may play a role in CHS responses.

To determine the effect of substance P and PACAP on the CHS
responses, substance P and PACAP were intradermally adminis-
tered to the sensitization site of RTX-treated mice. PACAP
rescued the attenuated CHS responses after denervation, while
substance P did not (Fig 4, E). Consistently, administration of Ad-
cyaplrl and Vipr2 PACAP receptor antagonist, PACAP6-38,”'
reduced the CHS responses to a similar extent to those in mice
denervated with RTX (Fig 4, F). In addition, using KikGR-
transgenic mice, we demonstrated that the PACAP antagonist
reduced the DC migration from the skin to draining LNs, and
that the PACAP administration restored DC migration from the
skin to the draining LNs after denervation during CHS (Fig 4,
G). Finally, we evaluated the presence or absence of the PACAP
receptors, Adcyaplrl and Vipr2, on CD4" T cells (TCRB™,
CD4™), CD8™ T cells (TCRB™, CD8™), B cells (B220™) in the
LNs, and skin-derived DCs. We found that these receptors were
expressed on DCs (see Fig E8 in this article’s Online Repository
at www.jacionline.org). Taken together, these results suggest that
PACAP modulates DC functions in CHS.

PACAP directly upregulates chemokine receptors
responsible for DC migration

Next, we evaluated the effect of the DRG on the maturation of
DCs in vitro. We found that coculture of FIt3L-induced bone
marrow-derived DCs (BMDCs) with the DRG from control
mice, but not with the DRG from RTX-treated mice, caused sig-
nificant increases in the expression levels of costimulatory mole-
cules CD80 and CD86 on BMDCs (Fig 5, A). The enhancement of
costimulatory molecule expression of BMDCs by DRG was in-
hibited by the PACAP antagonist PACAP6-38 (Fig 5, A).

It is known that the expressions of IL-1 receptor and TNF
receptor on DCs are essential for their maturation in CHS, and
CCR7 and CXCR4 are essential for their migration to the draining
LNs."**7* Thus, we evaluated the expression levels of these
genes and found that PACAP treatment increased the mRNA
expression levels of Ccr7, Cxcr4, Ilirl, Illrap, and Tnfrsfla
(Fig 5, B). Furthermore, we performed transwell migration assays
to evaluate the effect of PACAP on BMDC migration toward the
CCR7 ligand CCL21 or CXCR4 ligand CXCL12. PACAP treat-
ment induced significant increases in DC migration toward to
these chemokines (Fig 5, C). In addition, we evaluated the chemo-
kinetic and chemotactic effects of PACAP on BMDCs. BMDCs
did not show increased chemokinesis on PACAP administration
and were not attracted toward PACAP (ie, chemotaxis) (see Fig
E9 in this article’s Online Repository at www.jacionline.org),
suggesting that PACAP does not have chemokinetic or chemo-
tactic activities.
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FIG 4. PACAP neuropeptide rescued hapten-induced DC migration and CHS responses impaired by RTX-
induced denervation. A, Representative confocal micrographs of skin samples stained for protein gene
product 9.5 (PGP9.5) (red) in CD11c-yellow fluorescent protein (green) mice. Bars = 50 pm (low-power field)
and 10 um (high-power field). B, Relative neuropeptide mRNA expression levels in DRGs from RTX-treated
mice (n = 8 per group). C, Relative nerve-related growth factor mRNA expression levels in DRGs from RTX-
treated mice (n = 8 per group). D, Tac? and Adcyap1 expression in DRGs after oxazolone (OXA) application
compared with control mice (n = 8 per group). E, Effect of substance P (SP) and PACAP treatment on
reduced ear swelling by RTX treatment at 24 hours after OXA elicitation (n = 5-10 per group). F, Effect of
PACAP antagonist PACAP6-38 on CHS responses at 24 hours after OXA elicitation (n = 8 per group). G,
Migration of DCs derived from mice after single or combined treatment with RTX, PACAP, or PACAP6-38
at 24 hours before OXA application (n = 3 per group). All data are presented as mean = SD. Dotted horizon-
tal lines indicate control treatment set at 100%. *P < .05 (Student t-test, Welch test, or Dunnett test) versus

corresponding sample.

