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Abstract

Background: Atopic dermatitis (AD) is a common, chronic inflaratary skin disease of
type 2 immunity. Keratinocyte-derived cytokines, cluding thymic stromal
lymphopoietin (TSLP) and IL-33, are considered mouce the development of AD.
Production of prostanoids, a family of lipid medist, is elevated in AD lesions.
However, their physiological functions remain todbarified.

Objectives: To elucidate the functions of prostanoids in theatigoment of AD.

Methods: The roles of prostanoids were investigated incause model of AD induced
by repeated application of haptemd PAM212, a keratinocyte cell line.

Results: Application of indomethacin, which blocks the #yesis of prostanoids, leads to
enhanced TSLP and IL-33 production in the skinyreased serum IgE level, and
exacerbation of the skin inflammation in this AD ded The skin inflammation was
attenuated in TSLP receptor-deficient mice, but moiL-33-deficient mice, and the
indomethacin-enhanced type 2 immune responses wadrelished in TSLP
receptor-deficient mice. Indomethacin increased tgage-activated receptor 2
(PAR2)-mediated TSLP production in keratinocytesitro, and prostaglandin (PG:E
reversed the increase of TSLP through its recepR2 by downregulating the surface
expression of PAR2. Administration of an EP2 agonisancelled the
indomethacin-enhanced TSLP production and typer@umne responses in the skin, while
an EP2 antagonist caused an enhancement of TSLdgtion and type 2 immune
responses in the skin.

Conclusion: PGE-EP2 signaling negatively regulates murine AD-likekin
inflammation by suppressing TSLP expression.

Clinical implications: Stimulation of the PGEEP2 pathway can be a possible novel



therapeutic strategy for the treatment of AD.

Capsule Summary
PGE-EP2 signaling inhibits TSLP production in the skind acts as an endogenous

regulator in type 2 immune responses in a mouseetraddhD.
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Introduction

Atopic dermatitis (AD) is a chronic inflammatoryiskdisease that affects approximately
2-10% of adults in industrialized countrieClinical symptoms include dry, pruritic
eczematous dermatitisBecause patients with AD exhibit high serum Igiele and an
elevation of type 2 cytokines, including interlenKiL)-4, IL-5 and IL-13, in the lesional
skin? AD is considered an inflammatory condition mediabg type 2 immune responses.
Indeed, an antibody against the IL-4 receptor, whithibits IL-4 and IL-13 signaling,
exerts therapeutic effects on AFor the induction of type 2 immunity, several typef
cells, such as T helper 2 (Th2) cells, innate lyoighcells type 2 (ILC2) and basophils,
produce type 2 cytokinésKeratinocyte-derived cytokines, especially thynsitomal
lymphopoietin (TSLP) and IL-33, play pivotal rol@s the induction and activation of
these type 2 immune ceflSTSLP is induced by various external stimuli, sashphysical
trauma and proteas&s’ For example, a serine protease kallikrein 5 (KLK&}ivates
protease-activated receptor 2 (PAR2) signalingaraknocytes and induces TSLP, leading
to the development of AD-like skin inflammation imice® ° *° Likewise, skin-specific
overexpression of IL-33 induces an AD-like inflantina in micel* Based upon the
above pathogenesis, drugs targeting these cytaldseades are in clinical trials for the

treatment of AD:> 13

Prostanoids, including prostaglandin (P@)PGE, PGFkR4, PGh, and thromboxane
(TX)A,, are metabolites of arachidonic acid released freembrane phospholipids, and
are produced by the sequential reaction of cyclgergse (COX) and respective
synthases in various pathophysiological conditinEach prostanoid has its cognate

receptor: two subtypes of the PGD recep{®P and chemoattractant receptor



homologous-molecule expressed on Th2 cells (CRTHYr subtypes of the PGE
receptor (EP1, EP2, EP3, d8B4), the PGF receptor (FP), the PGI receptor @R, the
TXA receptor (TP)* Acting in these receptors expressed on target, gelisstanoids exert

a variety of pathophysiological functions as lipidediators. The effects of receptor
stimulation vary in a context-dependent manner; stimulation sometimes results in
opposing effects, such as excitatory and inhibitmugcomes, depending on receptor types
and depending on the context even in the same tacefherefore, to understand the
physiological role of prostanoids, it is essent@aldefine the context and analyze the

function of each receptor separately.

In AD lesions, an elevated levels of prostanogig;h as PGPand PGE, have been
reported:> To date, however, the functions of prostanoids i fas not been investigated
extensively, partly because the effect of COX iitbts, which block the synthesis of
prostanoids, has been controversial in the treatnwnAD. However, the recent
development of agonists/antagonists for each pmogiareceptor and mice deficient in
individual receptor has enabled us to dissect tie of each prostanoid recepiorvivo

and has revealed unexpected, multiple functionz@étanoids in cutaneous immunity.

