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Prostaglandin E,-EP5 signaling suppresses skin
inflammation in murine contact hypersensitivity

Tetsuya Honda, MD, PhD,** Toshiyuki Matsuoka, MD, PhD,* Mayumi Ueta, MD, PhD,°® Kenji Kabashima, MD, PhD,”
Yoshiki Miyachi, MD, PhD,? and Shuh Narumiya, MD, PhD?® Kyoro, Japan

Background: Prostaglandin (PG) E, exerts a variety of actions
through 4 G protein—coupled receptors designated as EP,, EP,,
EP3, and EP,. We have reported that PGE, acts on EP; in
airway epithelial cells and exerts anti-inflammatory actions in
ovalbumin-induced murine allergic asthma. Although EP; is
also expressed in skin and PGE; is produced abundantly during
skin allergic inflammation, the role of PGE,-EP; signaling in
skin allergic inflammation remains unknown.

Objective: We sought to investigate whether PGE,-EP; signaling
exerts anti-inflammatory actions in skin allergic inflammation.
Methods: We used a murine contact hypersensitivity (CHS)
model and examined the role of EP; by using an EP3-selective
agonist, ONO-AE-248 (AE248), and EP;-deficient mice. The
inflammation was evaluated by the thickness and histology of
the hapten-challenged ear. Inflammation-associated changes in
gene expression and effects of AE248 were examined by means
of microarray analysis of the skin. Localization of EP; was
examined by staining for -galactosidase knocked in at the EP;
locus in EPs-deficient mice. EP; action was also examined in
cultured keratinocytes.

Results: Administration of AE248 during the elicitation phase
significantly suppressed CHS compared with that seen in
vehicle-treated mice. Microarray analysis revealed that
administration of AE248 inhibited the gene expression of
neutrophil-recruiting chemokines, including CXCL1, at the
elicitation site. X-gal staining in EP;-deficient mice revealed EP3
expression in Keratinocytes, which was further confirmed by
anti-EP; antibody in wild-type mice. In cultured keratinocytes
AE248 suppressed CXCL1 production induced by TNF-a.
Conclusion: PGE,-EPj signaling inhibits keratinocytes
activation and exerts anti-inflammatory actions in murine CHS.
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Murine contact hypersensitivity (CHS) is widely used as a
model for contact dermatitis, a common allergic skin disorder
of human subjects. The CHS model is composed of 2 phases:
the sensitization phase, in which skin dendritic cells take up
antigens, migrate to regional lymph nodes, and stimulate T-cell
activation and differentiation, and the elicitation phase, in
which effector T cells evoke immune inflammation on exposure
to antigens.' Although the elicitation reaction is known to be
mediated by IFN-y—producing Tyl cells and T cytotoxic type
1 cells, it is suggested that initial neutrophil infiltration is
required for subsequent recruitment of T cells and development
of inflammation.> On exposure to antigens in the elicitation
phase, keratinocytes produce neutrophil-recruiting chemokines,
such as CXCL1 and CXCL2, as well as T cell-recruiting
chemokines, such as CCL17 or CCL27, which contribute to
neutrophil recruitment within 12 hours after elicitation and
after T-cell infiltration, respectively.” At an inflammatory
site, other than chemokines or cytokines, lipid mediators,
such as prostanoids, are produced abundantly, which might
regulate CHS responses.ﬁ’7

Prostanoids, including prostaglandin (PG) D,, PGE,, PGF,,,
PGI, (prostacyclin), and thromboxane A,, are oxygenated metab-
olites of arachidonic acid produced by sequential catalysis of
COX and respective synthases. They are produced in large
amounts during inflammation in response to various stimuli and
exert a variety of actions, including inflammatory swelling, pain
sensation, and fever generation. Prostanoids exert these actions
by acting on a family of G protein—coupled receptors, which in-
clude PGD receptor, 4 subtypes of PGE receptor (EP;, EP,,
EP3, and EP,), PGF receptor, PGI receptor, and thromboxane A
receptor.8 In addition, another receptor belonging to the chemo-
kine receptor family, CRTH2, also responds to PGD,. PGE, and
PGD, are abundantly produced in the skin during the elicitation
phase of CHS.%° It has been shown that PGD, promotes neutro-
phil infiltration through CRTH2 and contributes to progression
of inflammation during elicitation.” However, the role of PGE,
in the elicitation phase has not been fully investigated. Further-
more, if the above action of the PGD,-CRTH?2 signaling is the
only PG-mediated action involved in elicitation of a CHS
response, nonsteroidal anti-inflammatory drugs (NSAIDs) that
inhibit COX and suppress PG production would suppress or
lessen allergic inflammation in the skin. However, NSAIDs are
usually without significant effects on the inflammation of CHS,
suggesting the presence of other PG receptor—mediated processes
that suppress inflammation.