PACAP signaling pathway is known to be mediated through G
protein-coupled receptors.””*® Because all PACAP receptors
have Gs signaling downstream, we investigated whether Gs
signaling was essential in the promotion of DC migration induced
by PACAP. Cyclic adenosine monophosphate-protein kinase
A inhibitor H-89 did not affect the chemotaxis of DCs toward
CCL21 and CXCL12 (see Fig E10 in this article’s Online Repos-
itory at www.jacionline.org); however, the enhanced DC migra-
tion by PACAP toward CCL21 and CXCL12 was significantly
suppressed by H-89 (Fig 5, D).”’ H-89 also inhibited the
PACAP-induced increase in CD80 and CD86 expression and
gene expression changes of CCR7 and CXCR4 (Fig 5, E, and
see Fig Ell in this article’s Online Repository at www.
jacionline.org). These results suggest that PACAP promotes the
migration of DCs by upregulating chemokine receptors via Gs
signaling pathway.

PACAP exerts its effects via Adcyap1ril

To determine whether Adcyaplrl or Vipr2 receptor affects
DCs, we used BMDCs that lack Adcyaplrl or Vipr2 receptor
using small, interfering RNA. First, we confirmed that the
expression of Adcyaplrl and Vipr2 receptors were

downregulated in BMDCs (Fig 6, A). Next, we demonstrated
that the increased mRNA expression levels of Ccr7 and Cxcr4
by PACAP treatment was reproduced in Vipr2-knockdown
BMDCs but not in Adcyaplrl-knockdown BMDCs (Fig 6, B).
These results suggest that Adcyaplrl is a main receptor of PA-
CAP to modulate DC functions.

To address whether Adcyaplrl on DCs play an essential role in
the CHS response, we transferred Adcyaplrl-knockdown
BMDCs into CD11¢c-DTR mice, which can be depleted of DCs
on DT treatment.'” Intradermal administration of DT reduced the
number of CD11c-positive cells in the skin by about 50% as re-
ported previously38 (see Fig E12 in this article’s Online Reposi-
tory at www.jacionline.org). BMDCs were transferred into DT-
treated CD11c-DTR mice, sensitized with oxazolone, and elicited
with oxazolone 5 days later. In CD11c-DTR mice, intradermal
administration of DT reduced the CHS response. Control negative
small, interfering RNA-treated BMDCs transfer to DT-treated
CD11c-DTR mice recovered CHS response, but this recovery
was not fully achieved by transfer of Adcyaplrl-knockdown
BMDCs (Fig 6, C). Finally, we compared the expression levels
of PACAP receptors in migrating DCs in the LNs of RTX-
treated mice and control-treated mice. The results showed that
the expression level of Adcyaplrl was significantly decreased
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FIG 5. PACAP enhances BMDC maturation and drives

BMDC migration. A, Expression of CD80 and CD86 on

BMDCs cocultured with DRGs from RTX-treated or control mice in the presence or absence of PACAP antag-
onist PACAP6-38 at 10 pmol/L (n = 6 per group). B, Relative mRNA expression in 1 umol/L PACAP-treated
BMDCs (n = 4 per group). Dotted horizontal lines indicate PBS treatment set at 100%. C, Transwell migration
assay for BMDCs. The numbers of PACAP- or PBS-treated DCs that migrated into the lower chamber con-
taining 1, 10, or 100 ng/mL CCL21, CXCL12, or PBS were measured after 3 hours (n = 3 per group). D, Effect
of protein kinase A inhibitor, H-89, on the transwell migration assay for BMDC. The numbers of PACAP- or

PBS-treated DCs with or without H-89 that migrated
CXCL12, or PBS were measured after 3 hours (n =

into the lower chamber containing 10 ng/mL CCL21,
3 per group). E, Expression of CD80 and CD86 on

PACAP-treated BMDCs in the presence or absence of H-89 at 10 wmol/L (n = 3 per group). Data are presented
as mean * SD. *P < .05 (Student t-test, Welch test, or Dunnett test) versus corresponding samples.

in RTX-treated mice while the expression of Viprl and Vipr2 did
not change. These results suggest that PACAP-DC interaction is
mediated via Adcyaplrl in vivo.