In this study, we have investigated the role @fspanoids in the development of AD,
using a mouse model of AD induced by repeated hagpplication, and have identified
that a blockade of PGHEEP2 signaling increases TSLP production in then sknd
enhances type 2 immune responses. Our results stuthge PGEEP2 signaling in the

skin functions as an endogenous negative regulab-like skin inflammation.



Methods
Animals
Female BALB/c mice were purchased from Japan SLGn{&matsu, Japan).
TSLPR-deficient mice (BALB/c backgrourfd)and IL-33-deficient mic& were kindly
provided by Dr. Steven Ziegler and Dr. Tomohiro kosoto, respectively. All

experiments were conducted on 8-12-week-old mice.

Reagents

Indomethacin was purchased from Sigma-Aldrich (Bbuis, MO). Alexa Fluor
546-conjugated anti-mouse 1gG antibody (Ab) wasbased from Invitrogen (Carlsbad,
CA). A rabbit anti-mouse PAR2 antibody was purcliaisem Santa Cruz Biotechnology
(Santa Cruz, CA). A PAR2 agonist (SLIGRL-NH2) wasrghased from Abcam
(Cambridge, MA). Oxazolone was purchased from Wé&koe Chemical Industries
(Osaka, Japan). FITC-conjugated anti-CD45 monotlgxia (mAb), PE-conjugated
anti-IL-4 mAb, and PE-Cy7-conjugated anti-TERmAb were purchased from
eBioscience (San Diego, CA). PGIPGE, PGRa, PGb, and a TxA agonist (I-BOPY'
were purchased from Cayman Chemical (Ann Arbor,. M)Protein kinase A (PKA)
inhibitor H-89 was purchased from Sigma-Aldrich. BR1 antagonist (ONO-8718)an
EP2 antagonist (ONO-AE8-118) an EP3 antagonist (ONO-AE3-24%)) an EP4
antagonist (ONO-AE3-208) and an EP2 agonist (ONO-AE1-259-413" were kindly
provided from Ono Pharmaceuticals (Osaka, Japarg.specificity of each EP receptor

agonist/antagonist is described in each reference.

An AD model by repeated hapten elicitation



Mice were sensitized and were repeatedly elicitedh® same skin site with hapten, as
previously described with some modification. Briefly, BALB/c mice wemensitized
by topical application of 2@l of 1% oxazolone in ethanol to both ears 30 miteraf
topical application of 0.2 mg/ml of indomethacinwahicle (acetone). Seven days after
the sensitization, the same treatments were reglgapplied to the ears in 2 d intervals
for a total of 8 times. Ear thickness was measumedeach mouse before hapten
application and 1, 6, and 24 h after hapten apjhicausing a thickness gauge (Teclok,
Nagano, Japan). For EP2 agonist/antagonist treatnh ul of an EP2 agonist
(ONO-AE1-259-01) (200uM) and an EP2 antagonist (ONO-AES8-116) (508) in
ethanol was topically applied to both ears 30 nefobe the application of oxazolone.

Ethanol was used as a vehicle.

Histology and immunostaining

For histological examination, ears were excised4ah after the final elicitation fixed in
10% formaldehyde, and embedded in paraffin. Sestafrbum thickness were prepared
and stained with hematoxylin and eosin. For the imastaining of PAR2 in PAM212
cells, cells were plated on coated coverslips,dife 15 min with 3.7% formalin (Wako
Pure Chemical Industries) and permeabilized witt®®.Triton-X (Sigma-Aldrich) in
PBS for 7 min at room temperature. Next, slidesewacubated with anti-mouse PAR2
Ab for 1 h and then stained with Alexa Fluor 546rjogated anti-mouse 1gG

(Invitrogen) for 30 min at room temperature.

Flow cytometry

One piece of skin was taken by 8-mm punch biopsmfthe center of each ear skin, and
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the whole sample was used for flow cytometry analySor the preparation of single cell
suspensions from skin, ears were removed 24 hfafedrelicitation, split into dorsal and
ventral halves, and the cartilage was removed. éereskin was incubated for 30 min in
cRPMI (RPMI 1640, Sigma-Aldrich, containing 10% heeactivated FCS (Invitrogen),
50 uM 2-mercaptoethanol, 2 mM L-glutamine, 25 mM
N-2-hydroxyethylpiperazine-N2-ethanesulfonic acid, 1 mM nonessential amindsacl
mM sodium pyruvate, 100 units/ml penicillin, and030g/ml streptomycin) containing 2
mg/ml collagenase Il (Worthington Biochemical., &émneld, NJ) and 10Qg/ml DNase |
(Sigma-Aldrich). The cell suspensions were filtenedth a 40um cell strainer and
stained with the indicated Abs. These cells welgesied to flow cytometry (Fortessa,
BD Biosciences), and the data were analyzed witwdb software (TreeStar, San Carlos,

CA).