On the basis of this hypothesis, we have examined the action of
PGE;, in allergic skin inflammation. Among EPs, we focused on
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Abbreviations used
AE248: ONO-AE-248
CHS: Contact hypersensitivity
DNFB: 2,4-Dinitrofluorobenzene
HE: Hematoxylin and eosin
LT: Leukotriene
NSAID: Nonsteroidal anti-inflammatory drug
PG: Prostaglandin
PMN: Polymorphonuclear leukocyte
WT: Wild-type

EP; because EP; is expressed abundantly in the skin'®'" and me-

diates suppression of allergic inflammation in the murine allergic
asthma model.'” Although EP; has been reported to have both
proinflammatory and anti-inflammatory roles in patients with
acute skin inflammation,'*'* the role of EP; signaling in allergic
skin inflammation has not been investigated. Here we used an
EP;-selective agonist and EPs-deficient (Ptger3 = ) mice and
examined whether PGE,-EP; signaling has anti-inflammatory
action during the elicitation phase of CHS.

METHODS

Materials

Female 8- to 12-week-old C57BL/6 mice (Japan SLC, Shizuoka, Japan)
and mice lacking EP; that were backcrossed to a C57BL/6 background for
more than 10 generations'> were used. Mice were bred at the Institute of
Laboratory Animals of Kyoto University on a 12-hour light/dark cycle under
specific pathogen-free conditions. All experimental procedures were approved
by the Committee on Animal Research of Kyoto University Faculty of
Medicine. The EP agonists ONO-DI-004 (EP; agonist), ONO-AE1-259
(EP, agonist), ONO-AE-248 (AE248; EP; agonist), and ONO-AE1-329
(EP,4 agonist) were kindly provided by Ono Pharmaceutical Co (Osaka,
Japan). The structures, ligand-binding affinities and selectivities, and pharma-
cokinetic properties of each EP agonist were described.® 2,4-Dinitrofluoro-
benzene (DNFB) was purchased from Nacalai Tesque (Kyoto, Japan).
Indomethacin was purchased from Sigma (St Louis, Mo).

CHS experiment

CHS was induced as previously described.'® Briefly, mice were shaved and
painted on the abdomen with 25 pL of 0.5% DNFB in acetone/olive oil (4:1).
Five days later, the mice were challenged by painting with 10 pL of 0.3%
DNFB on both sides of the ear. Ear thickness was measured with a thickness
gage (Teclok, Nagano, Japan) before and 24 hours after the challenge, and the
difference was used as a parameter of ear swelling. AE248 was diluted with
saline or acetone and administered either subcutaneously in the dorsal skin
or topically applied to the ear 3 times a day (30 minutes before and 3 and 8
hours after the DNFB challenge, respectively) at indicated doses. For repeated
DNEFB application, mice were sensitized first by means of topical application
of 20 pL of 0.15% DNEFB to both ears and challenged with 20 pL of 0.15%
DNFB on both ears once a week for 4 weeks. Vehicle (acetone) or indometh-
acin (0.2 mg/mL in acetone, 20 L per ear) was applied 30 minutes before
each challenge.

Bone marrow transplantation

Bone marrow cells were taken from femurs from wild-type (WT) or
Ptger3™'~ donor mice and transplanted to recipient WT green fluorescent
protein transgenic mice (2 X 10° cells for each mouse from the tail vein) irra-
diated with 8 Gy. Four weeks after transplantation, more than 97% of whole
blood cells were reconstituted with donor-derived cells, which was confirmed
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by analyzing the expression of green fluorescent protein—positive cells among
blood cells with flow cytometry, and we used those mice for experiments.

Histology

Ears were isolated 24 hours after elicitation, fixed in 10% formalin, and
embedded in paraffin. Sections of 7 um in thickness were prepared and stained
with hematoxylin and eosin (HE). The number of neutrophils per a X40 field
was determined in 4 randomly chosen fields, and the average counts were
determined. For EP; localization, X-gal staining was performed as previously
described.'? The sections were then counterstained with HE or anti-keratin 5
antibody (R&D Systems, Minneapolis, Minn). For staining of EP;, the rabbit
polyclonal antibody reactive with murine EP; (Cayman, Ann Arbor, Mich)
was used as previously described.'”

Real-time RT-PCR

Total RNA was obtained from keratinocytes of murine ear skin by using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). Complementary DNA was
synthesized with Superscript III (Invitrogen, Carlsbad, Calif). The amount of
mRNA for CXCL1 and glyceraldehyde-3-phosphate dehydrogenase was
quantified by means of real-time RT-PCR with the LightCycler 2.0 (Roche
Diagnostic, Foster City, Calif). The primer sequences of glyceraldehyde-3-
phosphate dehydrogenase were previously described.'® Primers used for
CXCL1 were 5'-GCC TAT CGC CAA TGA GC-3' (forward) and 5'-TGG
ACA ATT TTC TGA ACC AAG-3’ (reverse). Data were analyzed by using
LightCycler Software Version 4.0.