DISCUSSION

In this study, we demonstrated that mice whose sensory nerves
had been ablated by RTX-treatment displayed significantly
reduced CHS responses. By dissecting how sensory nerves
modulate CHS responses, we revealed that denervation-
mediated reductions in DC maturation and migration during the
sensitization phase seemed to be the key events that led to reduced
T-cell activation and skin inflammation. We further determined
that the PACAP neuropeptides played an essential role by
promoting upregulation of chemokine receptors and costimula-
tory molecules on cutaneous DCs via Adcyaplrl and Gs signaling
pathway. These findings suggest that PACAP can promote the
chemotactic and antigen-presenting ability of dermal DCs in CHS
via neuroimmune communication (see Fig E13 in this article’s
Online Repository at www.jacionline.org).

A recent study revealed interactions of CGRP™ nerves and DCs
in a murine psoriasis model involving Ty17 cell-mediated im-
mune responses initiated by the innate immunity ligand imiqui-
mod.® It was also reported that sensory neurons detected C

albicans and released CGRP to drive IL-23 production from
dermal DCs to protect against yd T-cell-mediated fungal infec-
tion.” In this study, we addressed the role of sensory nerves in
cutaneous acquired immune responses and obtained evidence
that PACAP was induced by peripheral nerves and promoted
DC functions in the skin to establish the sensitization phase of
CHS, a prototype of delayed-type hypersensitivity.

Oxazolone has been reported to be a ligand for TRPA1, which
activates sensory nerves.”” It has also been shown that sensory
nerves are activated by a variety of stimuli, such as heat, mechan-
ical stimuli, and infection (such as Staphylococcus aureus and C
albicans) in addition to haptens. S aureus induces calcium flux
and action potentials in nociceptor neurons, in part via bacterial
N-formylated peptides and the pore-forming toxin a-haemoly-
sin."’ C albicans—derived B-glucan stimulated nociceptors via
the Dectin-1-mediated PLC-TRPV1/TRPA1 axis in primary sen-
sory neurons."' Various neuropeptides are released from periph-
eral nerves to regulate DC functions, which may be related to
not only contact dermatitis but also other skin immune responses
such as tumor immunity.**

PACAP is a neuropeptide that mediates diverse physiological
processes from neuroprotection to thermoregulation and is
thought to be a master regulator of the stress response.’”** The
roles of PACAP have been revealed in term of the central nervous
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FIG 6. Effect of Adcyap1r1 knockdown on BMDC activation and CHS
response. A, Expression of Adcyap1r1 and Vipr2 on BMDCs electroporated
with 300 nmol/L Adcyap1r1-, Vipr2-, or control (Ctrl) negative (Nega)-small,
interfering RNA (Si) (n = 3 per group). B, Ccr7 and Cxcr4 mRNA expression
in 1 pwmol/L PACAP-treated BMDCs electroporated with 300 nmol/L Ad-
cyap1rl-, Vipr2-, or negative-small, interfering RNA (n = 3 per group). C,
Ear swelling in Adcyap1ri-knockdown BMDC- or control BMDC-treated
CD11c-DTR mice with or without DT pretreatment (n = 3 per group). D,
The expression of Adcyap1r1, Vipr1, or Vipr2 in migrated DCs from control
or RTX-treated mice (n = 8 per group). Data are presented as mean = SD.
*P < .05 (Student t-test, or Welch test) versus corresponding samples.

system, however, the functions of PACAP in the peripheral ner-
vous system remained limited. Kemény et al* reported that
oxazolone-induced CHS response was exacerbated using
PACAP-deficient mice. Because the infiltration of inflammatory
cells in the skin was not significantly enhanced, the investigators
considered that the exacerbation might be due to enhanced edem-
atous reaction in the dermis. Regarding the effect of PACAP on
antigen presenting cells, the other study by Kodali et al*® demon-
strated that intradermal administration of PACAP prior to applica-
tion of hapten at the injected site inhibited the induction of CHS
via inducing IL-10 production by activation of epidermal Langer-
hans cells that are consider to have immune-suppressive roles
in vivo; however, current understanding is that CHS is induced
predominantly by dermal DCs but not by Langerhans cells.”’” In
line with this, our study demonstrated that PACAP induces activa-
tion of dermal DCs to establish the sensitization of CHS.

Of note, there are technical differences between the study by
Kodali et al*® and our study: the mouse strains, application doses
of PACAP, and number of days of administration. We performed
intradermal administration of PACAP prior to application of
hapten at the injected site, but we did not find the attenuation of
CHS in our model (Fig 4, E). On the other hand, we demonstrated
that attenuated CHS induced by denervation was rescued by PA-
CAP application. Although it still remains unclear precisely, the
discrepancy may be derived from the different mouse strain, PA-
CAP doses, and/or immunological contexts.