Keratinocyte culture

For keratinocyte culture, PAM212 cells, a spontarsgp transformed cell line derived
from BALB/c keratinocytes®® and normal human epidermal keratinocyte (Kurabo
Industries, Osaka, Japan) were used. Cells wededaemto 24-well plates at a density of
1 x 10 cells per well, cultured in cDOMEM (DMEM containirid% FCS, 10 mM HEPES,
2 mM L-glutamine, 100 units/ml penicillin, and 10@/ml streptomycin) (Invitrogen)) at
37°C under 5% CO2 with the indicated combinationredfgents for 24 h, and the
supernatant was extracted for the measurementld® B$ ELISA. The concentration of
each reagent is as follows: PAR2 agonist (SLIGRL2NKL100 pM), indomethacin (1
UM), prostanoids (PGP PGE, PGFa, PGL) (10 uM), TP agonist (I-BOP) (10 uM),
EP1 antagonist (ONO-8713) (2M), EP2 antagonist (ONO-AE8-116) (20/1), an EP3
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antagonist (ONO-AE3-240) (2@M), an EP4 antagonists (ONO-AE3-208) or EP2
agonist (ONO-AE1-259-01) (20M).

ELISA

Total serum IgE and TSLP in culture supernatanteweeasured by using a mouse IgE
ELISA kit (Bethyl Laboratories, Montgomery, TX) aral mouse and a human TSLP
Quantikine ELISA Kit (R&D Systems, Minneapolis, MNdespectively, in accordance
with the manufacturer's protocol. Absorbance wasasueed at a wavelength of 45

with a microplate reader (Bio-Rad, Hercules, CA).

Quantitativereal-time PCR analysis

Ear skin was taken 24 h after th& @licitation, and total RNA from the skin was
extracted using the Trizol RNA extraction kit (Itragen, San Diego, CA). cDNA was
reverse transcribed from the total RNA samplesqusite Prime Script RT reagent kit
(Takara Bio, Otsu, Japan). Quantitative real-tinftdRRvas performed by monitoring the
synthesis of dsDNA during the various PCR cyclesgiSYBR Green | (Takara Bio)
and a Light Cycler real-time PCR apparatus (RoBlasel, Switzerland) according to the
manufacturer’s instructions. The primer sequencesevas followsKIk5, 5'-ATG GGC
AAT GGC TAC CCT G-3' (forward), 5-GTT CGG TTC CAGRGG GGT T-3
(reverse);Tslp, 5-TTC ACT CCC CGA CAA AAC ATT T-3 (forward), 5-AGT CCT
CGA TTT GCT CGA ACT-3 (reverse)Ccll7, 5-TAC CAT GAG GTC ACT TCA
GAT GC-3' (forward), 5-GCA CTC TCG GCC TAC ATT GG- (reverse);Ccl22,
5-AGG TCC CTA TGG TGC CAA TGT-3'(forward), 5-CGE&AG GAT TTT GAG
GTC CA-3 (reverse);ll33, 5-TCC AAC TCC AAG ATT TCC CCG-3' (forward),
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5-CAT GCA GTA GAC ATG GCA GAA-3’ (reverse)Ptges, 5'- GGA TGC GCT GAA
ACG TGG A-3 (forward), 5-CAG GAA TGA GTA CAC GAAGCC-3’ (reverse);
Gapdh, 5-AGG TCG GTG TGA ACG GAT TTG-3' (forward), 5-GG GTC GTT
GAT GGC AAC A-3’ (reverse)All primers were obtained from Greiner Japan (Tokyo,
Japan). For each sample, triplicate test reactamtsa control reaction lacking reverse
transcriptase were analyzed for expression of #reeg, and results were normalized to

those of the housekeepi@apdh mRNA.

Immunoblotting

Phosphorylated PAR2 was detected by Phos-tag SD&EPANVako Pure Chemical
Industries) according to the manufacturer’s protogdh some modifications. Briefly,
cells were lysed directly in their 10-cm plateshwite cold lysis buffer. Proteins from the
total cell lysate were separated by 6% SDS-PAGEgeiaining Phos-tag, transferred to a
nitrocellulose membrane, and blotted for phosplategd PAR2 using anti-mouse PAR2

mAD.

Generation of bone marrow chimera mice
To generate bone marrow chimera mice, recipient BALB/c underwent 9 Gy total
body irradiation and were injected with bone marmeils (1x16 cells/body) from WT

or TSLPR-deficient mice (BALB/c background) intrameisly through the tail vein.