Keratinocyte culture and ELISA

Normal human epidermal keratinocytes were obtained from Kurabo
(Okayama, Japan) and cultured in Humedia KG2 medium (Kurabo). Cells
in the third passage were seeded in triplicate at 5 X 10* cells/well onto 24-well
plates in 0.5 mL of Humedia KB2 and cultured for 24 hours. The cells were
washed, incubated with 10 pmol/L. AE248 for 15 minutes, and then incubated
with 10 ng/mL TNF-« in the continued presence of AE248 in Humedia KB2
containing 1 wmol/L indomethacin for 6 hours. The supernatant was collected,
and the amount of CXCL1 was determined by means of ELISA (R&D
Systems).

DNA microarray analysis

Total RNA was prepared from DNFB-challenged ears by using TRIzol
reagent (Invitrogen) and purified by using the RNeasy Mini Kit (Qiagen), and
3.5 pgof purified RNA was used for microarray analysis with a Mouse Genome
430 2.0 Array (Affymetrix, Santa Clara, Calif), according to the manufac-
turer’s protocol. Data were analyzed by using Statistical Algorithm with the
Affymetrix GeneChip Expression Analysis software (Microarray Suite 5.0).
All microarray data are deposited in Gene Expression Omnibus (GEO).

Statistics

Data were expressed as means = SEMs, and statistical analyses were
performed by means of ANOVA or the Student 7 test, as appropriate. A P value
of less than .05 was considered statistically significant.

RESULTS
Effect of EP; agonist on the elicitation phase of CHS
We first examined whether stimulation of EP; had an anti-
inflammatory effect on CHS. To investigate this, we administered
an EP; agonist CAE248, 100 wg/kg subcutaneously 3 times a day
during the elicitation phase. This dose of AE248 exerts a signifi-
cant effect in vivo.'> The DNFB challenge caused ear swelling in
both vehicle-treated and AE248-treated mice. However, the mice
treated with AE248 showed significant reductions in swelling
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FIG 1. Suppressive effects of EP3 agonist on the ear-swelling response in
mice with CHS. A and B, Results are expressed as means + SEMs (n = 5
in both groups). Data are representative of 3 experiments. C, HE staining
of control- and DNFB-challenged ears treated with either vehicle or EP3
agonist. Representative samples of each group are shown.

compared with that seen in the vehicle-treated mice 24 hours after
elicitation (Fig 1, A). This suppressive effect of AE248 was com-
pletely absent in Ptger3 '~ mice (Fig 1, B), suggesting that the
effect was elicited through the EP; receptor. Histology of the
ear from sensitized mice showed edema and marked inflamma-
tory cell infiltration in the dermis 24 hours after elicitation
(Fig 1, C). Consistently, the extent of the edema and inflammatory
cell infiltration was markedly reduced in the AE248-treated mice
compared with that seen in the vehicle-treated mice. These find-
ings together demonstrate that EP3 stimulation in the elicitation
phase elicits suppressive effect on CHS.
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We next examined the localization of EP5 in the normal murine
ear. X-gal staining was performed in Prger3 ~/~ mice, in which
the (-galactosidase gene was knocked in at the EP5 gene locus.
Positive signals were detected mostly in the basal layer of epider-
mis in the skin of control mice (Fig 2, A). Similar signals were also
observed in the ears of mice after elicitation, whereas little signals
were detected in the cells infiltrating the dermis (data not shown).
These findings suggest that the main cell species expressing EP3
in the skin is keratinocytes and that they express it constitutively.
To examine the EP5 expression in keratinocytes of the basal layer,
we costained for keratin 5, a specific marker of basal keratino-
cytes, and found that signals for keratin 5 colocalized with those
of the X-gal staining (Fig 2, A). EP; expression in keratinocytes
was confirmed by means of immunohistochemical analysis with
anti-EP; antibody in WT mice (Fig 2, B). These results, together
with our finding that little X-gal staining was detected in lymph
nodes (data not shown), suggest a possibility that AE248 acts
on keratinocytes and not on immune cells to exert its anti-inflam-
matory actions. Therefore we next examined the effects of topical
application of AE248 to the ear in CHS. AE248 was dissolved in
acetone and topically applied to the ear 3 times in the elicitation
phase. This topical application of AE248 showed significant
dose-dependent suppression of ear swelling in CHS 24 hours after
elicitation (Fig 2, C), whereas that of agonists specific to other EP
subtypes was without effect (Fig 2, D). Administration of AE248
showed a suppressive effect 24, 48, and 72 hours after elicitation,
suggesting that the effect of AE248 did not induce just the delay in
the development of inflammation (Fig 2, E). To confirm that the
effect of AE248 was not caused by immune cells, we made
bone marrow chimera in which stromal cells, such as keratino-
cytes, express EP3, whereas bone marrow—derived cells do not ex-
press EP3, as described in the Methods section. A suppressive
effect of AE248 on ear swelling in CHS of the bone marrow chi-
mera was detected (Fig 2, F), which supports our hypothesis that
AE?248 acts on EP; in keratinocytes to exert an anti-inflammatory
effect.