Several reports have suggested that other neuropeptides, most
notably CGRP and substance P, can regulate CHS responses. For
example, intradermal injection of a substance P agonist promoted
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CHS induced by conventional but not optimal doses of hapten.'
But we demonstrated that the attenuated CHS responses after
denervation were rescued by PACAP, but not by substance P. It re-
mains unclear how the discrepancy occurred. Although we cannot
exclude the possibility that other neuropeptides may regulate the
properties of DCs in CHS,” we provided evidence that PACAP
played a physiologically relevant role in the modulation of DC
functions in the sensitization phase of CHS responses.

In conclusion, we have clarified a novel mechanism whereby
sensory nerves affect cutaneous acquired immune responses. The
PACAP neuropeptide promotes cutaneous DC functions to
establish the sensitization phase of CHS responses. Taken
together, the present study suggests an emerging new paradigm
whereby TRPV 1™ nociceptive fibers integrate environmental sig-
nals to modulate cutaneous immune responses.

‘We thank Ms. Hiromi Doi for her technical assistance.

Key messages

o Nociceptive sensory nerves are import for the develop-

ment of CHS responses in the sensitization phase.

o PACAP promotes DC functions via upregulation of CCR7
and CXCR4.
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METHODS

Surgical denervation

We adapted the cutaneous denervation surgery from a previous study.! The upper and lower

main trunks of the ear were incised and the innervating nerves were exposed. A 1-mm piece

of each trunk was removed along with the innervating nerves. For controls, nerve trunks were

exposed, but not dissected. The success of skin denervation was assessed and confirmed by

ear swelling after painting with 0.25% (wt/vol) capsaicin solution.

Lymphocyte re-stimulation assay

Single-cell suspensions were prepared from axillary LNs of mice at 5 days after sensitization

with oxazolone. A total of 1 x 10° LN cells were cultured with or without oxazolone-

conjugated bovine serum albumin (BSA) at 1 mg/mL. Oxazolone was conjugated to BSA as

previously described” and with some modifications. For measurement of cytokine production,

culture supernatants were collected after 72 h of incubation. The amount of IFN-y was

measured by a mouse [FN-y ELISA kit (BD Biosciences) according to the manufacturer’s
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instructions.

Hematoxylin and eosin staining

Paraffin-embedded skin specimens were prepared using routine methods. Five-micrometer

sections were deparaffinized and hydrated by washing in xylene followed by a series of

graded alcohol concentrations. Hematoxylin and eosin (Wako Pure Chemical Industries)

staining was performed using standard protocols. Images were acquired using a polarizing

microscope (BX51-P; Olympus, Tokyo, Japan), a 20 x lens (numerical aperture 0.7;

Olympus), and cellSens Software (Olympus).

Photoconversion and in vivo DC migration assay

Photoconversion of the skin was performed as previously described.® After 436 nm violet

light exposure, mice immediately received an application of 25 pL of 3% (wt/vol) oxazolone

to their photoconverted abdomens. For application of PACAP and its antagonist, PACAP (500

ng/mouse/day in PBS), PACAP6-38 (500 ng/mouse/day in PBS), or PBS was injected

intradermally into the abdomen for 3 days, beginning at 1 day before sensitization. Skin

samples and axillary LNs were collected from mice at 48 h after sensitization.



35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Yamamoto et al

FITC-induced cutaneous DC migration

Mice were sensitized by application of 100 pL of 2% (wt/vol) FITC to the shaved abdominal

skin. Axillary LNs were collected from mice at 48 h after sensitization.

Whole-mount skin immunostaining

After euthanasia, ears of CD11c-YFP mice were dissected and split into dorsal and ventral

sheets. The cartilage-free dorsal sheets were fixed in 4% (wt/vol) paraformaldehyde

overnight at 4°C. A rabbit anti-PGP 9.5 primary antibody and anti-rabbit Alexa Fluor 594-

conjugated secondary antibody (Thermo Fisher Scientific, Waltham, MA) were used. Images

were acquired using a confocal microscope (A1RMP; Nikon, Tokyo, Japan), a 10x lens

(numerical aperture 0.45; Nikon), a 60% lens (numerical aperture 1.40; Nikon), and NIS-

Elements AR Software (Nikon). Images were analyzed with Imaris Version 8.2.0. software

(Bitplane, Concord, MA).