Microarray data analysis
Expression data for 14 atopic dermatitis patienésewobtained from a public data set

deposited in the National Center for Biotechnoltgfprmation (NCBI) Gene Expression
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Omnibus (GEO) database (GEO accession no. GSE1R0Pxtient and sample

information were described previoudly.

Statistical analysis

All statistical analyses were carried out using ghiRRad Prism 6.05 (GraphPad Prism
Software Inc., La Jolla, CA). Student$est was used to calculate significant differences
between two groups. Statistical significance betwsmiltiple groups was analyzed by
using the Tukey-Kramer multiple comparisons tesatiStical correlation was evaluated
by a nonparametric Spearman correlation test. PNalues less than 0.05 were

considered statistically significant.

Study approval

The murine studies were conducted with the appravand in accordance with the
Guidelines for Animal Experiments of the Kyoto Uersity Graduate School of
Medicine. The human study protocol was approvethbyinstitutional Review Boards of

the Kyoto University Graduate School of Medicine.
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Results

A blockade of prostanoid synthesis exacer bates skin inflammation in a mouse model

of AD

To investigate prostanoids in the development of-lkB skin inflammation, we first
tested the effect of a COX inhibitor, indomethaaam, skin inflammation in a mouse
model of AD. We used an AD model of repeated hapigplications, which results in a
shift from Thl-mediated cutaneous inflammation tdh2dmediated cutaneous
inflammation, mimicking human AP % Oxazolone was used as a hapten and
repeatedly applied to the ear skin with or withtagical indomethacin application; the
ear swelling response, the number of IL-4 produaells in the skin, and serum IgE
levels were examined as the indicators of a typar@une response. A single elicitation
with hapten induces contact hypersensitivity, whisha representative of Thl-type
delayed-type hypersensitivity. The initial Thl-tygkelayed-type hypersensitivity, as
determined by the ear swelling response at the 24né point, was not significantly
modified by indomethacin application. However, ter swelling response after thé 3
hapten application was significantly enhanced kjomethacin treatment, which was
repeatedly observed until the final hapten appbea(Fig 1A, andsee Fig E1 in the
Online repository). Consistently, histological examination reveailecreased epithelial
hyperplasia, dermal edema and infiltration of inffaatory cells, including eosinophils
and lymphocytes, into the dermis in indomethacaated miceKig 1B). The serum IgE
levels and the frequency and the number of IL-4dpoing CD45TCRB" cells in the
skin were also significantly enhanced by indomethaeatment fig 1C-E, see Fig E2
and E3 in the Online repository). These findings suggest the existence of endageno

prostanoids that play regulatory roles in the depelent of type 2 immune responses in
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the skin.

Because TSLP and IL-33 are suggested to playtaivoles in the induction of a type
2 immune response in the sKirf> we next examined the expression levels of these
cytokines in the skin. After the®'lelicitation, TSLP and IL-33, and their downstream
molecules, such as Th2 chemokines CCL17 and CCw2ge induced in the skin. The
MRNA levels of these cytokines were further prordotey topical indomethacin
treatment Fig 2). On the other hand, the mRNA level of KLK5, whigh known to
induce TSLP expression in keratinocytes, was similaboth groups. These results
suggest that prostanoids regulate the productiomSifP and IL-33, and suppress the

induction of type 2 immune responses in the skin.

Prostanoids facilitate type 2 immune responses through the TSL P receptor signaling
pathway
We next examined whether TSLP and IL-33 are invblirethe development of type 2
immunity in this AD model using TSLP receptor-déditt (TSLPR)Y and
IL-33-deficient (IL-33") mice® The ear swelling response after repeated hapten
application in TSLPR mice was significantly less than that of wild-ty§®T) mice &ee
Fig E4 in the Online repository), which is consistent with a previous repdron the
other hand, IL-33 mice exhibited an equivalent ear swelling respormmpared with
WT mice Gee Fig E4 in the Online repository). These results suggest that TSLP, rather
than IL-33, mediates the induction of type 2 immuasponses in this AD model.

TSLP is abundantly produced by keratinocytetha skin, especially in human and
mouse AD’ 3! and acts on inflammatory cells such as Th2 cblisophils, Langerhans

cells, and ILC2 to promote type 2 immunity*> To examine whether enhanced type 2
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immune responses induced by the loss of prostarmidsmediated through TSLPR
signaling, we created bone marrow (BM) chimeragrraidiated WT mice reconstituted
with either WT- or TSLPR-BM and tested the effect of indomethacin on theety
immune response in these chimeras. The type 1 irmmesponse induced by a single
elicitation with hapten was similar in both grouffsg 3A, left); however, the ear
swelling of the type 2 immune response induceddpgated elicitation with hapten was
almost completely abrogated in chimeras reconstitutith TSLPR-BM, in which bone
marrow-derived immune cells, such as Th2 cells laasbphils, lack TSLPRFg 3A,
right). Notably, the exacerbation by indomethacin waso aliminished in chimeras
reconstituted with TSLPR-BM. Consistently, the increase of serum total lgels and
the number and the frequency of IL-4-producing CO4ERB" cells in the skin after
indomethacin treatment were abolished in the chasdfig 3B, C, see Fig E5 in the
Online repository). These findings suggest that the enhanced tyipenfune responses
induced by the loss of prostanoids depend on TSEPPR-signaling in radiosensitive

immune cells.