Reduced expression of genes related to
inflammatory cell infiltration caused by
topical treatment with AE248

Various inflammation-related genes, including those for
chemokines, are upregulated during the elicitation phase of
CHS.” We therefore compared gene expression between vehi-
cle-treated control mice and mice treated with AE248 to examine
the role of EP; in this process. We first examined the time course
of gene expression during the elicitation phase in our model. Ears
challenged with DNFB were isolated at 1, 3, 6, 12, and 24 hours
after elicitation for microarray analysis by using an Affymetrix
Mouse Genome 430 2.0 GeneChip that contains 45,101 genes.
We screened for gene expression, which exhibited a more than
2-fold increase at any given time during the elicitation phase
over basal expression at O hours (Table I). Among the genes
with increased expression, we focused on chemokine genes. At
1 hour after challenge, 130 genes were detected as genes showing
a more than 2-fold increase in expression, and none of chemokine
genes was among those genes. At 3 hours, 263 genes were upre-
gulated, and 4 kinds of chemokines were included in this group.
The analysis similarly picked up 408 genes with 5 kinds of
chemokine genes at 6 hours, 655 genes with 8 kinds of chemokine
genes at 12 hours, and 902 genes with 14 kinds of chemokine
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FIG 2. Localization of EP3 receptors and effect of topical application of EP3 agonist on mice with CHS. A, His-
tochemical staining for EP5 (X-gal) counterstained with HE or anti-keratin 5 antibody. Arrows, Positive sig-
naling (blue); black arrowheads, positive staining of keratin 5; white arrowheads, colocalization of positive
signals in X-gal and anti—keratin 5 staining. B, Immunohistologic analysis for EP3;. The arrow indicates
positive signals. C-E, Suppressive effects of topical administration of EP; agonist and effects of various
EP agonists (1 pmol/L) on murine CHS (n = 5 per group [Fig 2, C] and n = 4 per group [Fig 2, D and E]).
Data are representative of 2 experiments. F, Effect of AE248 on murine CHS of bone marrow chimera
(n = 13-15 per group). Results are a combination of 3 independent experiments.

FLA 5.0 DTD ® ymai7684_08-0881 m 20 June 2009 m 12:51 am

J ALLERGY CLIN IMMUNOL
mmm 2009



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER ==

HONDAET AL 5

TABLE I. Time course of chemokine-related genes with expressions upregulated more than 2-fold in the elicitation phase

Time (h) No. of genes Gene title Gene symbol Probe set ID Change ratio
1 130
263 Chemokine (C-X-C motif) ligand 1 Cxcll 1419209_at 2.2
Chemokine (C-X-C motif) ligand 1 Cxcll 1441855_x_at 1
Chemokine (C-X-C motif) ligand 2 Cxcl2 1449984 _at 1.3
Chemokine (C-C motif) ligand 7 Ccl7 1421228_at 1.3
Chemokine (C-C motif) ligand 20 Ccl20 1422029 _at 1.2
6 408 Chemokine (C-C motif) ligand 17 Ccll7 1419413_at 2.6
Chemokine (C-C motif) ligand 20 Ccl20 1422029 _at 2.6
Chemokine (C-X-C motif) ligand 1 Cxcll 1419209 _at 2.5
Chemokine (C-X-C motif) ligand 1 Cxcll 1457644 _s_at 1
Chemokine (C-X-C motif) ligand 16 Cxcll6 1449195_s_at 1.2
Chemokine (C-C motif) ligand 9 Ccl9 1417936_at 1
12 655 Chemokine (C-X-C motif) ligand 9 Cxcl9 1456907 _at 4.5
Chemokine (C-X-C motif) ligand 9 Cxcl9 1418652 _at 2.9
Chemokine (C-X-C motif) ligand 1 Cxcll 1419209_at 3.8
Chemokine (C-X-C motif) ligand 1 Cxcll 1441855_x_at 2.2
Chemokine (C-X-C motif) ligand 1 Cxcll 1457644 _s_at 2.1
Chemokine (C-X-C motif) ligand 16 Cxcll6 1449195_s_at 1.4
Chemokine (C-C motif) ligand 9 Ccl9 1417936_at 1.2
Chemokine (C-X-C motif) ligand 10 Cxcll0 1418930_at 2.8
Chemokine (C-C motif) ligand 20 Ccl20 1422029 _at 2.4
Chemokine (C-X-C motif) ligand 2 Cxcl2 1449984 _at 1.7
Chemokine (C-C motif) ligand 2 Ccl2 1420380_at 1.2
24 902 Chemokine (C-X-C motif) ligand 9 Cxcl9 1418652 _at 52
Chemokine (C-X-C motif) ligand 9 Cxcl9 1456907 _at 5.1
Chemokine (C-X-C motif) ligand 10 CxcllO 1418930_at 4
Chemokine (C-C motif) ligand 17 Ccll7 1419413_at 2.5
Chemokine (C-C motif) receptor 1 Cerl 1419609 _at 2.4
Chemokine (C-X-C motif) ligand 1 Cxcll 1419209 _at 2.2
Chemokine (C-C motif) ligand 12 Ccll2 1419282 _at 2.1
Chemokine (C-C motif) ligand 2 Ccl2 1420380_at 2
Chemokine (C-X-C motif) ligand 2 Cxcl2 1449984 _at 1.8
Chemokine (C-C motif) ligand 9 Ccl9 1448898 _at 1.4
Chemokine (C-C motif) ligand 9 Ccl9 1417936_at 1.2
Chemokine (C-C motif) receptor 2 Cer2 1421186_at 1.3
Chemokine (C-C motif) ligand 7 Ccl7 1421228 _at 1.3
Chemokine (C-C motif) ligand 19 Ccll9 1449277 _at 1.3
Chemokine (C-X-C motif) ligand 16 Cxcll6 1449195_s_at 1.2
Chemokine (C-C motif) ligand 8 Ccl8 1419684 _at 1