DRG cultures

DRG isolation was performed as previously described* with some modifications. Briefly, the
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bilateral DRGs at the C3-T10 levels were removed from BALB/c female mice, and the cells

were dissociated with 0.25% collagenase (Wako Pure Chemical Industries) and 0.25%

Trypsin-EDTA (Thermo Fisher Scientific). Myelin debris was removed by centrifugation at

1,000 x g for 30 min at 25°C in 20% (wt/vol) BSA (Nacalai Tesque) in DMEM (Thermo

Fisher Scientific). The cell suspension was plated in a 24-well culture dish coated with 500

pg/mL poly-D-lysine (Sigma-Aldrich). After 24 h, the culture medium was replaced with

DMEM containing 10% heat-inactivated fetal calf serum (FCS) (GE Healthcare, Little

Chalfont, UK), 25 uM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Thermo Fisher

Scientific), X1 minimal essential medium (MEM) non-essential amino acids solution

(Thermo Fisher Scientific), 50 U/mL penicillin (Thermo Fisher Scientific), and 50 pg/mL

streptomycin (Thermo Fisher Scientific) supplemented with 10 uM cytosine

arabinofuranoside (Sigma-Aldrich) for 3—7 days. For oxazolone stimulation, DRGs cultured

for 6 days were stimulated with 300 uM oxazolone in culture medium for 24 h.

BMDC culture

For BMDC cultures, 1 x 107 hemolyzed BM cells generated from BALB/c mice were

cultured in 10 mL of RPMI 1640 (Thermo Fisher Scientific) containing 10% heat-inactivated
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FCS, 50 uM 2-mercaptoethanol (Wako Pure Chemical Industries), X1 MEM non-essential

amino acids solution, 1 mM sodium pyruvate (Thermo Fisher Scientific), 50 U/mL penicillin,

and 50 pg/mL streptomycin supplemented with 100 ng/mL recombinant murine FIt3L

(PeproTech, Rocky Hill, NJ) for 7-9 days. For DRG co-cultures, cultured DRGs were

prepared 5 days previously. BMDCs and DRGs were co-cultured for 24 h with 10 uM

PACAP6-38 or PBS. For PACAP stimulation experiments, BMDCs were stimulated with 1

uM PACAP or PBS. The cells were harvested after 8 h for quantitative real time polymerase

chain reaction (QRT-PCR) and 24 h for flowcytometry. For PKA inhibition experiment,

BMDCs were incubated for 8 h or 24 h with 10 uM H-89 in addition to 1 pM PACAP or

PBS. For knockdown experiment, cells were electroporated with 300 nM small interfering

RNA (siRNA) for Adcyapiri, Vipr2, or control siRNA (Thermo Fisher Scientific) by using

Amaxa® Mouse Dendritic Cell Nucleofector® Kit (Lonza, Basel, Switzerland) according to

the manufacturer’s instructions.

Transmigration assay

Single-cell suspensions of BMDCs were incubated for 24 h with 1 uM PACAP or PBS and

tested for transmigration across uncoated 5-pm transwell filters (Corning, Corning, NY)
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86 toward 1 uM PACAP, 1, 10, or 100 ng/mL CCL21 or CXCL12 (R&D Systems, Minneapolis,

87  MN), or medium for 3 h. For detection of chemokinetic effects, BMDCs with 1 uM PACAP

88  were tested for transmigration using 5-um transwell filters. For PKA inhibition experiment,

89  BMDCs were incubated for 24 h with 10 pM H-89 in addition to 1 uM PACAP or PBS. After

90  stimulation, BMDCs were incubated in RPMI 1640 with 0.5% (wt/vol) BSA for 1hr.

91  Migrated cells were measured by CellTiter-Glo (Promega, Madison, WI) according to the

92  manufacturer’s instructions.