PGE,-EP2 signaling playsregulatory rolesin TSLP production in keratinocytes

Based on the above results, we hypothesized thag goostanoids could suppress TSLP
production in the skin. To test this hypothesis,evaluated the effect of indomethacin or
prostanoids on TSLP production in keratinocytesgisPAM212 cell€® We stimulated
PAM212 cells with a PAR2 agonist (SLIGRL-NH2), ayké&nducer of TSLP, and
examined the effect of indomethacin and prostan(®iSD,, PGE, PGka, and PG,
and a TXA receptor agonist, I-BOP) on the production of TSI TSLP production in

PAM212 cells induced by the PAR2 agonist was enbddnby the addition of
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indomethacin Eig 4A), while it was markedly reduced by the additionR§3E, but not
by other prostanoidd=(g 4A). On the contrary, PGEhas no additional inhibitory effect
on TSLP production in the absence of indomethadinese findings suggest that
endogenous PGEproduced by keratinocytes regulates the inductodnTSLP in
keratinocytes.

PGE exerts its physiological roles through four typéseceptor (EP1, EP2, EP3 and
EP4)* To identify which PGE receptor signaling is involved in the
indomethacin-induced TSLP production in keratinesytwe next tested antagonists
against each PGE receptor on TSLP production. Antbage antagonists, only an EP2
antagonist mimicked the effect of indomethaciRi(j 4B). Conversely, an EP2 agorffst
24 completely abolished the enhancing effect of indtivacin on TSLP productiorFig
4B). In addition, the inhibitory effects of PGEnd EP2 agonist on TSLP production
were cancelled in the presence of EP2 antagonisthérmore, EP2 agonist has no
additional inhibitory effect on TSLP production the absence of indomethacin. These
results indicate that the endogenous PREB2 signaling pathway regulates

PAR2-mediated TSLP production in keratinocytes.

PGE2-EP2 signaling induces inter nalization of PAR2 on keratinocytes

The expression of PAR2 on the cell surface isaaitto elicit its functions via PARZ: ¥’
Therefore, we examined the effect of an EP2 agamghe surface expression of PAR2
in PAM212 cells. Flow cytometric analysis reveathdt the surface expression, not the
total amount of PAR2, was significantly downregatatin cells treated with the EP2
agonist gee Fig E6 A-C in the Online repository). Because the PGEP2 signaling

pathway exerts its function through the activatwinthe cyclic AMP (cCAMP)-PKA
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pathway, we examined the effect of PKA inhibitoi8Bl-on the effect of the EP2 agonist.
H-89 completely abrogated the inhibitory effecttiof EP2 agonist on PAR2 expression
(see Fig E6 A-C in the Online repository). Moreover, the EP2 agonist promoted PAR2
phosphorylation 9ee Fig E6D in the Online repository), which is necessary to induce
clathrin-dependent receptor internalization of PAR2 Consistently,
immunohistochemical analysis revealed that the BB&nist increased the dot-like
subcellular signals of PAR2, suggesting the preseriéntracytoplasmic vesicles and/or
Golgi pool containing PAR2which were decreased by the further addition &3Hsee
Fig E6E in the Online repository). These results suggest that the RGP2 signaling

pathway induces PAR2 internalization in a CAMP-PH&pendent manner.

PGE,-EP2 signaling regulates the development of mouse AD-like skin inflammation

in vivo

Having identified the effect of PGEEP2 signaling on PAR2-mediated TSLP production
in keratinocytesn vitro, we next evaluated the involvement of R&EP2 signaling in
TSLP expression in the skin and the subsequentlamwent of type 2 immune
responses after repeated hapten elicitation. Agipdin of hapten markedly induced the
gene expression levels of PGE synthdges) in ear skin ¢ee Fig E7 in the Online
repository). Mice topically treated with an EP2 antagonistiuoed higher mRNA
expression levels of TSLP and Th2 chemokines (CCadd CCL22) in the skin, while
topical application of an EP2 agonist abolishedittieease of mMRNA expression levels
induced by indomethacinF(g 5A). Consistently, ear swelling, the number of
IL-4-producing CD45TCRB" cells in the skin, and total serum IgE levels wiaeased