genes at 24 hours. Because these results show the most prominent
change in gene expression at 24 hours after elicitation, we chose
this time and compared gene expression in the ears of vehicle-

[F3-4/C] treated mice with that in ears of AE248-treated mice (Fig 3).

Among the 902 genes, the signal intensity of 178 genes was
significantly decreased in the AE248-treated group compared
with that seen in the vehicle-treated group (cluster A), and signal
intensity of 183 genes was significantly increased in the AE248-
treated group (cluster B). The signal intensity of the other 541
genes was not significantly different between the groups. As for
chemokine genes of significant signal intensity, cluster A includes
genes for 3 chemokines: CXCL1, CXCL9, and CXCL16. Among
them, expression of CXCL1 was most strongly suppressed by the
AE248 treatment; the signal intensity decreased to 52% compared
with the control intensity (Table II), and the average intensity of
the other 2 chemokine genes, CXCL9 and CXCL16, decreased
to 62% and 69%, respectively, compared with the control inten-
sity. On the other hand, 4 chemokine genes, CCL19, CCL9,

CCLS, and CCL12, were detected in cluster B. The average signal
intensity of CCL19, CCL9, CCLS, and CCL12 in the AE248-trea-
ted group was 129%, 268%, 368%, and 404%, respectively, of
that in the vehicle-treated group. Thus the treatment with
AE248 did not decrease all of the chemokines upregulated 24
hours after the challenge. However, it nonetheless suppressed
the inflammatory response in CHS, indicating that suppression
of the expression of the chemokine genes in cluster A (e,
CXCL1, CXCL9, and CXCL16) has an important role in the
CHS response. CXCL1 binds to CXCR2 and is one of the strong
neutrophil-attracting chemokines. CXCL9 recruits Tyl cells by
binding cell-surface CXCR3 and contributes to the development
of CHS.? CXCL16 is known to bind and activate the chemokine
receptor CXCR6, which is expressed on T cells and natural killer
T cells.'® Given the critical role of CXCLI and neutrophils in the
development of CHS,2’3 we further examined the roles of CXCL1
and neutrophils in CHS. We performed real-time RT-PCR analy-
sis and confirmed that the expression of CXCL1 mRNA was
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FIG 3. Microarray analysis for the effect of AE248 on gene expressions.
Genes with a signal intensity that increased more than 2-fold in 24 hours at
elicitation from baseline are selected (total of 902 genes). The signal
intensity of each gene in the AE248-treated group (n = 3) was compared
with the average signal intensity of each gene in the vehicle-treated group
(n = 3), and the change ratio was indicated by means of color gradation.

significantly decreased in the AE248-treated group compared
with that seen in the vehicle-treated group (data not shown).
CXCLL1 is produced mainly by keratinocytes in the elicitation
phase of CHS. To confirm whether differences in gene expression
result from differences in cell composition rather than from
changes in gene expression in keratinocytes, we next examined
the effect of AE248 on the mRNA expression of CXCL1 in kerat-
inocytes from murine ear skin. We purified keratinocytes as
shown in the Methods section of this article’s Online Repository
at www.jacionline.org. We then examined CXCL1 mRNA ex-
pression in purified keratinocytes and found that the AE248-trea-
ted group had significantly lower CXCL1 mRNA expression
compared with that seen in the vehicle-treated group (Fig 4, A).
We further examined the effect of AE248 on the production of
CXCL1 by cultured keratinocytes in vitro. We found that kerati-
nocytes activated with TNF-a produced a significant amount of
CXCL1, and the administration of AE248 significantly sup-
pressed the CXCL1 production (Fig 4, B). We next compared neu-
trophil (polymorphonuclear leukocytes [PMNs]) infiltration in
the ears of the vehicle-treated and AE248-treated mice, as shown
in the Methods section. We detected a number of PMNSs in the der-
mis of the ear 24 hours after elicitation, whereas only a few cells
were detected in the dermis of control animals. We also detected
PMNs in the ears of the AE248-treated mice. However, the num-
ber of PMNs was significantly reduced in the AE248-treated mice
compared with that seen in the vehicle-treated group (Fig 4, C).
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Because the average signal intensity of CXCL2 in microarray
analysis, which is another important chemokine for neutrophil
recruitment, was 44% of the vehicle-treated group in the
AE248-treated group, we examined the CXCL2 mRNA expres-
sion in purified keratinocytes. We found that the AE248-treated
group had significantly lower CXCL2 mRNA expression com-
pared with that seen in the vehicle-treated group (see Fig E1 in
this article’s Online Repository at www.jacionline.org). These
results combined together suggest a possibility that EP; exerts
its anti-inflammatory effect by acting directly on keratinocytes
and inhibiting neutrophil infiltration through downregulation of
neutrophil-recruiting chemokines.