93

94  RNA isolation and quantitation

95  Shaved abdomen skin, ears, and DRG samples were collected at 2 days, 24 h, and 2 days

96  after oxazolone treatment, respectively. Total RNA was isolated from these samples using an

97  RNeasy Kit (Qiagen, Hilden, Germany). For quantitative RT-PCR analysis, reverse

98 transcription was performed using a Prime Script RT Reagent Kit (Takara Bio, Shiga, Japan)

99  according to the manufacturer’s instructions. The results were normalized by the mRNA

100 levels of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase, ribosomal

101  protein large P1, or peptidylprolyl isomerase A using the ACt method. All PCR amplifications

102  were performed using a LightCycler 480 Instrument II (Roche, Basel, Switzerland).
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Flow cytometry

Skin-draining LN-derived single-cell suspensions were prepared from axillary LNs of mice at

2 days after sensitization with oxazolone. For preparation of skin-derived single-cell

suspensions, ears were removed and punched out using disposable 8-mm circular blades

(Kai, Tokyo, Japan). The tissue was separated into dorsal and ventral sides and incubated for

1.5 h in RPMI 1640 containing 1000 U/mL collagenase II (Worthington Biochemical

Corporation, Lakewood, NJ) and 100 pg/mL DNase I (Sigma-Aldrich). To detect DCs in

LNs, the LNs were incubated for 0.5 h in RPMI 1640 containing 500 U/mL collagenase 11

and 100 pg/mL DNase I. The cell suspensions were filtered through a 40-pum cell strainer and

stained with appropriate antibodies. For the detection of survival and apoptotic cells, the cell

suspensions were stained with Annexin V (Sigma-Aldrich) and fixable viability dye (Thermo

Fisher Scientific). Cells were subjected to flow cytometry (Fortessa; BD Biosciences), and

the data were analyzed using FlowJo software (FlowJo, Ashland, OR). Cells were quantified

by the addition of Flow-Count Fluorospheres (Beckman Coulter, Brea, CA).

DT treatment and BMDC transfer
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2 ng DT was injected intradermally into the ear of CD11¢c-DTR mice. 1 x 105 BMDCs were

injected intradermally into the same site 24 h after DT treatment.

Statistical analysis

Data are expressed as mean + standard deviation (SD). All statistical analyses were

performed using StatLight software (Yukms, Tokyo, Japan). Differences in values were

analyzed for statistical significance by Student’s t-test (for homoscedastic data) or Welch’s

test (for heteroscedastic data) after homoscedasticity analysis by the F-test. For multiple

comparisons, Dunnett’s test was performed. Values of P < .05 were considered significant in

all tests.
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Supplementary Figure Legends

Figure E1. Confirmation of RTX-induced denervation.

Eye wiping in RTX-treated or control mice (n = 8—16 per group) with or without capsaicin

treatment is shown. Data are presented as mean + SD. *P < .05 (Student’s #-test or Welch’s

test) versus corresponding mice.

Figure E2. Effect of RTX treatment on DNFB or FITC-induced CHS responses.

Ear swelling in RTX-treated or control mice at 24 h after application of DNFB (n = 5 per

group) or FITC (n = 5-8 per group). Data are presented as mean = SD. *P < .05 (Student’s #-

test or Welch’s test) versus corresponding mice.

Figure E3. Confirmation of surgical denervation.

Ear swelling at 6 h after challenge with 0.25% (wt/vol) capsaicin solution in mice that

underwent surgical denervation (DNV) or sham operation (Sham) on their ears (n = 8 per

group). Data are presented as mean + SD. *P < .05 (Welch’s test) versus corresponding mice.

Figure E4. mRNA profiles in oxazolone-treated denervated mice.
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114, 1110, 1l17a, 1117f, Tnf, and, 116 mRNA expression in the skin tissue (n = 8 per group) at 24

h after challenge with oxazolone. All data are presented as mean + SD.

Figure ES. Gene expression in oxazolone-treated abdominal skin.

The relative expression levels of ///a, Il1b, and Tnf in the skin of abdomen from control or

RTX-treated mice (n = 8 per group) were analyzed at 48 h after painting with or without

oxazolone. Data are presented as mean = SD. *P < .05 (Welch’s test) versus corresponding

mice.

Figure E6. Effect of RTX and oxazolone treatment on DC viability in LNs.

Representative flow cytometric plots of migrated DCs (B220" CD3" CD11c*, I-A/I-EMeh). The

percentage of the following cell populations is indicated: Annexin V and viability dye

negative stained, indicating viable cells, Annexin V-positive and viability dye-negative

stained, indicating early apoptotic cells, and Annexin V and viability dye double-stained cells

showing late apoptosis or necrosis. The rates are calculated as the observed number divided

total migrated DC number. Data are presented as mean + SD.
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Figure E7. Confirmation of RTX-induced denervation.