by an EP2 antagonist treatment, and an EP2 agmstsed the increase induced by
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indomethacin Eig 5B-D) On the contrary, mice treated with the EP2 agomshout
indomethacin did not exhibit suppressed phenotyipesall of the above parameters
compared with vehicle-treated mic&ig 5A-D, and see Fig E8A in the Online
repository), suggesting that endogenously produced Pdve exerted its maximum
inhibitory effects through EP2. Furthermoréhe number of IFNgproducing
CD45TCRB" cells was unchanged by indomethacin or an EP2 atjantagonist
treatment ¢ee Fig E8B and C in the Online repository), suggesting that an interference
with PGE-EP2 axis does not affect Th1/Th2 balance in oudeho
Finally, to ensure the human relevance, we examthedmRNA expressions of

TSLP, PTGER2 (a human EP2 receptor), aRTGES in human AD lesions, using a
public microarray data sét.Consistent with our results, a negative corretatioas
observed betweeSLP and PTGER2 mRNA levels &ee Fig E9A in the Online
Repository), suggesting that EP2 may regulate TSLP expresaisn in human AD.
Furthermore, we confirmed that indomethacin and ERPagonist facilitated PAR2
agonist-induced TSLP production by normal humardeqmnal keratinocytes, and the
effects of indomethacin was completely cancelledh® EP2 agonists¢ée Fig E9B in
the Online Repository).

Taken together, these results suggest that the,EBE signaling pathway is an
endogenous regulator for TSLP production in then glotentially via regulating PAR2

expression and attenuates the development of A®dKin inflammation.
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Discussion

Although an elevated production of PGE AD lesions has previously been reportad,
% its physiological functionin vivo, especially those on keratinocytesye been largely
unknown. Here, using a mouse model of AD, we shothetl a blockade of PGEP2
signaling leads to the exacerbation of AD-like skiffammation, an increase in IL-4
producing cells in the skin, and an elevation afiseIgE levels. The enhanced type 2
immune responses induced by the blockade of F&® signaling were mediated
through the upregulation of TSLP in the skin. Stiaion of PGER-EP2 signaling
downregulated the expression of TSLP in keratinegyt vitro. These results suggest
that PGER-EP2 signaling acts as an endogenous regulatoDefike skin inflammation
by regulating TSLP expression.

It has been reported that COX-2-deficient mice acenthat have been administered
COX-2 inhibitors exhibit enhanced type 2 immunepresses in a mouse model of AD,
such as elevated serum IgE levels and IL-4 prodocin the skirf® suggesting the
existence of prostanoids that play protective rofeshe induction of type 2 immune
responses in the skin. However, which prostanoml laow it regulates type 2 immune
responses in the skin have remained unclear. Querduresults raise the possibility that
PGE plays protective roles in type 2 immune respoiséle skin through EP2. On the
other hand, the proinflammatory actions of BGD AD-like skin inflammation have
been proposed by several previous stutfie®.For example, mice lacking CRTH2, a
PGD; receptor, exhibited reduced inflammation in a ntode AD.** These results
together with our findings suggest that prostanpidy both pro- and anti-inflammatory
roles in AD, depending on the prostanoids and threseptors. These data may explain

why COX inhibitors, which block the synthesis of ptostanoids, do not necessarily
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inhibit or exacerbate the development of AD in iclah practice.

To date, the involvement of P@Bn cutaneous immune responses has mostly been
discussed in the context of T cell differentiatiamd dendritic cell (DC) functioff: ** For
instance, PGEfacilitates Th1 differentiation through EP1 on dlls** PGB also acts on
cutaneous DCs through EP4 and promotes their nogrdtom the skin to draining
lymph nodes, leading to the facilitation of Thl imme responseS. Such
immune-modulatory functions of PGkvere exerted through the direct actions of PGE
on target immune cells. Our results, on the otrerdh indicate that PGEnegatively
regulates cutaneous immune responses through goéatien of keratinocyte functions
via EP2, which subsequently leads to impaired Th&wune responses. P&Bay thus
regulate cutaneous immune responses in various Isjteandependent mechanisms in a
context dependent manner.

Various factors, such as cytokines and protedsess been shown to induce TSLP in
the skin® ” however, the factors inhibiting the expressionT&LP are less understood.
We have demonstrated that the BE&P?2 signaling pathway regulates TSLP expression
in the skin. Although the precise regulatory meda$m@sin vivo remain unclear, inducing
the internalization and subsequent desensitizatioRAR2 is a potential mechanism,
based wupon our observation that the stimulation EP2 signaling induced
phosphorylation and internalization of PAR2 in aidtmocyte cell linan vitro, which is
consistent with the previous finding that PARduces PAR2 internalization in a renal
cell line® The stimulation of PAR2 signaling induces TSLP resgion in the skin and
the subsequent development of AD-like skin inflartiora in mice?’ Therefore, we
hypothesize that the regulation of PAR2 expressoa potential mechanism by which