Involvement of endogenous PGE,-EP; signaling
in the development of CHS

We next examined the involvement of endogenous PG signal-
ing in the development of CHS by applying indomethacin
topically to the elicitation site. Because the effects of indometh-
acin were hard to detect in the usual CHS protocol (data not
shown), we adopted the repetitive challenge model of CHS
(repeated-challenge CHS) and examined the effect of indometh-
acin on the model as in the Methods section. Mice treated with
indomethacin showed significantly increased ear swelling com-
pared with the vehicle-treated mice (Fig 5, A), suggesting that en-
dogenous PG produced locally in the challenged skin plays a
suppressive role in inflammation of repeated-challenge CHS.
We next examined the involvement of PGE,-EP; signaling in
this process by subjecting PtgerSf/ " mice to repeated-challenge
CHS. Similarly to the indomethacin-treated mice, Ptger3 '~
mice exhibited significantly increased ear swelling compared
with that of WT mice, and this enhancement continued 72 hours
after elicitation (Fig 5, B). HE staining showed increased inflam-
matory cell infiltration in Prger3™'~ mice compared with that
seen in WT mice (Fig 5, C). These results suggest that PGE,-
EP; signaling functions endogenously to negatively modulate
the development of repeated-challenge CHS.

DISCUSSION

In the present study we have made the following findings. First,
systemic administration of AE248, an EP; agonist, during the
elicitation phase, can suppress inflammation in mice with CHS.
Data of X-gal staining and immunohistochemical analysis
demonstrated predominant EP5 expression in keratinocytes, and
topical application of AE248 to the ear skin resulted in suppres-
sion of CHS. Microarray analyses revealed that administration
of AE248 modulates CHS-induced gene expression in the lesional
skin either way; a decrease and an increase were demonstrated in
clusters A and B, respectively. Among the chemokine genes
regulated by AE248, CXCL1 was the most strongly suppressed.
Consistently, AE248 suppressed CXCL1 production by TNF-
a—activated keratinocytes in vitro. Finally, local treatment with
indomethacin or the loss of EP; exacerbated inflammatory
response to the repeated-challenge CHS. These results suggest
that endogenous PGE, acts on EP; in keratinocytes in sifu in
the skin to modulate the extent of inflammation of CHS and
that stimulation of PGE,-EP; signaling with exogenously added
agonist can control allergic inflammation in the skin.

The importance of keratinocytes in inflammatory skin diseases,
such as contact dermatitis,z’4 atopic dermatitis,zo and psoriasis,zl’22
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TABLE Il. Top 20 genes with signal intensities that were significantly decreased in AE248-treated mice compared with those in vehicle-

treated mice

Signal intensity

Percentage of AE248/

Gene title Gene symbol Probe set ID Vehicle AE248 vehicle

Solute carrier Slc26a4 1419725_at 2431 664.6 27.3
family 26, member 4

Matrix metallopeptidase Mmpl0 1420450_at 3371 1152 34.2
10

PG-endoperoxide Ptgs2 1417262 _at 3377 1345 39.8
Synthase 2

SH2 domain Sh2d5 1436100_at 2729 1118 41
containing 5

Small proline-rich Sprr2i 1422963 _at 13751 6136 44.6
protein 21

Serine (or cysteine) Serpinel 1419149 _at 801.6 359 44.8
peptidase inhibitor,
clade E, member 1

Interferon-activated gene 1fi202b 1457666_s_at 15766 7122 45.1
202B

Solute carrier Slc29a2 1447748_x_at 359.4 166.6 46.4
family 29 (nucleoside
transporters),
member 2

Fos-like antigen 1 Fosll 1417487_at 3827 1785 46.6

IL-6 16 1450297_at 2010 955.7 47.6

Heparin-binding EGF- Hbegf 1418349_at 3090 1490 48.2
like growth factor

Cardiotrophin-like Clcfl 1437270_a_at 1047 530.9 50.7
cytokine
factor 1

Chemokine (C-X-C Cxcll 1419209_at 4085 2131 522
motif) ligand 1

Nucleolar complex— Noc2l 1424323 _at 1638 867.1 52.9
associated 2 homolog
(S cerevisiae)