RTX-induced denervation was confirmed by qRT-PCR analysis. Relative Trpvi, Trpal, and

Trpm8 expression was evaluated in DRGs from RTX-treated mice (n = 8 per group). Data are

presented as mean + SD. *P < .05 (Student’s #-test) versus corresponding mice.

Figure E8. Flow cytometric histograms of PACAP receptor expression on DCs.

Representative flow cytometric histograms of PACAP receptor (Adcyaplrl and Vipr2)

expression on skin-derived DCs (DC), B220" B cells (B cell), TCRB" CD4" T cells (CD4),

and TCR B * CD8a" T cells (CDS8) are shown.

Figure E9. Chemokinesis and chemotaxis effect of PACAP on BMDCs.

The effects of 1 uM PACAP treatment on chemokinesis and chemotaxis of BMDCs (n =3

per group). *P < .05 (Student’s #-test) versus corresponding mice.

Figure E10. Effect of PKA inhibitor on BMDC migration towards the CCL21 or

CXCL12.

The effects of 10 uM H-89-treatment for 24 h with 1 uM PACAP or PBS on BMDC
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migration (n = 3 per group). The numbers of PACAP or PBS-treated DCs with or without H-

89 that migrated into the lower chamber containing 10 ng/mL CCL21, CXCL12, or PBS

were measured after 3 h (n = 3 per group). Data are presented as mean = SD. *P < .05

(Student’s t-test or Welch’s test) versus corresponding samples.

Figure E11. Effect of PKA inhibitor on PACAP-induced Ccr7 and Cxcr4 upregulations.

The effects of 10 uM H-89-treatment for 24 h with 1 uM PACAP or PBS on the expression of

Cer7 and Cxcr4 in BMDC (n = 3 per group). Data are presented as mean + SD. *P < .05

(Student’s t-test) versus corresponding samples.

Figure E12. Effect of intradermal DT treatment on cutaneous CD11c" cells.

The numbers of cutaneous CD11c¢" cells from CD11¢c-DTR mice given a single intradermal

injection of DT 24 h before analysis. Data are presented as mean + SD. *P < .05 (Student’s t-

test) versus corresponding samples.

Figure E13. Schematic diagram of the effect of PACAP on DC trafficking from the skin

to the lymph nodes.
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After hapten exposure, TRPV 1-positive sensory nerves in the skin are stimulated and release

PACAP to the neighboring DCs. PACAP activates cutaneous hapten-bearing DCs via

Adcyaplrl-PKA pathway and enhances their migration to the lymph nodes. dLNs: skin-

draining lymph nodes.
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Movie E1

Representative confocal micrographs of a skin sample stained for PGP9.5 (red) and CD1l1c¢

(green).
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Table E1. List of antibodies used in flow cytometry analyses

Antibody Fluorochrome Clone Supplier

CDllc APC or Brilliant Violet 605 N418 Thermo Fisher Scientific
CD30 PE or PE-Cy7 16-10A1 Thermo Fisher Scientific
I-A/I-E FITC or Pacific Blue M5/114.15.2  Thermo Fisher Scientific
TCRb PE-Cy7 H57-597 Thermo Fisher Scientific
CD3 PE-Cy7 17A2 BioLegend

CD4 Brilliant Violet 605 RM4-5 BD Biosciences

CD45 BD Horizon V450 30-F11 BD Biosciences

CD45R (B220) APC or PerCP-Cy5.5 RA3-6B2 BioLegend

CD8a PerCP-Cy5.5 53-6.7 BioLegend

CDh44 PE M7 BioLegend

CD62L FITC MEL-14 BioLegend

CD86 Brilliant Violet 605 GL-1 BioLegend

Adcyaplrl - - Abcam (Cambridge, UK)
Viprl - - Alomone Labs

Vipr2

Abcam
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FIRI 23 A &> 2 VN 3 AS ATRE Zefili 2 BB (Video E1)

https://www.jacionline.org/cms/10.1016/j.jaci.2021.02.005/attachment/6b34c745-8aa9-4636-

90b7-27458a88221a/mmcl.mp4
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