PGE-EP2 signaling regulates TSLP expression.
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The TSLP inhibitors for AD are still undergoindjnical trials‘* *® and the actual
significance of TSLP in human AD remains uncleaowdver, previous animal studies
indicate the importance of TSLP in the inductionAdd-like skin inflammation through
the activation of Th2 cells and ILC2.3® **Because our results suggest that PGB&rks
as an endogenous negative regulator for TSLP esipresn the skin, a blockade of
PGE-EP2 signaling by the use of COX inhibitors mighedk this regulatory system and
lead to the upregulation of TSLP, which may causgess activation of type 2 immune
cells in the skin. Furthermore, it has been regbttat PGE directly suppresses ILC2
functions through EP2/EPZ% suggesting that regulation of ILC2 functions mégoabe
involved in the regulatory mechanisms of B&HP2 signaling in our model. In addition,
the regulatory roles of the PGEP2 pathway have been suggested in other allergic
disease models, such as astffimand chronic rhinosinusit®. Therefore, from the
perspective of preventing allergies, COX inhibitoespecially topical COX inhibitors,
should be used cautiously. In this study, we halentified novel roles of PGEEP2
signaling as an endogenous negative regulator idikéskin inflammation in mice. In a
certain condition where endogenous B@&mot sufficiently produced, the stimulation of
the PGE-EP2 pathway may become a possible novel therapesitategy for the

treatment of AD.
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Figurelegend

Fig 1. Exacerbation of type 2 immune responses in the skin by a cyclooxygenase
(COX) inhibitor

(A) Ear thickness change at the first elicitatiteft] and the 8 elicitation (right) with or
without a COX inhibitor (indomethacin) (B) Histolpepf ear skin 24 h after the™8
elicitation. The skin sections were stained withmh&xylin and eosin (original
magnification x10, scale bar, 2Q0n). The black square in each picture indicates the
area of high magnification shown in the lower ledtrner (original magnification x200,
scale bar, 5@m). (C) Total IgE level in serum before and aftee third elicitation. (D,

E) Flow cytometry analysis of IL-4-producing celis the skin 24 h after the™s
elicitation. Representative flow cytometry plote ahown in (D), and the number of
IL-4-producing cells per ear are shown in (E). Thembers in (D) indicate the
percentage of IL-4-producing cells in CDZERB" cells. The results are expressed as
the mean + standard deviation (SD). Each dot reptesan individual mouse. P, < 0.05.

Data are representative of three independent erpets.

Fig 2. The mRNA expression levels in the skin 24 h after the 1% elicitation.
Expression levels offdlp, 1133, Ccll17, Ccl22, and KIk5 mRNA were analyzed by
guantitative real-time PCR. The results are exmesss the mean + SD. Each dot
represents an individual mouse P*< 0.05. Data are representative of three indepgnde

experiments.

Fig 3. TSLP receptor signaling mediates the exacerbation of type 2 immune

responses by indomethacin
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(A) Ear thickness change at the first elicitatiteft] and the 8 elicitation (right) in bone
marrow chimeras (BMC). WT mice were reconstitutedthweither WT-BM or
TSLPR-deficient-BM. (B) Total IgE in the serum ofMM& before and after the third
elicitation. (C) The number of IL-4-producing cells the skin 24 h after the™8
elicitation. The results are expressed as the miezd. Each dot represents an individual

mouse. *P < 0.05. Data are representative of three indeperelgeriments.

Fig 4. PGE,-EP2 signaling regulates TSL P production in keratinocytes, PAM 212

(A) Effect of indomethacin and prostanoids on TSlgPoduction in cultured
keratinocytes (PAM212). PAM212 cells were stimuthvéth the indicated combinations
of a PAR2 agonist (100 uM), indomethacin (1 pM)pgtanoids or agonists for
prostanoid receptors (PGDPGE, PGFka, PGk, and TP agonist (I-BOP), each 10 pM)
for 24 h. The amount of TSLP in culture supernataas measured by ELISA. (B)
Effects of PGEreceptor antagonists or EP2 agonist on TSLP ptaztum keratinocytes.
PAM212 cells were stimulated with the indicated domations of PAR2 agonist (100
pHM), indomethacin (1 pM), EP1 antagonist (ONO-8713) uM), EP2 antagonist
(ONO-AE8-116) (20uM), an EP3 antagonist (ONO-AE3-240) (20M), an EP4
antagonists (ONO-AE3-208) or EP2 agonist (ONO-AB®-21) (20uM) for 24 h. The
results are expressed as the mean + SD. Eachplesents an individual sample.P <