RIKEN cDNA 2310002A05Rik /1] 1456248 _at 25273 13462 533
2310002A05 gene /// LOC630971
hypothetical
protein LOC630971

Similar to late LOC545548 1456001 _at 19223 10243 533
cornified envelope
protein

Sulfiredoxin 1 homolog (S Srxnl 1426875_s_at 4664 2525 54.1
cerevisiae)

Defensin 3 3 Defb3 1421806_at 17218 9328 54.2

Serine (or cysteine) Serpina9 1429285_at 1362 750.5 55.1
peptidase inhibitor,
clade A
(a-1 antiproteinase,
antitrypsin), member 9

RIKEN cDNA 2310007F04Rik 1429641_x_at 9952 5505 553

2310007F04 gene

The average signal intensity of each gene was compared between vehicle-treated mice and AE248-treated mice.

EGF, Epidermal growth factor.

has now received much attention. In CHS keratinocytes pro-
duce various chemokines and regulate inflammatory cell infil-
tration. For example, it was previously shown that blockade of
CCL27, which is produced from keratinocytes and attracts
memory T cells to the skin, reduced T-cell infiltration and
led to the suppression of CHS,* and inhibition of CCL8 pro-
duced from keratinocytes suppressed CHS.*? In this study
we found that EP3 is expressed in keratinocytes and that

administration of EP; agonist suppresses CXCL1 mRNA ex-
pression and its production in keratinocytes. CXCL1 is a
strong attractant of neutrophils and is produced mainly by ke-
ratinocytes in the elicitation phase of CHS.>* Recently, it has
been reported that infiltration of neutrophils is required for the
development of inflammation in CHS? Depletion of neutro-
phils in hapten-challenged mice decreased the number of
IFN-y—producing T cells at elicitation sites, which resulted
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FIG 4. Effect of AE248 on CXCL1 production and neutrophil accumulation
at the elicitation site. A, Real-time RT-PCR analysis on mRNA expression of
CXCL1 in the keratinocytes in hapten-challenged ears of vehicle- or AE248-
treated mice (n = 3 per group). B, ELISA analysis of CXCL1 production from
cultured keratinocytes (n = 3 per group). Results are expressed as means *
SEMs and are representative of 3 independent experiments. C, Number of
polymorphonuclear cells in the skin (n = 4 per group). *P < .05 versus the
vehicle-treated group.

in the inhibition of CHS response, and injection of neutrophils
into ears restored the CHS response.z’3 Administration of anti-
CXCLI1 serum in the elicitation phase significantly inhibited
the neutrophil infiltration in the challenged ear and suppressed
CHS.? Furthermore, it has been reported that corticosteroids
exert their anti-inflammatory effects in contact dermatitis
mainly by targeting neutrophils and macrophages.””> These
findings are consistent with our results described above and
suggest that one of the anti-inflammatory effects of AE248
is through EP3;-mediated downregulation of CXCL1 production
in keratinocytes and inhibition of neutrophil infiltration in the
skin. On the other hand, our study showed that the EP; stim-
ulation might have an effect on other chemokines opposite to
that expected from the previous studies. For example, the ex-
pression of CCL8 was increased more than 3-fold in the
AE248-treated group. In addition, we did not detect significant
expression of CCL27 in our model. Given the finding that
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FIG 5. Enhanced inflammation of indomethacin (indo)-treated mice or
Ptger3~’~ mice in repeated-challenge CHS. A, Effect of topical administra-
tion of indomethacin on murine CHS (n = 4 per group). B, Increased ear
swelling of Ptger3~’" mice in the CHS group (n = 4 per group). *P < .05 ver-
sus WT mice. Data are representative of 3 independent experiments. C,
Representative HE staining of ear skin in WT and Ptger3 ™/~ mice with re-
peated-challenge CHS at 24 hours after the fourth challenge.

inhibition of CCL8 leads to suppression of inflammation, as
described above, it is intriguing that EP; stimulation can re-
duce the inflammatory reaction in spite of such enhanced
CCL8 gene expression.Unraveling this apparent discrepancy
might help to reveal intricate relations among chemokines in
inducing skin inflammation and define more correctly how
EP; modulates their interaction. Taken together, chemokines
from keratinocytes contribute much to the inflammation of
CHS, and regulation of their production can be a useful strat-
egy for the treatment of allergic dermatitis.