0.05. Data are representative of three indeperalgrériments.

Fig 5. PGE,-EP2 signaling regulates type 2 immune responses in the skin
(A) The mRNA expression levels @8lp, Ccl17, andCcl22 in the skin 24 h after the’'l

elicitation with the indicated combination of indethacin, EP2 antagonist, or EP2
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agonist. (B) The ear swelling response after tfleelicitation. (C) Total IgE levels in
serum before and after thé& 2licitation. (D) The number of IL-4-producing ceih the
skin after the 8 elicitation. The results are expressed as the nie&D. Each dot
represents an individual mouse P*< 0.05. Data are representative of three indepgnde

experiments.
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Fig E8
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Figurelegend

Fig E1. Ear swelling responses in repeated hapten application treated with either
vehicle or indomethacin

Ear thickness change from th& 8 8" elicitation. The results are expressed as the
mean + standard deviation (SD). Each dot represemtsdividual sample. Data are

representative of at least three independent exgets. *, P < 0.05.

Fig E2. Gating strategy for IL-4"CD45'TCRp" cells
Single cell suspensions from skin were stained \aith-CD45 antibody, anti-TOR
antibody, and were subjected to intracellular stginwith anti-IL-4 antibody or its

isotype control.

Fig E3. The frequency of IL-4"CD45'TCRp" cells in the skin at the 8" dlicitation

in mice treated with or without indomethacin

The percentage of IL-4-producing CDZERB" cells. The results are expressed as the
mean + SD. Each dot represents an individual sandéa are representative of three

independent experiments. *, P < 0.05.

Fig E4. Ear swelling responsesin repeated hapten dlicitation are attenuated in
TSLPR-deficient (TSLPR™) mice
Ear swelling responses in TSLPRnice and IL-33-deficient (IL-33) mice 6 h after

the 3% elicitation (n = 7). The results are expressethasnean + SD. *, P < 0.05.

Fig E5. The frequency of IL-4"CD45'TCRp" cells in the skin at the 8" dlicitation
in bone marrow chimeric micetreated with or without indomethacin

The percentage of IL-4-producing cells in CDAERB" cells. WT mice were



reconstituted with either WT-BM (WPWT) or TSLPR-deficient-BM (TSLPR—
WT).The results are expressed as the mean = S[h &aicrepresents an individual

sample. *, P < 0.05.

Fig E6. PGE,-EP2 signaling regulates the surface expression of PAR2 in
keratinocytes, PAM 212

(A-C) Flow cytometric analysis of surface (A) ortbhosurface and intracellular
expression (B) of PAR2 in PAM212 cells treated wath EP2 agonist (20M) and/or
H-89 (3uM). (C) A representative histogram of flowcytometgalysis in (A). (D)
Immunoblot analysis for phosphorylated PAR2. PAM2ZENs were stimulated with
either vehicle or an EP2 agonist (gM) for 30 min, and subjected to immunoblot
analysis. Phosphorylated PAR2 was separated by-fajesontaining SDS-PAGE gel.
(E) Immunohistochemistry of PAR2 (red signals) AM212 cells treated with an EP2
agonist and/or H-89. The results are expresselleamean + SD. Each dot represents

an individual sample. *, P < 0.05.

Fig E7. The mRNA expression level of Ptgesin the skin

The mRNA expression level d?tges in the skin 24 h after the®lelicitation with
oxazolone. Expression ¢ftges MRNA was analyzed by quantitative real-time PCR.
The results are expressed as the mean = SD. Eackbmesents an individual mouse.

*, P <0.05.

Fig E8. The frequency and the number of IL-4" or IFN-y" CD45'TCRp" cells in
the skin at the 8" dlicitation in mice treated with or without EP2 agonist or
antagonist

(A) The percentage of IL-4-producing cells in CDAERB" cells. (B, C) The



percentage (B) and the number (C) of IfH@roducing cells in CDA4TCRpB" cells.
The results are expressed as the mean + SD. Eacbptesents an individual sample.

*, P <0.05.

Fig E9. The mRNA expression levels of TSLP and PTGER2 in AD lesions, and
TSL P production from normal human epider mal keratinocytes (nHEK)

(A) The correlation between TSLP and PTGER2 mRNparesgsions (Z Score) in the
lesional skin taken from AD patients was analyZedta were obtained from a public
data set (GEO accession no. GSE120721). (B) Effeictsdomethacin, EP2 agonist
and EP2 antagonist on TSLP production in nHEK. nHE&e stimulated with the
indicated combinations of PAR2 agonist (100 pM)damethacin (1 uM), EP2
antagonist (ONO-AES8-116) (20M), and EP2 agonist (ONO-AE1-259-01) (AM)
for 24 h, and the supernatant was subjected toL&BAanalysis for TSLP. The results

are expressed as the mean + SD. Each dot represemtdividual sample. P < 0.05.