It should mentioned here that EP; is also expressed in mast
cells in skin®* and that mast cells can regulate the elicitation of
CHS.>>?¢ Indeed, expression of CXCL2 mRNA, which mast cells
produce and was reported to promote neutrophil infiltration in
elicitation sites, decreased to 44% of the control expression
with EP3 stimulation, although the difference was not statistically
significant. However, we found that CXCL2 mRNA expression
was significantly decreased in AE248-treated ears on purified
keratinocytes. In addition, data of bone marrow chimera experi-
ments indicate that most of the effect of AE248 was through
stromal cells, suggesting that the anti-inflammatory effect of
EP; derived from its action on keratinocytes.
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EP; has 3 splice variants in the mouse, and 8 splice variants
in human subjects,27 among which at least 3 EP; variants are
expressed in human keratinocytes.'® They can couple Gs, Gi,
and Gq and use cyclic AMP or Ca®" as second messengers.
EP; signaling can use ceramide as a second messenger in kerat-
inocytes.'® Our study does not clarify which signaling mecha-
nism of EPj is responsible for its anti-inflammatory effect. The
fact that a small dose of AE248 can induce anti-inflammatory
effects is consistent with the Gi pathway because the cyclic
AMP decrease mediated by Gi occurs at lower agonist concen-
trations than other signaling. Indeed, the CB1 cannabinoid re-
ceptor that couples to Gi was recently reported to act on
keratinocytes and suppress CHS inflammation.”® However,
this article reports that stimulation of CB1 inhibits CCL8 pro-
duction from keratinocytes, which, as described, is opposite to
our findings. These results indicate that multiple signaling
pathways might function downstream of EP;. It was shown
recently that the Ca®* signaling from EP; can inhibit nuclear
factor kB activation in keratinocytes,29 which is consistent with
regulation of expression of CXCL1 mRNA by nuclear factor kB
activity.”® The precise molecular mechanisms underlying the
anti-inflammatory effect of EP3 remain to be elucidated.

Our results might also explain the anti-inflammatory effect of
PGE, in skin inflammation and the adverse effect of NSAIDs in
inflammatory skin diseases, such as psoriasis. Psoriasis is one
of the inflammatory skin diseases, and constitutive activation
of keratinocytes has been suggested as one of its causes.?’*?
Histologically, neutrophil infiltration in the epidermis is one
of its characteristic features. Although PGE, is generally con-
sidered an inflammatory mediator by increasing vasodilation
and edema formation, the anti-inflammatory effect of PGE,
has been suggested in patients with psoriasis®’ or in animal
models of neutrophil infiltration in skin.*> On the other hand,
administration of NSAIDs sometimes causes the exacerbation
of psoriasis.33’34 Thus far, the increase in levels of leukotrienes
(LTs), such as LTBy, a strong chemoattractant for neutrophils
or T cells, has been suggested as one of its causative mecha-
nisms.>*** Because arachidonic acid is used by both COX
and lipoxygenase and NSAIDs block only COX activity, the
use of NSAIDs might divert arachidonate metabolism to the li-
poxygenase pathway, which leads to the increase of LTB,.
Such an argument was also made in aspirin-induced asthma.
However, our study appears against such diversion mechanism.
Alternatively, the PGE, pathway somehow modulates LT pro-
duction. Our results suggest that one of the therapeutic effects
of PGE, and an adverse effect of NSAIDs in skin inflammation
is through modulation of PGE,-EP; signaling.

In conclusion, stimulation of EP5 signaling suppresses skin
inflammation in CHS. Regulation of EP; signaling and keratino-
cyte function might be a novel approach for the treatment of skin
inflammation, including allergy.

We thank T. Fujiwara for animal care and T. Arai for help in preparation of
the manuscript.

Clinical implications: EP; in keratinocytes can be a target for

the treatment of allergic skin inflammation.
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METHODS
mRNA extraction of purified keratinocytes from

murine ear skin

The hairs on murine ear skin were removed with depilatory cream. After
removing hairs, the ears were split into dorsal and ventral halves, and the
cartilage was removed. Then the skin was floated on 0.25% trypsin/EDTA for
30 minutes at 37°C and separated into epidermis and dermis. Single epidermal
cell suspension (EC suspension) was done by means of vigorous trituration of
the epidermal sheet. Because EC suspensions are mixtures of keratinocytes,
Langerhans cells, and y8 T cells, we purified keratinocytes by removing

HONDA ET AL 10.e1

Langerhans cells and y3 T cells from the EC suspension with the autoMACS
system (Miltenyi Biotec, Bergisch Gladbach, Germany) using magnetic
microbeads coated with anti-mouse CD45 antibody. The purity of keratino-
cytes is greater than 99%. Then we extracted RNA from keratinocytes with the
RNeasy mini kit (Qiagen).

Real time RT-PCR primer
The primer sequences of CXCL2 were 5'-GCC TAT CGC CAATGA GC-3’
(forward) and 5'-TGG ACA ATT TTC TGA ACC AAG-3' (reverse).
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FIG E1. Real-time RT-PCR analysis on mRNA expression of CXCL2 in the
purified keratinocytes in hapten-challenged ears of vehicle- or AE248-
treated mice (n = 3 per group). Results are expressed as means = SEMs.
*P < .05 versus the vehicle-treated group. GAPDH, Glyceraldehyde-3-
phosphate dehydrogenase.
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